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Abstract
While great strides in improving survival rates have been made for most cancers 
in recent years, pancreatic ductal adenocarcinoma (PDAC) remains one of the 
solid tumors with the worst prognosis. PDAC mortality often overlaps with 
incidence. Surgical resection is the only potentially curative treatment, but it can 
be performed in a very limited number of cases. In order to improve the prognosis 
of PDAC, there are ideally two possible ways: the discovery of new strategies or 
drugs that will make it possible to treat the tumor more successfully or an earlier 
diagnosis that will allow patients to be operated on at a less advanced stage. The 
aim of this review was to summarize all the possible strategies available today for 
the early diagnosis of PDAC and the paths that research needs to take to make 
this goal ever closer. All the most recent studies on risk factors and screening 
modalities, new laboratory tests including liquid biopsy, new imaging methods 
and possible applications of artificial intelligence and machine learning were 
reviewed and commented on. Unfortunately, in 2022 the results for this type of 
cancer still remain discouraging, while a catastrophic increase in cases is expected 
in the coming years. The article was also written with the aim of highlighting the 
urgency of devoting more attention and resources to this pathology in order to 
reach a solution that seems more and more unreachable every day.

Key Words: Pancreatic cancer; Pancreatic ductal adenocarcinoma; Early diagnosis; Liquid 
biopsy; Pancreatic cancer biomarkers; Artificial intelligence; Pancreatic cancer screening
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Core Tip: Pancreatic ductal adenocarcinoma is one of the solid neoplasms with the worst prognosis. 
Surgical resection is the only potentially curative treatment. In 80% of patients, pancreatic ductal 
adenocarcinoma is discovered at a stage too advanced for surgery. The aim of this review was to 
summarize all the possible strategies available today for the early diagnosis of pancreatic ductal adenocar-
cinoma and the paths that research must take to make this goal ever closer. The article highlights the 
urgency of devoting more attention and resources to this pathology in order to reach a solution that seems 
more and more unreachable every day.

Citation: Tonini V, Zanni M. Early diagnosis of pancreatic cancer: What strategies to avoid a foretold catastrophe. 
World J Gastroenterol 2022; 28(31): 4235-4248
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4235.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4235

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is ranked as the seventh leading cause of cancer deaths 
worldwide, while it ranks fourth in the Western world, just behind lung, colorectal and breast cancers. 
Rahib et al[1] estimated that it will become the second leading cause of cancer death by 2030. The 2020 
global cancer statistics reported a total of nearly 496000 new cases of PDAC and more than 466000 
related deaths. PDAC mortality is almost overlapping with incidence[2].

The 5-year survival rate of PDAC is less than 10%[3]. A study that included 84275 patients showed 
that the 5-year survival rate increased from 0.9% in 1975 to 4.2% in 2011, considering all stages of PDAC. 
In patients undergoing surgical resection, it increased from 1.5% to 17.4%[4], while in unresected 
patients by 0.8% in 1975 and 0.9% in 2011. The high mortality and poor improvement in survival rates 
over the years are due to several factors. First, the retroperitoneal location of the pancreas results in the 
appearance of symptoms only when the neoplasm has reached considerable size, and diagnosis is often 
made at an advanced stage of the disease. Second, PDAC is inherently characterized by a fierce biology 
with early metastasis, and in fact about half of patients have metastatic disease at the time of 
presentation. Third, PDAC drastically weakens patients, limiting the possibility of aggressive 
treatments. Finally, through the desmoplastic reaction, it shows resistance to many antineoplastic 
therapies[5,6].

The 5-year survival rate for patients with stage 0 (in situ) according to the Union for International 
Cancer Control classification is 85.8%, while that of patients with stage IA is 68.7%. In the early stages of 
the disease, therefore, the prognosis is relatively good[7,8]. Early diagnosis of the disease is therefore 
essential.

Our efforts should focus on recognizing risk factors that contribute to the development of the disease 
in order to define the population at risk that could benefit from a screening protocol and on researching 
new techniques for early diagnosis[9-12].

RISK FACTORS AND STRATIFICATION
Several non-modifiable and modifiable risk factors are correlated with PDAC. Non-modifiable risk 
factors include the patient’s age, ethnicity, gender, blood type, microbiota, diabetes mellitus, family 
history and genetic predisposition, while modifiable risk factors include tobacco use, alcohol 
consumption, diet, pancreatitis, obesity and socioeconomic status[12]. According to some studies, one-
third of all cancers could be prevented through lifestyle improvement. The EPIC study, for example, 
evaluated the association between healthy lifestyle index score and pancreatic cancer[13,14]. A three-
point increase in this score, achieved through adherence to healthy behaviors, is associated with a 16%-
23% lower risk[15]. No smoking, making your home/workplace smoke-free, maintaining a normal body 
weight, having a diet rich in grains, legumes, and vegetables and limiting alcohol intake are key factors 
in the prevention of PDAC.

According to several studies, the new onset of diabetes in an elderly patient should suggest PDAC, 
especially if such a finding is associated with unintentional weight loss[16-18]. A study by Pelaez-Luna 
et al[19] evaluated the use of computed tomography (CT) scans in asymptomatic patients at the time of 
diabetes diagnosis and found a higher likelihood of detecting potentially resectable tumors compared 
with scans performed 6 mo later. However, CT-based screening of all elderly patients with new-onset 
diabetes (NOD) is not feasible[18]. Screening programs and guidelines will likely be updated when the 
features that differentiate pancreatic cancer-associated diabetes from other cases of NOD are identified.

https://www.wjgnet.com/1007-9327/full/v28/i31/4235.htm
https://dx.doi.org/10.3748/wjg.v28.i31.4235
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The creation of a pancreatic cancer risk prediction model based on the integration of multiple risk 
factors could contribute to its early detection[20]. Sharma et al[21] developed a model called Enriching 
New-Onset Diabetes for Pancreatic Cancer that weights the scores of three factors including weight 
change, blood glucose change and age at diabetes onset in patients with NOD. A score of at least three 
points in the Enriching New-Onset Diabetes for Pancreatic Cancer model was able to identify 
individuals who developed PDAC within 3 years of the onset of diabetes with good sensitivity and 
specificity[21].

In addition to the strictly environmental risk factors, familial pancreatic cancer and genetic 
syndromes (hereditary breast and ovarian cancer syndrome, Lynch syndrome, familial atypical multiple 
melanoma, Peutz-Jegher syndrome, Li-Fraumeni syndrome and hereditary pancreatitis) are added. 
Familial pancreatic cancer is defined by the occurrence of PDAC in at least two first-degree relatives and 
accounts for up to 10% of all cases of PDAC[22].

Patients at high risk for developing PDAC include those with inherited risk factors (both genetic 
syndromes and familial pancreatic cancer), those with NOD and those with cystic lesions of the 
pancreas.

Pancreatic cysts are found in approximately 8% of individuals over the age of 70 years[23] and 
include intraductal papillary mucinous neoplasms (IPMN) and mucinous cystic neoplasms, both of 
which are precursors to PDAC. IPMN and mucinous cystic neoplasms are collectively referred to as 
mucinous cystic lesions. In contrast to the third precursor lesion, pancreatic intraepithelial neoplasia, 
which can be identified only at surgical histopathology, mucinous cystic lesions are easy to detect and 
are found incidentally in 3% of CT subjects[23]. Therefore, their identification offers the potential for 
early diagnosis of PDAC. However, there are two problems. First, not all pancreatic cystic lesions are 
IPMN or mucinous cystic neoplasms. Many are cystic lesions without risk of malignant transformation, 
and therefore do not require surveillance. Second, most IPMN and mucinous cystic neoplasms do not 
progress to PDAC. Over the years, evidence has been found to predict the possibility of progression to 
PDAC[23].

In mucinous cystic neoplasms the presence of eggshell calcification, larger tumor size or a mural 
nodule on cross-sectional imaging is suggestive of malignancy[24]. Regarding IPMN, worrisome (main 
duct 5-9 mm, enhancing mural nodule < 5 mm, thickened, enhancing cyst wall, branch duct IPMN > 3 
cm, abrupt caliber change in main duct with upstream atrophy, lymphadenopathy, pancreatitis, 
increased serum 19-9, cyst growth > 5 mm over 2 years) and high-risk features (main duct > 1 cm, 
enhancing, mural nodule > 5 mm, jaundice) have been defined[25].

However, these clinical features are still imperfect in differentiating between benign cysts and 
mucinous cystic lesions that harbor high-grade dysplasia or PDAC and require surgical resection and 
mucinous cystic lesions that have low-grade dysplasia and are safe to look at.

For the time being, a screening program is offered to individuals with a strong family history and/or 
genetic predisposition to develop pancreatic cancer and subjects with mucinous cystic lesions of the 
pancreas. The primary goals of screening are the detection of high-grade dysplastic precancerous lesions 
(IPMN and pancreatic intraepithelial neoplasia) and T1N0M0 pancreatic cancer that are more amenable 
to potentially curative resection[26].

The current recommendation is to perform endoscopic ultrasound (EUS) or magnetic resonance 
imaging (MRI)/magnetic resonance cholangiopancreatography. Screening is recommended at age 50 
years or 10 years before the youngest relative with PDAC in familial pancreatic cancer cases. In other 
settings, screening is performed between the ages of 35 years and 45 years. In case the patient had a 
normal pancreas on imaging, it is recommended to repeat the procedure every year alternating EUS and 
magnetic resonance cholangiopancreatography. However, no consensus has been found on the 
preferred modality and optimal timing/frequency. This reflects the absence of robust data in the 
literature and underscores the lack of biological tools to detect precancerous lesions early.

IMAGING
There are several imaging methods that can identify pancreatic cancer at an early stage. Contrast-
enhanced CT and MRI according to Japanese guidelines[27] are the first methods to be performed in 
patients with suspected PDAC based on clinical symptoms, serum pancreatic enzymes, tumor markers 
and transabdominal US. They are supplemented by EUS and endoscopic retrograde cholangiopan-
creatography (ERCP).

A study evaluated the diagnostic accuracy of US, CT, MRI, and EUS in 200 cases of PDAC stage 0/1. 
Only 20% of patients were symptomatic[28]. The diagnostic accuracy was 67.5%, 98.0%, 86.5%, and 
86.5%, respectively. According to some authors, CT and US are procedures with limitations in the early 
detection of pancreatic cancer because only indirect signs, such as pancreatic duct dilatation, localized 
pancreatic atrophy or local fat changes in the pancreatic parenchyma, can be detected with these 
methods[20].

Two systematic reviews[29,30] evaluated the performance of EUS in the diagnosis of pancreatic 
cancer. In the first review, EUS was shown to have higher sensitivity than CT (91%-100% vs 53%-91%), 
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while in the second review, Kitano et al[30] reported that EUS was more sensitive than US and CT (94% 
vs 67% and 98% vs 74%, respectively).

However, conventional EUS does not distinguish carcinoma from other etiologies very well because 
most pancreatic tumors, including benign ones, have a hypoechogenic appearance. Contrast-enhanced 
EUS can improve imaging of parenchymal perfusion and microvessels in pancreatic pathology. This 
method has higher sensitivity (94.5% vs 83.1%) and specificity (84.1% vs 78.6%) than conventional EUS
[31,32].

Endoscopic ultrasonography guided fine needle aspiration (EUS-FNA) represents the first-line 
method for pathological diagnosis. In relation to lesion size, the accuracy of EUS-FNA is 93.4% for 
lesions ≥ 20 mm, 83.5% for lesions of 10-20 mm and 82.5% for lesions of 10 mm or less[33]. Sometimes 
CT, MRI and EUS fail to detect early stage pancreatic tumors and it is difficult to collect specimens with 
EUS-FNA. In this situation, especially with regard to PDAC in situ, the only available imaging finding is 
localized stenosis of the main pancreatic duct. Detailed evaluation of the pancreatic duct by ERCP and 
subsequent cytology of pancreatic juice become extremely important for diagnosis. In this context, ERCP 
has a sensitivity and specificity of 57.9% and 90.6%[34]. The sensitivity of pancreatic juice cytology in 
the diagnosis of PDAC in situ is 72.2%-100%[28,35].

ERCP is particularly useful in distinguishing autoimmune pancreatitis from PDAC, especially in 
patients[36] with atypical pancreatic parenchymal findings, such as focal enlargement of the pancreas 
and mass formation.

Ikemoto et al[37] proposed a recent algorithm for early diagnosis of PDAC in stage 0 and IA, with a 
promising long-term prognosis. In addition to pancreatic laboratory tests, US should be performed 
earlier in patients with risk factors in order to identify asymptomatic patients. Patients with an obvious 
tumor are managed according to conventional algorithms. Patients who do not have an overt pancreatic 
tumor but have indirect findings, such as abnormalities of the main pancreatic duct, cystic lesions or 
pancreatic atrophy, should be evaluated by MRI with magnetic resonance cholangiopancreatography. If 
the MRI shows abnormalities suggestive for PDAC, EUS-FNA is performed[37].

ARTIFICIAL INTELLIGENCE APPLIED TO IMAGING
Great hopes are now pinned on artificial intelligence (AI) for solving the most difficult problems in 
medicine, and these include the early diagnosis of PDAC. AI is the ability of a computer to perform 
functions and reasoning typical of the human mind completely autonomously. In the deepest sense, it is 
the ability of a machine to learn and improve automatically based on experience, provided directly 
through data. In this way, AI becomes a powerful tool for discovering signals that are difficult for 
humans to infer or describe and for expanding the frontiers of our scientific capabilities.

Muhammad et al[38] used AI to predict the risk of developing PDAC. By analyzing variables such as 
demographic data, comorbidities and family history, they built a model capable of predicting the 
development of PDAC with good accuracy [area under the curve (AUC) of 0.85][38,39].

The application of AI in the field of radiology is also very promising, as AI is capable of analyzing 
thousands of images on a pixel-by-pixel level, does not make human errors and achieves data 
processing in a short time[40]. Several studies have reported the application of AI in EUS image analysis 
of pancreatic diseases. Das et al[41] evaluated the performance of AI in differentiating PDAC from 
normal pancreas and chronic pancreatitis. The algorithm they used identified neoplasia with an AUC of 
0.93. A recent study by Zhu et al[42] reported an overall accuracy of 94% by AI in distinguishing 
pancreatic cancer from chronic inflammation. CT is the most explored medical imaging modality with 
AI. Liu et al[43] reported an AUC of 0.963 for the diagnosis of PDAC using CT with the AI platform. In 
addition, the time to diagnosis was 20 s/case, certainly less than the time needed by radiologists. The 
same authors, in more recent work, found 99% accuracy for analysis based on the use of AI. In this 
study, AI provided higher sensitivity than radiologists (0.983 vs 0.929, respectively)[44]. AI missed 3 
(1.7%) of 176 PDACs (1.1-1.2 cm), while radiologists missed 12 (7%) of 168 PDACs (1.0-3.3 cm), of which 
11 (92%) were correctly detected by AI.

Two important ongoing projects should be noted. Project Felix is a multidisciplinary study led by 
Johns Hopkins University, which compared 156 PDAC cases and 300 healthy controls using deep 
learning computer models with manually segmented images. In an initial report, they reported a 
sensitivity and specificity of 94% and 99%, respectively[45]. The analysis was subsequently expanded to 
575 normal patients and 750 patients with PDAC. The second ongoing project is being conducted by the 
Alliance of Pancreatic Cancer Consortium Imaging Working Group[46]. The goal of the project is to 
create a shared repository by collecting pre- and post-diagnosis CT, MRI and US images of patients with 
PDAC to develop AI that can predict the onset of pancreatic cancer and/or diagnose it at an early stage
[47].
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LIQUID BIOPSY 
Serum biomarkers
Carbohydrate antigens: The most validated serum tumor marker in terms of diagnostic, prognostic and 
surveillance capacity for pancreatic cancer is CA19-9. The sensitivity and specificity of elevated CA19-9 
to detect PDAC are 79% and 82%, respectively[48,49].

However, the use of CA19-9 has several limitations. Approximately 10% of the Caucasian population 
has reduced CA19-9 production due to Lewis antigen dependence. In addition, there are several 
conditions that result in the increase of the biomarker, such as obstructive jaundice, liver cirrhosis, 
chronic pancreatitis and cholangitis. The low positive predictive value of CA19-9 limits its application as 
a screening tool for larger populations[48,50-52]. Other carbohydrate antigens have been evaluated for 
early diagnosis of pancreatic cancer, such as CA125, CA72-4[53], CA50, CA199 and CA242[48,54]. The 
solitary diagnostic potential of these biomarkers could not be verified; however, they could help in 
discriminating between benign and malignant pancreatic lesions in combination with CA19-9[48].

Circulating tumor DNA and circulating tumor cells: New and interesting diagnostic tools in the field 
of pancreatic cancer are circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs). In patients 
with malignancies, cell-free circulating DNA (cfDNA) molecules are released from tumor cells by 
apoptosis, necrosis or active release and are called ctDNA. The ctDNA contains mutations specific to the 
cancer cells from which they are released[55,56]. Thanks to these DNA molecules, it is therefore possible 
to trace the presence or absence of cancer.

However, a recent meta-analysis evaluated the role of ctDNA in the diagnosis of PDAC and found a 
rather low sensitivity[57]. This happens because in the early stages the rate of necrosis and apoptosis is 
lower and not enough ctDNA is released into the circulation (in the early stages of PDAC, only one 
molecule of circulating tumor DNA can be detected for every 5 mL of plasma)[57]. This challenge could 
be solved with technological advances, and ctDNA could become an important tool for early diagnosis.

CtDNA has been studied together with other biomarkers to improve its sensitivity and specificity. 
The combination of KRAS mutations in ctDNA and CA19-9 proved to be particularly interesting. 
Indeed, it showed a sensitivity and specificity of 0.98 and 0.77, respectively, to differentiate PDAC from 
chronic pancreatitis and sensitivity and specificity of 0.82 and 0.81 to differentiate PDAC from benign 
pancreatic tumors[56,58]. Combining the KRAS mutation in ctDNA with four protein biomarkers (CEA, 
CA19-9, hepatocyte growth factor and osteopontin) identified 64% of patients with pancreatic cancer 
with a specificity of 0.99[59]. This strategy seems to be very promising; however, it needs validation 
through studies on large populations.

Analysis of epigenetic alterations in cfDNA also seems to play an important role. By assessing the 
methylation status of two genes (ADAMTS1 and BNC1) in cfDNA, it seems possible to identify 
pancreatic cancer early with a sensitivity of 0.95 and specificity of 0.92[60]. In a pilot study, it was 
reported that a model combining changes in 5-methylcytosine and 5-hydroxymethylcytosine in cfDNA 
achieved a sensitivity of 0.94 and specificity of 0.95, with an AUC of 0.99 for the diagnosis of PDAC[61].

The ability of targeted cfDNA methylation analysis to detect and localize multiple cancer types at all 
stages was evaluated. Among patients included with PDAC at different stages, a sensitivity of 0.63 in 
stage I, 0.83 in stage II, 0.75 in stage III and 1.0 in stage IV was found[62]. These changes in cfDNA 
methylation could be very useful for monitoring risk groups[63].

CTCs can be isolated tumor cells or cells organized in a group to form a tumor microthrombus[64] 
and are detected in 21%-100% of patients with PDAC[65]. According to some studies, they can be 
detected in 75%-80% of patients with early-stage tumors[66] and up to 88% of patients with precursor 
lesions, predominantly IPMNs[67-69]. Notably, CTCs identify patients with high-grade dysplasia, 
indicating its potential to stratify high-grade IPMNs against low-grade IPMNs and other benign cysts
[67]. In a meta-analysis, the sensitivity, specificity and AUC for PDAC diagnosis of ctDNA, exosomes 
and CTCs were evaluated. They were 0.64, 0.92 and 0.94 for ctDNA, 0.93, 0.92 and 0.98 for exosomes and 
0.74, 0.83 and 0.81 for CTCs, respectively[57]. This lower AUC of CTCs is due to the possibility that 
CTCs become trapped in the liver when traveling through the portal vein[57]. The ability to detect CTCs 
by analyzing portal vein blood is greatly increased. They can be found in 100% of patients with 
metastatic PDAC[70] and in 58% of resectable patients[71]. As with ctDNA, the low amount of CTCs in 
the early stages is the main factor hindering their use as biomarkers[57].

RNA, metabolites and exosomes: The most significant microRNAs are miR-21, miR-25 and miR-233. 
miR-21 has a sensitivity for early diagnosis of 0.90 and a specificity of 0.72, while miR-25 has a sensitivity 
of 0.75 and 0.93, respectively[72,73]. In contrast, miR-233 has proven useful in the differential diagnosis 
between benign and malignant IPMNs[74]. The microRNAs offer a cumulative sensitivity for early-
stage pancreatic cancer of 0.79 and a specificity of 0.74[75]. The combined use of CA19-9 and 
microRNAs can improve diagnostic accuracy, especially miR-216[76-77].

Potentially useful biomarkers also include long non-coding (lnc)RNAs. SNHG15 lncRNA expression 
is found to be increased in patients with pancreatic cancer compared to healthy controls[78]. Permuth et 
al[79] demonstrated that the differential diagnosis between malignant and nonmalignant IPMNs can be 
made through the combination of eight lncRNAs. In addition, some lncRNAs (HAND2-AS1, CTD-
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2033D15.2 and lncRNA-TGF) are early markers of IPMNs[80]. Other lncRNAs that might be useful in the 
early detection of pancreatic cancer and IPMN are HOTAIR, MALAT1, MEG3, H19, PVT1, HOTTIP[81], 
HAND2-AS1, CTD-2033D15.2 and lncRNA-TGF[82].

The role of serum metabolites in pancreatic cancer has become of interest with the advent of 
metabolomic technologies involving nuclear magnetic resonance and mass spectrometry[83]. An 
important study was performed by Michálková et al[84], who developed a nuclear magnetic resonance-
based model that included 12 metabolites (3-hydroxybutyrate, lactate, glutamine, alanine, valine, lysine, 
citrate, histidine, isoleucine, glutamate, acetone and dimethylamine). The model has 94% accuracy, 
100% sensitivity and 90% specificity in distinguishing patients with PDAC from healthy individuals[84].

Another study compared the metabolomic profiles of serum samples from patients with NOD and 
those with PDAC and NOD[85]. This identified 62 different metabolites and found that a panel 
including N-succinyl-L-diaminopimelic and PE (18:2) had high sensitivity (93.3%) and specificity 
(93.1%). Currently, studies focusing on metabolomics are expensive and consequently rare; however, it 
is offering great results on the early diagnosis of PDAC. Further studies are desperately needed.

Recent studies are focusing on multimarker panels in combination with CA19-9. The combined use of 
eight proteins (S100A11, ITGB5, PPY, ERBB3, SCAMP3, RET, 5-NT, CEACAM1) discriminated with fair 
accuracy between patients with early stage I/II PDAC and healthy individuals[48,86].

A new and still much to be studied chapter in PDAC concerns the study of exosomes. Kitagawa et al
[87] studied molecules of exosomal mRNA (CCDC88A, ARF6, Vav3 and WASF2) and nucleolar RNA (
SNORA14B, SNORA18, SNORA25, SNORA74A and SNORD22) and obtained excellent results for early-
stage neoplasia. Tumor-specific expression of exosome surface proteins, the so-called tumor-specific 
surfaceome, can also be analyzed. Castillo et al[88] characterized six PDAC-specific surfaceome proteins, 
such as CLDN4, EPCAM, CD151, LGALS3BP, HIST2H2BE and HIST2H2BF. These proteins were 
suggested as promising biomarkers for PDAC diagnosis by the authors. Yu et al[89] developed a 
signature with long RNAs from plasma extracellular vesicles. This signature identified stage I/II 
pancreatic cancer with very high accuracy and performed better than CA19-9 in distinguishing PDAC 
from chronic pancreatitis (AUC 0.931 vs 0.873)[89]. Serum biomarkers are summarized in Table 1.

Pancreatic juice and pancreatic cyst fluid
In addition to blood, other body materials can be exploited to diagnose PDAC. For example, pancreatic 
juice collected during ERCP and cyst fluid obtained by EUS-FNA can be analyzed for specific markers. 
They include KRAS and GNAS mutants (the latter specific for IPMNs) as well as TP53, SMAD4, 
PIK3CA, PTEN and AKT1, which are generally related to IPMN-associated tumors[90-92].

Biomarkers still under study include mucins (MUCs). Normal pancreatic tissue expresses low levels 
of MUCs, whereas in branch duct IPMNs there is upregulation of the mucin gene and even more 
pronounced changes in PDAC[93-95]. MUC4 and MUC16 are 100% specific for pancreatic cancer but 
have sensitivities of 63% and 67%, respectively[95]. The combined biomarker panel consisting of 
MUC5AC and CA19-9 also showed excellent performance in distinguishing pancreatic cancer subjects 
from healthy controls[96].

It also seems possible to distinguish pancreatic cystic lesions with high-grade dysplasia or 
malignancy by assessing interleukins (IL-1b, IL-5 and IL-8) present in pancreatic juice or by using the 
monoclonal antibody Das-1. Das-1 can detect pancreatic cysts at risk of malignancy with a sensitivity of 
88% and specificity of 98%[97-99].

In recent work by Majumder et al[100], a panel of three methylated DNA markers (C13orf18, FER1L4 
and BMP3) in pancreatic juice discriminated cases from controls with good accuracy. Using a specificity 
cutoff value of 86%, the panel distinguished patients with any stage of pancreatic cancer from controls 
with a sensitivity of 83% and identified patients with stage I or II PDAC or IPMN with high-grade 
dysplasia with a sensitivity of 80%[100].

Saliva
Progress has also been made in saliva evaluation. A recent study[101] identified seven upregulated 
genes (MBD3L2, KRAS, STIM2, DMXL2, ACRV1, DMD and CABLES1) and five downregulated genes (
TK2, GLTSCR2, CDKL3, TPT1 and DPM1) in subjects with PDAC compared with healthy controls or 
those with chronic pancreatitis. It was possible to discriminate patients with pancreatic cancer with 
sensitivity and specificity greater than 90% by combining the mRNAs of MBD3L2, KRAS, ACRV1 and 
DPM1[101]. Xie et al[102] evaluated the expression of lncRNAs and found an upregulation of HOTAIR 
and PV1T in the PDAC group compared with controls and benign pancreatic cancers. The combination 
of salivary HOTAIR and PVT1 differentiated PDAC from healthy controls with a sensitivity of 78.2% 
and specificity of 90.9% and PDAC from benign tumors with a sensitivity of 81.8% and specificity of 
95%[103].

Urine 
Radon et al[104] used three protein biomarkers (REG1A, TFF1 and LYVE1) to form a powerful urinary 
panel that could detect patients with stage I-II PDAC with an accuracy of more than 90%. Brezgyte et al
[105] found increased levels of miR-143, miR-204 and miR-223 and reduced levels of miR-30e in the urine 
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Table 1 Serum biomarkers

Carbohydrate antigens CtDNA miRNA lncRNA Metabolites

CA19-9 KRAS miR21 SNHG15 3-hydroxybutyrate

CA125 ADAMTS1 miR25 HOTAIR Lactate

CA72-4 BNC1 miR233 MALAT1 Glutamine

CA50 5-methylcytosine miR216 MEG3 Alanine

CA242 5-hydroxymethylcytosine miR-92-a-5p H19 Valine

miR-125b-3p PVT1 Lysine

miR-532e5p HOTTIP Citrate

miR-663 HAND2-AS1 Histidine

miR-1469 CTD-2033D15.2 Isoleucine

Glutamate

Acetone

Dimethylamine

N-succinyl-L-diaminopimelic

PE (18:2)

Exosomal mRNA molecules Exosomal small nucleolar RNA molecules Exosome surfaceome Exosomal long RNAs Others

CCDC88A SNORA14B CLDN4 FGA CTCs

ARF6 SNORA18 EPCAM KRT19 ITGB5

Vav3 SNORA25 CD151 HIST1H2BK PPY

WASF2 SNORA74A LGAL53BP ITIH2 ERBB3

SNORD22 HIST2H2BE MARCH2 SCAMP3

HIST2H2BF CLDN1 RET

MAL2 5-NT

TIMP1 CEACAM1

S100A11

CtDNA: Circulation tumor DNA; miRNA: MicroRNA; lncRNA: Long non-coding RNA; CTC: Circulating tumor cells.

of patients with stage I PDAC compared with the healthy population. However, further studies are 
needed to validate their clinical utility.

A case-control study that included 914 PDAC patients found the superiority of a panel of metabolites 
(proline, sphingomyelin, phosphatidylcholine, isocitrate, sphinganine-1-phosphate, histidine, pyruvate, 
ceramide, sphingomyelin) over CA19-9 in discriminating early-stage PDAC from chronic pancreatitis
[106]. According to the authors, the metabolic panel could result in changes in the diagnostic pathway 
and treatment stratification for one-third of the included patients[106]. Biomarkers of pancreatic juice 
and cystic fluid, saliva and urine are listed in Table 2.

ARTIFICIAL INTELLIGENCE AND BIOMARKERS
AI can be applied to the identification of biomarkers. Zhang et al[107] identified a nine gene pair 
signature that can distinguish PDAC patients from non-PDAC patients. Alizadeh Savareh et al[108] 
evaluated the best miRNAs using a machine learning method to aid in the early detection of PDAC. The 
final model included miR-92a-2-5p, miR-125b-3p, miR-532e5p, miR-663a and miR-1469 with a high 
performance in differentiating PDAC from controls (accuracy, 0.93; sensitivity, 0.93 and specificity, 
0.92).
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Table 2 Pancreatic juice and cyst fluid biomarkers, saliva biomarkers, urine biomarkers

Pancreatic juice and cyst fluid biomarkers

Mutant genes Mucins Interleukins Methylated DNA markers

GNAS MUC4 IL-1b C13orf18

KRAS MUC16 IL-5 FER1L4

TP53 MUC5AC IL-8 BMP3

SMAD4 

PIK3CA

PTEN

AKT1

Saliva biomarkers

Upregulated genes Downregulated genes LncRNA

MBD3L2 TK2 HOTAIR

KRAS GLTSCR2 PVT1

STIM2 CDKL3

DMXL2 TPT1

ACRV1 DPM1

DMD

CABLES1

Urine biomarkers

Protein markers MiRNA Metabolites

REG1A miR-143 CA19.9

TFF1 miR-204 Proline

LYVE1 miR-223 Sphingomyelin (d18:2, C17:0)

miR-30e Phosphatidylcholine

Isocitrate

Sphinganine-1-phosphate

Histidine

Pyruvate

Sphingomyelin (d17:1, C18:0)

miRNA: MicroRNA; lncRNA: Long non-coding RNA.

WHAT STRATEGIES TO AVOID A FORETOLD CATASTROPHE
As we have already mentioned in the introduction, the current predictions for PDAC give us a glimpse 
of a catastrophe on the horizon. If the increase in annual PDAC cases continues at the current rate, we 
will soon have a staggering number of cases without the weapons to stem this foretold catastrophe. The 
only option is to arm ourselves and not arrive unprepared for this hard battle. What strategies should 
we adopt to prepare for this ordeal? Undoubtedly first, we need to make academia, industry and the 
politics/economic world understand the urgency of finding solutions quickly, trying to interact with 
each other according to specific competencies. On the one hand, academia and industry will have to 
move forward together, as quickly as possible, in those research paths that we have broadly 
summarized in this article. On the other hand, the political/economic world, made aware of the 
emergency to be faced, will have to commit itself both to allocating more funding for research in this 
field and to lavishing more funding on public health. If public health had sufficient funds to subject all 
patients of a certain age to a simple screening ultrasound of the abdomen, perhaps many patients could 
be saved. But at present, with current resources, this scenario remains a pipe dream.



Tonini V et al. Early diagnosis of PDAC

WJG https://www.wjgnet.com 4243 August 21, 2022 Volume 28 Issue 31

CONCLUSION
In this article, we have summarized all the possible strategies we have available today for the early 
detection of PDAC and the paths that research must pursue to make this goal ever closer. Unfortu-
nately, in 2022 the results for this type of cancer still remain discouraging, while a catastrophic increase 
in cases is expected in the coming years. The article has been written with the aim of highlighting the 
urgency of devoting more attention and resources to this pathology in order to reach a solution that 
seems more and more unreachable every day.
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Abstract
After more than four decades of hepatitis B virus (HBV) vaccine implementation, 
its safety and efficacy in preventing HBV infection have been proven and several 
milestones have been achieved. Most countries have included HBV immunization 
schedules in their health policies and progress has been made regarding univer-
salization of the first HBV vaccine dose at birth. All of these actions have 
significantly contributed to reducing both the incidence of HBV infection and its 
related complications. However, there are still many drawbacks to overcome. The 
main concerns are the deficient coverage rate of the dose at birth and the large 
adult population that has not been reached timely by universal immunization. 
Additionally, the current most widely used second-generation vaccines do not 
induce protective immunity in 5% to 10% of the population, particularly in people 
over 40-years-old, obese (body mass index > 25 kg/m2), heavy smokers, and 
patients undergoing dialysis or infection with human immunodeficiency virus. 
Recently developed and approved novel vaccine formulations using more potent 
adjuvants or multiple antigens have shown better performance, particularly in 
difficult settings. These advances re-launch the expectations of achieving the 
World Health Organization’s objective of completing hepatitis control by 2030.
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Core Tip: Second-generation vaccines induce the production of anti-hepatitis B surface antibodies (anti-
HBs). Anti-HBs levels ≥ 10 mIU/mL prevent against infection. More than 90% of immunized persons 
achieve protective anti-HBs levels 1 mo after completing the three-dose vaccination schedule. Although 
antibody titers significantly drop during the 1st years after vaccination, memory immunity is sufficient to 
prevent infection regardless of the antibody levels. In some specific settings showing lower immune 
response rates, schemes with larger or additional doses and novel vaccine formulations are recommended.
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INTRODUCTION
Hepatitis B infection has been a major public health concern for a long time. Identification of the 
hepatitis B virus (HBV) in the 1960s and the subsequent development of a safe and effective vaccine 
were the kickoff to begin to retrace the path and achieve the desired control of this health problem.

First-generation vaccines based on heat-treated plasma derived from hepatitis B surface antigen 
(HBsAg)-positive donors raised concerns about its safety and availability to meet the vaccine 
manufacturer’s needs. Shortly afterwards, second-generation DNA vaccines prepared in yeast 
transfected with recombinant plasmids encoding small HBV surface proteins (SHBs) were developed 
and approved in 1986[1]. Lastly, third-generation vaccines have been produced in mammalian cells that 
express and secrete SHBs and middle pre-S2 proteins (MHBs) or the three HBV envelope proteins 
(SHBs, MHBs, and large HBs).

It is worth noting that several studies have compared the immune response to plasma-derived first-
generation vaccines to the recombinant second-generation ones. Most of the studies showed that the 
lowering rate of anti-HBs was higher in people receiving the recombinant HBV vaccine. However, 
plasma-derived vaccines were replaced by the recombinant ones due to safety concerns about human 
blood-derived products[2-5]. In addition, it has been shown that third-generation vaccines containing 
the pre-S2 and pre-S1 antigens would induce a higher anti-HBs response than second-generation ones, 
particularly in people ≥ 45-years-old[6-8]. Moreover, compared to plasma-derived vaccines, it has been 
observed that the HBsAg seropositive rate drops by about 71% and that the anti-HBc seropositive rate 
decreases by approximately 65% when recombinant HBV vaccines are used, supporting their higher 
effectiveness[4].

The HBV vaccine has been introduced progressively in the national vaccination calendars. Currently, 
second-generation HBV vaccines have been widely implemented for newborns in most countries. The 
pentavalent vaccine formulation protecting against diphtheria, pertussis, tetanus, hepatitis B, and 
Haemophilus influenzae type B is administered in three doses, 4 wk apart (recommended dosing at 6, 10, 
and 14 postnatal wk), and aims to lessen horizontal transmission. In addition, a monovalent single dose 
of the HBV vaccine (HepB-BD) administered within 24 h after delivery is also recommended to reduce 
mother-to-child transmission (Figure 1). The advised immunization schedule for the adult population 
includes three vaccine doses (HepB3) according to the individuals’ age. Immunocompromised adults or 
patients on dialysis treatment require higher or additional doses of HBV vaccines. Recently, a novel 
vaccine (Heplisav-B) with a different adjuvant was approved for adult immunization with a 
recommended schedule of two doses 1 mo apart.

Since 1990, the proportion of children receiving all three doses of the HBV vaccine has increased 
globally from 1% to 85%. By 2020, the HBV vaccine was introduced to 190 countries with 83% of three-
dose coverage rate. Few countries with very low endemicity that consider HBV infection as a limited 
public health problem provide the HBV vaccine to only well-defined risk groups. Likewise, a dose of 
HepB-BD has been introduced in the national calendar of 113 countries. Figure 2 shows the HBV 
worldwide three-dose infant vaccine coverage and the HBsAg seroprevalence[2,9]. However, the at 
birth dose coverage rate is poor (estimated at 43%) with remarkable disparities according to region and 
development level[10-12].

Universal vaccination is the most effective strategy to prevent and control HBV infection. In 2016, the 
World Health Organization (WHO) set the goal of controlling HBV by 2030. The proposed targets 
include the 90% global coverage of three-dose infant vaccination by 2020, birth-dose vaccination of 50% 
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Figure 1 Recommended hepatitis B virus vaccination schemes. The hepatitis B immunization schedule is flexible, but minimal intervals and ages need to 
be observed. The recommended dose varies (5-40 μg of hepatitis B surface antigen protein/mL) depending on the individuals’ age and the vaccine brand. 
aMonovalent hepatitis B vaccine 0.5 mL must be used for the at birth immunization (HepB-BD). Immunocompromised adults or patients under dialysis require larger 
or additional doses of the hepatitis B vaccine; bCombined hepatitis B, diphtheria, tetanus, adsorbed acellular pertussis, inactivated poliovirus vaccine. This vaccine 
cannot be administered at birth, before 6 postnatal weeks, or at age ≥ 7 years; cHeplisav-B is a vaccine recently approved for adults; it has a novel adjuvant and its 
recommended schedule is two doses 1 mo apart. HepB3: Three doses of hepatitis B vaccine; HepB-BD: Monovalent single dose of the hepatitis B virus vaccine; 
HBIG: Hepatitis B Immunoglobulin.

of infants by 2020, and of 90% of them by 2030[13].

MILESTONES ACHIEVED WITH THE HBV VACCINE 
One of the goals of the strategy to achieve HBV control by 2030 is to reduce HBsAg prevalence to 0.1% 
in 5-year-old children and many countries are already on track to that milestone[14].

The global implementation of the HBV vaccine as part of the national health policies has contributed 
to directly reducing the global burden of infection, and indirectly, the HBV-related mortality. After the 
inclusion of HBV vaccination schedules, several surveillance studies have shown an overtime global 
HBsAg prevalence decrease in most countries[15], either in hyperendemic ones or in those with low or 
medium HBV infection prevalence[16-20].

Taiwan was the first country to implement a mass vaccination program against HBV in 1984 and it is 
the paradigm of its impact on the control of hepatitis. After 30 years of sustained immunization 
programs, the prevalence of HBsAg has decreased from 9.8% in the pre-vaccination period to 0.5% in 
the cohort reached by HBV vaccination protocols[21]. The main reason for Taiwan’s success was its high 
three-dose hepatitis infant vaccine coverage rate, which increased from 88.9% in 1985[22,23] to 98.1% in 
2018[21].

In the United States, since first HBV vaccine recommendations, the infection incidence has decreased 
by approximately 90%, from 9.6/100000 cases in 1982 to 1.0/100000 cases in 2018[24]. Similarly, in 
China, where the coverage of the three-dose vaccine schedule has increased from 30.0% to 93.4% and the 
at birth dose increased from 22.2% to 82.6%, the HBsAg prevalence decreased from 5.5% to 0.9% 
between 1992 and 2005[25]. In Argentina, a country with low HBV endemicity, the HBV vaccine was 
included in newborns’ schedules in 2000 and, later in 2003, the catch-up strategy was implemented in 
11-year-old adolescents. Currently, the coverage rate of protective antibodies is significantly higher in 
persons born after 1992 than in those born previously (Figure 3A)[26,27]. In fact, new infections 
generally occur in the population over 20-years-old not reached by vaccination[28]. These results 
emphasize the need to raise awareness among people not reached by universal HBV immunization 
programs and to focus vaccination campaigns on this group.

However, the most outstanding HBV preventive action impact has been detected in regions that were 
hyperendemic before introduction of the vaccine. In a Southern Italian area, where the vaccine was 
introduced in 1991, the HBsAg prevalence dropped from 13.4% in 1978 to 0.91% in 2006[29]. Likewise, 
in Alaska, where one of the highest HBV infection incidences has been reported, universal childhood 
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Figure 2 Hepatitis B three doses of infant vaccine coverage and seroprevalence.Hepatitis B virus seroprevalence data is from Polaris Observatory 
Collaborators: Global Prevalence, Treatment, and Prevention of Hepatitis B Virus Infection in 2016: A Modelling Study. Lancet Gastroenterol Hepatol 2018; 3: 
383–403. HBV: Hepatitis B virus.

Figure 3 Anti-hepatitis B surface antibodies titers by age. A: The anti-hepatitis B surface antibodies (anti-HBs) titer was determined in 765 blood donors. 
In 2000, vaccination against hepatitis B virus was included in the Argentine newborns’ National Vaccination Calendar. In 2003, the catch-up strategy for 11-year-old 
children was implemented. Therefore, individuals under 28-years-old are reached currently by the universal vaccine implementation. On average, protective levels of 
anti-HBs (> 10 mIU/mL) were detected in 75.2% of the population reached by universal vaccination (< 28-years-old) and in 32.2% of the not reached population (> 
28-years-old); B: Anti-HBs kinetics. The anti-HBs titer was determined in 132 children born after 2000. In the first 2 years, the median anti-HBs titer fell from 196.2 
mIU/mL to less than 10 mIU/mL (black line). Five years post-vaccination, about 20% of the population showed anti-HBs levels below 10 mIU/mL. aHBs: Anti-hepatitis 
B surface antibodies.

vaccination was implemented for newborns in 1993. The HBsAg prevalence dropped from 13% detected 
before the HBV vaccination program, to 0% HBsAg-positive children less than 10-years-old[30].

Although slowly and delayed, a significant reduction in the hepatocellular carcinoma annual average 
incidence has been observed concomitantly with the HBV infection incidence decline, particularly in 
those countries where early vaccine protocols have been introduced[31-33].
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IMMUNITY
HBV vaccine-induced protective immunity
Several studies have shown that HBV vaccines induced both humoral and cellular immunity providing 
long-term protection[34,35]. On the one hand, neutralizing antibodies are elicited and two types of them 
have been identified. The first type targets the “a” determinant and neutralizes cell viral penetration by 
blocking the interaction with heparan sulfate[36], required by the virus at an early stage of hepatocyte 
entrance[37]. The second type targets the high-affinity receptor-binding site of the HBV pre-S1 domain 
and blocks the binding to the Na+-taurocholate cotransporting polypeptide receptor preventing the 
infection of hepatocytes[38,39]. On the other hand, immune memory cells are generated, which upon 
contact with the HBV can be activated to expand rapidly. This response has been well demonstrated in 
studies that administered a booster dose to previously vaccinated persons whose antibody titers had 
fallen below protective titers[16,40-42].

Pre-exposure: Efficacy and effectiveness studies carried out in animal models first and then in human 
beings have shown that the HBV vaccine induces the production of neutralizing antibodies against HBV 
surface antigen (anti-HBs)[43]. Two main questions raised suddenly once the HBV vaccine was 
developed: What are the levels of antibodies that protect against infection and how long does immunity 
last? Soon after the release of the vaccine, several studies have shown that anti-HBs levels ≥ 10 mIU/mL, 
determined 1 to 3 mo after the complete three-dose vaccination scheme administration, were a surrogate 
marker for vaccine-induced protective immunity[44-46].

The overall response rate to the HBV vaccine, defined as individuals achieving anti-HBs levels > 10 
mIU/mL, is 90% to 95% of immunized persons. Different factors such as host genetics, age, body 
weight, smoking, and concomitant disease have been shown to affect the response rate to the vaccine
[47]. These variations probably rely on the strength of the cellular immune response. Velu et al[48] have 
characterized the cellular immune response and the cytokine profile of vaccine responders and non-
responders to investigate the immunization outcome underlying mechanisms. The authors reported that 
HBsAg-specific interferon gamma, interleukin 10, and tumor necrosis factor alpha secretion correlated 
with the HBV vaccine-induced humoral immune response. Likewise, non-responders had lower levels 
of T helper type 1 (Th1) and Th2 cytokines. In addition, Körber et al[49] observed a higher frequency of 
regulatory B cells in HBV vaccine non-responders. Regulatory B cells suppress immunopathology by 
skewing T-cell differentiation. Overall, these results suggest that impaired lymphocyte activation is 
associated with a weak or no response to HBV vaccination.

Notably, although the HBV vaccine induces protective immunity against infection it would not be 
sterilizing. Consequently, vaccinated people can become infected although episodes are usually 
asymptomatic and self-limited[50-52]. These benign infection results are possibly due to long-lasting 
HBV cellular immunity induced by the vaccine despite antibody loss against HBV surface antigens[53].

Post-exposure: Immunization with HBV vaccines combined with different injection sites of HBV 
immunoglobulin administration, within 12 h after birth, showed a greater than 85% efficacy in 
preventing infection in infants born to HBsAg-positive mothers[54]. In adult persons, post-exposure 
prophylaxis is also recommended depending on the individual’s vaccination and anti-HBs status. In 
unvaccinated subjects or with non-protective levels of anti-HBs, the HBV vaccine has shown high 
efficacy in preventing infection when administered within 24 h after percutaneous or mucosal exposure 
to HBV-positive blood. Additional post-exposure immunoprophylaxis is not suggested in individuals 
who achieved anti-HBs protective levels after vaccination.

Although, as previously mentioned, the massive implementation of the HBV vaccine substantially 
reduced the incidence and prevalence of the infection, few works have addressed the effectiveness of 
the vaccine and most of them have been carried out in high endemic countries. In general, a 70% to 94% 
effectiveness range has been reported, depending mainly on the follow-up time, the exposure risk rate 
(HBsAg prevalence of the population), and the studied cohort age[18,23,55]. A recent study showed an 
approximately 58% effectiveness in a birth cohort (mean age, 12 years) and 85% in participants at least 
20-years-old[56]. The lower efficacy observed in the birth cohort could be a consequence of a lower level 
of exposure.

HOW LONG DO THE ANTIBODIES LAST?
Protective antibodies levels tend to decrease over time, especially during the 1st years after vaccination
[57]. In a study carried out by our group, including 132 children born after infants’ vaccine 
implementation, we observed that anti-HBs titers were significantly higher 1 year post-vaccination 
compared to the 2 years and 3 years earliest vaccinated population (Figure 3B). In addition, approx-
imately 20% of the 5-year post-vaccination cohort showed anti-HBs levels lower than 10 mIU/mL[27]. 
These results are in line with a study conducted in Germany, where anti-HBs levels were determined in 
106 teenagers, mean age 13.7-years-old, after primary vaccination. Forty percent of cases had anti-HBs 
levels < 10 mIU/mL. However, almost all (97%) teenagers who received a booster vaccine achieved anti-
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HBs levels ≥ 100 mIU/mL regardless of their pre-booster levels[58]. Besides time elapsed since primary 
vaccination, a systematic meta-analysis including 46 studies analyzed the anti-HBs levels from 5 years to 
20 years after the primary vaccination and identified the vaccination dose and the less than 6-mo 
interval between the last dose and the previous one as the main factors associated with anti-HBs titer 
loss[59]. On the other hand, the duration of antibody levels is directly correlated with the titers reached 
when completing the vaccination scheme[60].

Another interesting issue regarding antibodies duration refers to the subjects’ age at the time of 
vaccination. Numerous studies have shown that vaccination in adolescence generates higher and long-
lasting titers compared to children vaccinated at birth[61-64], being the age at the time of vaccination an 
independent variable associated with an anti-HBs titer < 10 mIU/mL. However, childhood HBV 
vaccination, together with other vaccines, guarantees a higher coverage rate.

Overall, it is widely accepted that a large proportion of vaccinated individuals, particularly those 
immunized during childhood, rapidly lose their anti-HBs titers below protective levels[40]. However, it 
has also been extensively described that individuals who achieved anti-HBs protective titers at the time 
of vaccination, show a rapid anamnestic response when boosted[41,42], suggesting that memory 
immunity plays a decisive role in the protection against clinical disease and the development of a carrier 
state regardless of anti-HBs antibody levels[35]. In this regard, it has been observed that even in the lack 
of anti-HBs, a significant amount of HBsAg-specific memory T and B cells are detected in vaccine 
responders. For this reason, although it remains a controversial issue, vaccine booster doses are not 
recommended currently for children and adults with normal immune status, despite the overtime drop 
of anti-HBs antibody titers[35,65]. Nonetheless, the anti-HBs titer decline could represent a problem for 
high-risk groups.

MANAGEMENT OF SPECIAL POPULATIONS
Adult persons with increased risk factors for infection are one of the WHO identified obstacles to HBV 
elimination as a public health problem[66,67]. These groups mainly include health care providers, illicit 
injected drug users, sexually active individuals (more than 1 partner in the past 6 mo), persons with 
diabetes, dialysis patients, and people living with human immunodeficiency virus (HIV). The last two 
groups, in addition to showing a higher risk of HBV infection compared to the general population[68-
70] due to the frequent use of percutaneous materials and the common route of HBV and HIV trans-
mission, have shown suboptimal responses to HBV immunization[71,72]. Patients on dialysis have also 
shown a diminished response to the HBV vaccine probably due to a uremic-associated suppression of 
the immune system that leads to a significant progressive reduction of the percentage and count of 
lymphocytes CD3+, CD4+, and CD8+ and a disturbance of antigen-presenting cells that results in an 
inability to sustain a satisfactory antibody titer over time[73-76]. In fact, in this population subset, the 
rate of seroprotection level ranges from 33.3% to 86%[77].

It has been reported that patients living with HIV present a poor initial HBV immunization response, 
lower seroconversion rates, and difficulty in maintaining immunity over time, mainly due to B-cell 
dysfunction[67,71,78,79]. For this group, the efficacy of the standard vaccine scheme in the era of the 
highly active antiretroviral therapy ranges from 17.5% to 71%[80-83].

Consequently, for patients on dialysis and/or living with HIV, other approaches are recommended to 
enhance the HBV vaccine immune response. For patients undergoing dialysis therapy, alternative 
strategies include the use of adjuvants, additional vaccination cycles, different vaccine formulations, 
greater number and concentration of doses, greater frequency of doses, dual vaccination, alternative 
administration routes, and/or use of booster vaccines[67,72,84-86]. On the other hand, for HIV-infected 
individuals with negative or < 10 mIU/mL anti-HBs levels after a primary vaccine series, a second HBV 
vaccine series using larger or additional doses is recommended[71,87]. Furthermore, revaccination 
should be attempted after HIV viral load suppression and CD4 cell count improvement[83].

RATE OF RESPONSE TO HBV VACCINE
As mentioned above, the average response rate to the HBV vaccine is greater than 90% with 5% to 10% 
vaccinated persons failing to mount a protective immunity level once the vaccination schedule is 
completed. The response to the vaccine ultimately relies on the individual immune system; however, 
different factors impairing the response rate have been identified. Response rates can drop drastically 
when more than one of these factors are present.

Host genetics
Several studies have addressed, through different experimental approaches, the role of genetic 
polymorphisms in the response to the HBV vaccine. Single nucleotide polymorphisms in HLA loci[88-
92], ILs (with a key role in the cellular and humoral response interplay)[93,94], or even other genes have 
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been associated with the response rate to HBV vaccination[90,95,96]. However, these findings have not 
been widely validated in different cohorts and should be considered with caution.

Age
One of the most recognized consequences of aging is the declination of the immune function and the 
concomitant vaccination response reduction. The HBV vaccine response rate decreases in people 40-
years-old and even more in people older than 60 years[97,98]. This highlights the need to vaccinate the 
population not covered by health policies before they reach 40-years-old, which will result in important 
cost-benefit profits.

Body weight
Overweight and obesity are a growing public health problem worldwide that affects all age groups[99]. 
They are caused by the deposition of lipids into the adipose tissue and are defined as a body mass index 
≥ 25 kg/m.

Shortly after the HBV vaccine was developed and implemented, obesity was found to be a factor 
impairing the strength of the immune response[100]. This finding has been widely validated in sub-
sequent studies[101,102]. This drawback is not only attributed to the HBV vaccine but has also been 
described for other vaccines[103,104]. Adipose tissue has a role in modulating the immune system 
through different pathways, inducing a chronic pro-inflammatory state[105,106], which in the end is 
associated with immune system dysfunction. This includes the chronic activation of cells of the innate 
immune system and consequent local and systemic inflammation[107]. In addition, Frasca et al[108] 
described a percentage decrease of switched memory and transitional B cells and an increase of 
late/exhausted memory B cells with the consequent impaired response to the vaccine.

Smoking
As described for obesity, the link between tobacco smoking and impaired vaccine response has been 
proposed to be mediated by inflammation[109]. However, data from different studies are less robust. 
Some studies have reported lower responses to vaccination while others showed no association[110]. 
This controversy could be based on the level of daily cigarette intake. A recent study reported that 
subjects in the non-responder group were almost exclusively ‘heavy smokers’ defined as consumers of ≥ 
10 cigarettes per day[111]. The development of new vaccine formulations including either additional 
antigens or more potent adjuvants could represent a solution to improve the response rate of 
individuals affected by these factors as well as for dialyzed or immunosuppressed patients.

NEW FORMULATIONS
As previously mentioned, one of the main drawbacks of the second-generation vaccines is the poor 
induction of immune response in 5% to 10% of the general population and individuals presenting 
detrimental factors that impair vaccine response. Therefore, efforts have been made to find more 
effective formulations to overcome this limitation. Two advances have been reported in recent years. 
One of them is the development and evaluation of new and more powerful adjuvants to enhance 
immunogenicity[112,113].

Heplisav-B (HepB-CpG), a single-antigen vaccine with a novel immunostimulatory adjuvant, has 
been approved for its use in people at least 18-years-old. This vaccine is administered in two doses, 1 mo 
apart[114]. The new adjuvant is a small synthetic cytidine-phosphate-guanosine oligodeoxynucleotide 
containing non-methylated CpG patterns, similar to those present in microbial DNA. This structure acts 
as an agonist of the toll-like receptor 9 that enhances the immune response. Several studies have shown 
higher response rates to other second-generation vaccines both in general population[115-117] and in 
persons with detrimental factors for vaccination response[118-120]. In addition, the two doses-1 mo 
apart-simplified schedule could help increase patient compliance and raise the coverage rate.

Alternatively, third-generation vaccines derived from mammalian cells, containing the medium and 
large HBV envelope proteins have been developed. The advantage of this approach is that antigens 
display the same in vivo post-translational modifications and protein folding.

In 2021, Sci-B-Vac was licensed, and phase III trials showed faster seroprotection and higher response 
rates than the second-generation vaccines[8,121]. These data making turn Sci-B-Vac of particular interest 
for its use in people with poor or no response. Particularly, Sci-B-Vac has shown greater efficacy in HIV-
infected individuals’ immunization and in the prevention of vertical infection transmission[122,123]. 
Furthermore, the multiple antigen display of the third-generation vaccines would protect against HBV 
vaccine breakthrough infections caused by the HBV S gene mutants widely described[124-126]. The 
results obtained through novel vaccine formulation approaches suppose a contribution to the 
prophylaxis of HBV infection and represent a promising future.
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CURRENT CHALLENGE
Beyond significant advances in the prevention of HBV infection, several pitfalls have been identified 
that need to be overcome in order to eliminate HBV as a health problem[127]. Particularly, in deve-
loping countries, sustainable financial mechanisms are required to scale up screening interventions and 
ensure access to vaccines.

Regarding the at birth dose, out-of-hospital deliveries, shortage of monovalent vaccine formulation in 
some regions, insufficient training of health care providers, weak monitoring and reporting systems, 
and low government commitment impair its implementation. On the other hand, in the adult popu-
lation not covered by universal vaccination, promoting information, raising consciousness about risk, 
and finally focusing and promoting vaccination campaigns should improve immunization strategies for 
this group.

CONCLUSION
The worldwide application of HBV vaccines has led to a significant decrease in HBV infection incidence 
and its related death rates. As a general strategy, surveys are necessary to identify local constraints (in 
regions or countries) in order to achieve the implementation of WHO guidelines, both at the proph-
ylaxis and diagnostic levels. Increasing efforts to improve vaccination coverage and raise awareness 
among populations not reached by universal vaccination will contribute significantly to achieving the 
WHO goals by 2030. Although HBV vaccines induce protective immunity in more than 90% of 
immunized people, there are particular settings where the efficacy is lower. In recent years, new 
formulations containing new adjuvants or other HBV antigens in addition to HBs, that could overcome 
the limitations of current presentations.
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Abstract
In this comprehensive evidence-based analysis of ulcerative colitis (UC), a causal 
role is identified for colonic epithelial hydrogen peroxide (H2O2) in both the path-
ogenesis and relapse of this debilitating inflammatory bowel disease. Studies have 
shown that H2O2 production is significantly increased in the non-inflamed colonic 
epithelium of individuals with UC. H2O2 is a powerful neutrophilic chemo-tactic 
agent that can diffuse through colonic epithelial cell membranes creating an 
interstitial chemotactic molecular “trail” that attracts adjacent intra-vascular 
neutrophils into the colonic epithelium leading to mucosal inflammation and UC. 
A novel therapy aimed at removing the inappropriate H2O2 mediated chemotactic 
signal has been highly effective in achieving complete histologic resolution of 
colitis in patients experiencing refractory disease with at least one (biopsy-proven) 
histologic remission lasting 14 years to date. The evidence implies that therapeutic 
intervention to prevent the re-establishment of a pathologic H2O2 mediated 
chemotactic signaling gradient will indefinitely preclude neutrophilic migration 
into the colonic epithelium constituting a functional cure for this disease. 
Cumulative data indicate that individuals with UC have normal immune systems 
and current treatment guidelines calling for the suppression of the immune 
response based on the belief that UC is caused by an underlying immune dysf-
unction are not supported by the evidence and may cause serious adverse effects. 
It is the aim of this paper to present experimental and clinical evidence that 
identifies H2O2 produced by the colonic epithelium as the causal agent in the 
pathogenesis of UC. A detailed explanation of a novel therapeutic intervention to 
normalize colonic H2O2, its rationale, components, and formulation is also 
provided.
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Core Tip: Ulcerative colitis (UC) is a chronic inflammatory bowel disease that has resisted all efforts to 
uncover its cause and cure. However, an evidence-based systems medicine approach has provided 
compelling evidence that the secretion of hydrogen peroxide (H2O2) from colonic epithelial cells is the 
etiological agent responsible for this debilitating illness. H2O2 is a highly potent chemotactic agent that can 
attract neutrophils into the colonic epithelium, and significantly elevated production of H2O2 has been 
documented in the non-inflamed colonic epithelium of individuals with UC. Treatment to normalize 
colonic H2O2 leads to long-lasting histologic remission.
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INTRODUCTION
Treating ulcerative colitis (UC) has never been easy. The natural history of UC is one of worsening and 
progressive disease, and no currently available approved medication can cure the life-long repeating 
episodes of rectal bleeding, diarrhea, and abdominal pain that are experienced by individuals suffering 
from this illness[1]. The difficulty in choosing from currently available non-curative therapies was 
underscored by a recent study, which concluded that the majority of clinical guidelines for the treatment 
of UC are based on low or very low-quality evidence[2]. Thus, we are left with therapies that cannot 
cure and have a disappointing track record when it comes to treatment.

The distress engendered by the lack of effective treatment is universal with the majority of UC 
patients in a 10-country global survey reporting poor disease control, mental exhaustion, and adverse 
impact on quality of life[3]. This is consistent with other multi-country studies reporting that UC was 
not controlled in over 87% of participants[4]. The real-world effects of non-curative low-quality therapy 
are evident by the high degree of medical treatment failure that is responsible for up to a 30% colectomy 
rate in patients with this illness[5]. With a dismal 40% one-year clinical remission rate for current drugs 
that alter the immune response, and similar upcoming drugs no more effective, there is no reason to 
believe that any treatment focused on modifying the immune response will improve current patient 
outcomes[6]. We are thus left to conclude that this class of therapeutics has reached the limit of clinical 
effectiveness, and any hope for effective therapy or a cure can only arrive with a fundamentally new 
approach in our understanding and treatment of this disease.

Almost all treatments for UC consist of agents that modify, alter, or suppress the immune response[7,
8]. This is based on the belief that an underlying immune abnormality is the cause of this condition. But 
is this assumption evidence-based? Unfortunately not, despite extensive research conducted since the 
mid-20th century, no evidence of a causal antecedent immune vulnerability has been uncovered in 
individuals with UC or their first-degree relatives[9]. Additionally, studies in UC patients have revealed 
normal immune responses when compared to healthy controls[10,11]. Thus, the evidence indicates that 
an immune abnormality is not the cause of UC, and treatment directed against the immune response 
cannot bring about a cure, restore healthy colonic functionality, or a normal quality of life.

Faced with these facts, we must consider that the immune response in UC is an accompanying effect 
of a separate underlying phenomenon that has a causal role in the development of this disease. In other 
words, the immune system is doing what it’s programed to do given the stimulus it is subjected to. But 
if there’s nothing wrong with the immune system then what stimulus could cause inflammation of the 
colon leading to UC and how can we treat it? The next section describes a novel evidence-based 
pathogenesis that provides answers to these questions.

UC: AN EVIDENCE-BASED PATHOGENESIS
A causal role for colonic epithelial cell hydrogen peroxide in the pathogenesis of UC
In order to understand the pathogenesis of UC and develop an effective treatment, we need to answer 
several questions. Starting with what we can see, we must explain why the inflammation typically 
begins in the rectum and advances contiguously to more proximal regions of the colon without sparing 
intervening mucosa. We also need to identify the molecular mechanism that initiates the inflammation 
in the first place. In other words, how the inflammation begins. This raises the question of what causes 
this mechanism to initially appear and reappear over and over again after (apparently) successful 
treatment leading to life-long relapse. Finally, we need to derive the genetic predisposition that makes 
this all possible. Understanding the overlapping lineal sequence of events leading up to UC and the 
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mechanism of relapse is crucial for effective therapeutic intervention and long-term remission so as to 
permanently alter the natural history of disease. Stated differently, we will start with what we can see 
(the inflammation) and work our way upstream until we arrive at the inception of disease, which 
originates from the interaction of a shared genetic predisposition with exposomal elements giving rise 
to a final common pathway that must be present among all individuals with UC; at all times basing our 
conclusions on the known experimental evidence.

Neutrophils are the first responders into the colonic epithelium in UC with the formation of neutro-
philic cryptitis and neutrophilic crypt abscesses, which are hallmarks of active inflammation[12-14]. This 
typically begins in the rectum causing mucosal inflammation, which advances proximally and 
contiguously (without skipping). Once in contact with bacteria in the rectal epithelium, neutrophils are 
activated to release large amounts of hydrogen peroxide (H2O2). Studies have shown that a single 
neutrophil can produce enough H2O2 to diffuse into and oxidize nearly all the hemoglobin contained in 
ten intact surrounding red blood cells[15].

H2O2 is a cell-membrane permeable, highly potent neutrophilic chemotactic factor that attracts 
neutrophils into the colonic epithelium[16]. Studies have demonstrated that neutrophils can respond to 
and migrate towards an H2O2 concentration variation of 100 picomolar, which is a difference of approx-
imately five molecules of H2O2 between the leading and trailing halves of the neutrophil[17]. H2O2 is 
also a powerful oxidizing agent that disintegrates tight junctional proteins[18-21]. This leads to 
increased paracellular permeability and decreased epithelial resistance, which is characteristically 
observed in UC[22-25].

The resulting H2O2 mediated increase in paracellular permeability facilitates antigenic translocation 
across the colonic epithelium while simultaneously creating an H2O2 chemotactic gradient, both of 
which act cooperatively to attract other neutrophils into the advancing proximal edge of the inflam-
matory field thereby extending colonic inflammation from the rectum, in a contiguous fashion, to more 
proximal regions of the colon. The inflammation only halting upon encountering sufficient circumfer-
ential epithelial reductive capacity to neutralize the advancing wave of neutrophil released H2O2, 
resulting in a sharp demarcation between healthy and diseased tissue. This redox tug-of-war between 
epithelial reductive capacity and neutrophilic H2O2 explains the characteristic proximal migratory 
behavior of colonic mucosal inflammation in UC. This interpretation is supported by studies showing 
that neutrophil accumulation within epithelial crypts and in the intestinal mucosa directly correlates 
with clinical disease activity and epithelial injury in individuals with UC[26]. Stated differently, 
neutrophils in the crypts of Lieberkühn secrete large amounts of H2O2 that attracts other neutrophils 
into the epithelium. Continuous secretion of H2O2 by neutrophils overwhelms epithelial reductive 
(antioxidant) capacity causing additional neutrophils to enter the inflammatory field. This advances the 
inflammation in a proximal direction until sufficient epithelial reductive (antioxidant) capacity is 
encountered to stop further proximal advance.

On a cellular level, neutrophils in the colonic epithelium can be thought of as microscopic H2O2 
factories, whose function can be replaced by exogenous H2O2. This interpretation is supported by rectal 
H2O2 infusion studies in mice resulting in sharp inflammatory tissue delineation from normal tissue, 
contiguous inflammatory proximal extension, and rectal inflammatory persistence (discussed below), 
which are also characteristic of human UC[27]. Additionally, the colonic introduction of H2O2 in humans 
results in classic UC[28]. Although this explains proximal extension, the next step is to explicate what 
causes these white blood cells (neutrophils) to move into the colonic epithelium in the first place causing 
inflammation and why it typically starts in the rectum?

Neutrophils are attracted into the colonic epithelium by H2O2 secreted by the colonic epithelium
Neutrophils are not the only cells in the body that produce H2O2. All living cells in the body generate H2

O2 from metabolic reactions, including colonic epithelial cells (colonocytes)[29]. Studies have shown 
increased production of H2O2 in ascending non-inflamed colonic epithelium from patients with UC[30]. 
This indicates a pre-inflammatory build-up of H2O2 within colonocytes. In other words, H2O2 builds up 
in colonic epithelial cells prior to the appearance of inflammation satisfying the absolute requirement of 
chronology for the cause (H2O2) to precede the effect (colitis).

H2O2 is membrane permeable and can easily diffuse through the colonic epithelial cell membrane to 
the extracellular space[29]. Once outside the colonocyte, H2O2 initiates inflammation via the same 
mechanism as H2O2 secreted by neutrophils, i.e., oxidative disintegration of tight junctions and neutro-
philic chemotaxis. Other studies have shown that reductive capacity (ability to neutralize H2O2) 
progressively decreases from proximal to distal regions of the colon with rectal epithelial cells having 
the least protection against the buildup of H2O2[31]. This causes the rectum to be the initial location in 
the colonic epithelium where H2O2 will build up and, upon diffusion to the colonocyte extracellular 
space, attract neutrophils into the rectal epithelium causing inflammation and colitis. And due to its 
diminished reductive capacity, the rectum will be the last colonic region to heal resulting in a persistent 
ulcerative proctitis that is experienced by many patients.

Studies in genetically engineered mice that are unable to neutralize colonic H2O2 [glutathione (GSH) 
peroxidase knock-out mice] develop colitis analogous to human UC[32]. This indicates that colonic 
epithelial cells can generate enough H2O2, which upon extracellular diffusion, can initiate colonic 
inflammation and colitis. The mechanism behind the initial increase in colonocyte H2O2 giving rise to 
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human UC will be discussed below in the section on oxidative stressors.
In other words, H2O2 is a normal immune signaling molecule that attracts neutrophils. Neutrophils 

cannot determine which cell is secreting H2O2; whether it’s another neutrophil calling for help fighting 
an infection or a colonic epithelial cell leaking H2O2. In the latter case, neutrophils are simply doing 
what they are programmed to do given the stimulus (H2O2) they are exposed to. The development of 
UC indicates a healthy functioning innate immune system responding to a normal immune chemotactic 
factor (H2O2) being inappropriately secreted by the colonic epithelium. The correct treatment (discussed 
below) is not to abrogate this normal response with drugs that suppress essential innate normal 
immune reactivity but to restore colonic redox homeostasis so as to prevent colonocyte secretion of 
H2O2.

In summary, H2O2’s unique properties of cell membrane permeability, long life, potent oxidizing 
potential, and neutrophilic chemotactic capability combine to promote colonocyte extracellular diffusion 
followed by oxidative disintegration of colonic epithelial tight junctional proteins, which facilitates 
bacterial translocation from the colonic lumen into the sterile subjacent lamina propria while simultan-
eously (and chemotactically) attracting neutrophils into the colonic epithelium, both of which lead to 
colonic inflammation, and eventual UC (Figures 1A and 1B). H2O2 initially accumulates in colonocytes 
and diffuses to the extra-cellular space in the rectal epithelium, which has the least tissue reductive 
capacity of the entire colon.

Neutrophils in the subjacent epithelial vasculature migrate along the interstitial H2O2 concentration 
gradient to the source of the H2O2 in the rectal epithelium. Once exposed to lumenal antigens, 
neutrophils are activated to secrete large amounts of H2O2, which promotes further neutrophilic infilt-
ration while migrating the advancing edge of the inflammatory field to more proximal regions of the 
colon as described above. H2O2 also causes vasodilation and severe damage to blood vessels with 
destruction of endothelial cells and disruption of endothelial cell tight junctions[33-35]. This leads to 
erythrocyte extravasation and bleeding into the colonic lumen as commonly observed in UC. Thus, the 
effects of H2O2 on the innate immune system and vasculature explain both the microscopic and 
macroscopic features that characterize UC. The next section provides an evidence-based explanation for 
relapse. Following this, the concept of oxidative stress is discussed, which provides an evidence-based 
mechanism to explicate why H2O2 builds up in the colonic epithelium to begin with.

Relapse: An acquired “hard-wired” vicious cycle of inflammation
Once complete histologic remission has been achieved and the colonic epithelium is free of inflam-
matory cells, neutrophils can, once again, migrate back into the colonic epithelium after medication is 
withdrawn. This resumption of inflammation after a period of quiescent disease is called relapse, also 
known as a flare. Stated differently, if UC were simply a function of exposure to environmental factors, 
neutrophils would not migrate back into the colonic epithelium causing mucosal inflammation and 
relapse after exposure has ceased and medication is withdrawn.

Relapse indicates that a fundamental change has occurred in colonic epithelial cells before and/or 
during mucosal inflammation leading to increased production of H2O2, which continues to diffuse 
throughout the extracellular space resulting in neutrophilic chemotactic migration into the colonic 
epithelium and eventual relapse. This is consistent with the significantly elevated intracellular 
colonocyte H2O2 production observed in the non-involved colonic epithelium in patients with UC[30]. 
The question is why do colonocytes in individuals with UC produce more H2O2 than normal?

The answer is suggested by the susceptibility of mitochondrial DNA (mtDNA) to H2O2-induced 
oxidative damage. Due to their lack of histones, limited repair capability, and high single strand 
exposure time, mtDNA is highly susceptible to H2O2-induced oxidative damage[36,37]. H2O2 induced 
oxidative damage to mtDNA introduces base mutations into the mitochondrial genome, which miscode 
during transcription of electron transport chain (ETC) complexes resulting in nucleotide mispairing and 
the incorporation of faulty protein subunits into the ETC. These acquired mitochondrial ETC mutations 
cause increased ETC electron leakage that produces increased amounts of superoxide, which is 
converted to excess H2O2. The end result is a dysfunctional mitochondrial ETC that generates higher 
levels of cellular H2O2, which upon extracellular diffusion initiates a relapse of colonic inflammation 
(Figure 1C)[38].

The elevated colonocyte H2O2 resulting in mtDNA mutations originates from two sources. The initial 
increase in colonocyte H2O2 is intracellular and originates from oxidative stress exposure (discussed in 
the next section). This is augmented by a large exogenous source of H2O2 supplied by neutrophils that 
stream into the colonic epithelium and fill up the crypts of Lieberkühn. Being cell membrane permeable, 
H2O2 can easily diffuse into surrounding epithelial stem cells and transition amplification cells, which 
give rise to the surface epithelium. This “back flow” of H2O2 into colonocytes would ordinarily be 
neutralized by the cell. However, colonocyte reductive capacity has already been compromised by the 
initial rise in cellular H2O2 due to oxidative stress exposure. This allows intracellular H2O2 to diffuse 
unimpeded throughout the colonocyte into mitochondria leading to mtDNA oxidative damage and 
acquired mutations.

A causal role for mitochondrial ETC generated H2O2 in the development of relapse is consistent with 
the onset of impaired mitochondrial beta-oxidation in the weeks leading up to relapse, which is 
reported to be caused by H2O2 induced oxidative inhibition of mitochondrial thiolase, a necessary 
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Figure 1 Ulcerative colitis: Evidence-based pathogenesis and relapse.A: Pre-inflammatory; B: Active inflammation; C: Relapse. Hydrogen peroxide 
(H2O2) is produced by all cells of the body, mainly as a toxic by-product of cellular metabolism and must be immediately neutralized to prevent cell damage. If 
produced in excess by colonocytes (colonic epithelial cells), H2O2 easily diffuses through the cell membrane; 1: To the extracellular space where its unique properties 
of long life, potent oxidizing power, and the ability to attract neutrophils (neutrophilic chemotaxis) combine to promote oxidative damage of colonocyte tight junctions; 
2: While attracting neutrophils into the colonic epithelium; 3: Continued H2O2 exposure leads to oxidative disintegration of tight junctional proteins and increased 
colonic epithelial paracellular permeability; 4: Increased paracellular permeability promotes bacterial translocation into the sterile lamina propria; 5: And facilitates 
neutrophil migration up the H2O2 concentration gradient into the crypts of Lieberkühn; 6: Both of which lead to colonic inflammation and eventual ulcerative colitis. 
Neutrophils exposed to bacteria in the crypts become activated and produce large amounts of H2O2 that diffuses into colonic epithelial cells; 7: Which adds to the 
already high colonocyte H2O2 load. The increased colonocyte H2O2 oxidizes mitochondrial DNA (mtDNA) introducing genetic mutations that miscode when 
transcribing for electron transport chain (ETC) proteins; 8: Faulty ETC proteins exhibit additional electron leakage leading to greater H2O2 production creating a 
vicious cycle of mtDNA damage and ever greater H2O2 production, which contributes to and increases the frequency and severity of relapse; 9: This amounts to a 
“hard-wired” genetic reprogramming that promotes colonic inflammation as discussed below. H2O2: Hydrogen peroxide; mtDNA: Mitochondrial DNA.

enzyme in the mitochondrial beta-oxidation pathway[39-41]. The involvement of ETC-generated H2O2 in 
UC relapse is supported by reports of intractable UC in the setting of inherited ETC disfunction[42]. At 
birth, all mtDNA is normally identical. This is called homoplasmy. After H2O2-induced base mutations 
are introduced into the mitochondrial genome, all mtDNA is no longer identical. The simultaneous 
occurrence of genetically dissimilar cellular mtDNA (normal and mutated) is called mitochondrial 
heteroplasmy[43]. Studies have shown a significant degree of heteroplasmic mtDNA in the colonic 
epithelium of individuals with UC[44,45]. The presence of colonocyte mitochondrial heteroplasmy in 
UC will constitutively generate higher amounts of H2O2 leading to additional mtDNA damage and 
greater H2O2 production creating a self-amplifying vicious cycle of ever-increasing colonocyte H2O2[46]. 
This constitutive internally reinforcing production of colonocyte H2O2 perpetuates mucosal inflam-
mation leading to relapse upon withdrawal of medication. The increased basal production of colonocyte 
H2O2 promotes more frequent episodes of relapse and leads to refractory disease as colonocyte H2O2 
increases and UC becomes less responsive to medication.

Up until now, we have an H2O2-based mechanism that explains how UC begins, why inflammation 
extends proximally throughout the colon, and how mitochondrial heteroplasmy promotes a constitutive 
increase in colonocyte H2O2 that contributes to relapse. What we are missing is why colonocyte H2O2 
becomes elevated in the first place. To understand this, we need to discuss the concept of oxidative 
stress as outlined in the next section for it is exposure to oxidative stress that initiates de novo develo-
pment (and relapse) of UC.

OXIDATIVE STRESS
The invisible force that increases H2O2 and leads to UC
We are all subjected to oxidative stress since the moment of conception. But what is oxidative stress? 
More importantly, how can we define oxidative stress in a manner that is relevant for diagnosing 
disease, understanding pathogenesis, and advancing therapeutic intervention. Since most biological 
effects of reactive oxidant species are mediated by H2O2[47], and since cellular GSH is principally 
responsible for supplying the reducing equivalents (electrons) needed to neutralize H2O2[48,49], a 
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Figure 2 Redox homeostasis.Redox homeostasis is more than just a balance between oxidizing [hydrogen peroxide (H2O2)] and reducing agents (glutathione). 
In the above graph, redox homeostasis (slanted line) is maintained at both low and high H2O2 production rates (a and b), but the cell is functioning at a higher 
oxidative capacity (high capacity redox homeostasis) (b), when more H2O2 is being produced compared to times when lesser amounts of H2O2 are being generated 
(a). Mitochondria, the site of most cellular H2O2 production, do not synthesize their own glutathione and only contain 10% of the total cellular supply of this vital 
reducing equivalent that must be generated in the cytoplasm and imported into mitochondria, which takes time[53]. Once depleted, mitochondrial glutathione can take 
several hours to restore to normal levels[46]. In contrast to the limited supply of mitochondrial glutathione, studies have shown that mitochondrial electron transport 
chain production of H2O2 can increase up to 15 × during periods of high metabolic demand[54]. Any increase in H2O2 production forces the cell to utilize additional 
glutathione in order to maintain redox balance which may lead to high capacity redox homeostasis (b). Since about 30% of cell thiols (i.e., glutathione) normally 
undergo oxidation per hour[55], the additional oxidative stress imposed by high capacity redox homeostasis can, over time, deplete available glutathione and 
overwhelm colonocyte reductive capacity creating a state of impaired redox homeostasis (c) followed by H2O2 build-up and extracellular diffusion, which can lead to 
de novo ulcerative colitis or relapse. High capacity redox homeostasis is consistent with increased H2O2 production observed in the non-inflamed ascending colonic 
epithelium of individuals with ulcerative colitis[30]. H2O2: Hydrogen peroxide.

clinical working definition of oxidative stress can be summarized as any stimulus that increases the 
amount or production of H2O2 or elevates the risk of its occurrence by decreasing cellular reductive 
(antioxidant) capacity (i.e., GSH). Stimuli that fulfill this definition are called oxidative stressors.

Oxidative stressors can be external (i.e., environmental) or internal (originating in the body). Many 
oxidative stressors can be identified by the medical history and targeted for elimination by changes in 
diet and lifestyle. Clinically assessing the risk that oxidative stress will increase H2O2 leading to 
worsening disease requires a working understanding of redox homeostasis. Redox homeostasis refers to 
the balance that is achieved when there is sufficient cellular reductive capacity (GSH) to neutralize the 
H2O2 being produced. Thus, an oxidative stressor is a stimulus that places additional demands on the 
cell’s capacity to neutralize H2O2 and maintain redox homeostasis. Over time, oxidative stress can 
disrupt the cell’s ability to maintain this critical balance. When this occurs it is called impaired redox 
homeostasis, which can lead to the build-up of colonocyte H2O2 resulting in extracellular diffusion, 
mucosal inflammation, and UC as described above. Thus, identifying and eliminating oxidative 
stressors in order to assist in restoring colonic redox homeostasis is critical for the maintenance of long-
term remission in UC. In order to maintain redox homeostasis, colonocytes utilize as much GSH as 
needed to neutralize the H2O2 that is being produced by the cell. In this reaction, two molecules of GSH 
react with one molecule of H2O2 via the action of GSH peroxidase (GPx) to yield one molecule of GSH 
disulfide (GSSG) and one molecule of water, as illustrated below.
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At higher levels of H2O2 production significantly more GSH is consumed compared to lower levels of 
H2O2 production in order to maintain a 2 (GSH) to 1 (H2O2) balance or redox homeostasis. However, 
higher levels of GSH consumption enhance the risk of GSH depletion after which free H2O2 can begin to 
accumulate within the cell[50].

Thus, all redox homeostasis is not the same. Redox homeostasis maintained at high levels of H2O2 
production [high capacity redox homeostasis (HCRH)] increases the risk of GSH depletion and 
subsequent accumulation of intracellular H2O2 (Figure 2). HCRH indicates that the cell has a greater 
capacity to oxidize substrate such as GSH and is consuming GSH at greater rates than normal. As long 
as the substrate being oxidized is GSH, redox homeostasis can be maintained and the cell is protected 
from the toxic effects of H2O2 buildup. However, if GSH is depleted due to excessive utilization by 
HCRH, H2O2 is free to diffuse throughout the cell and oxidize other molecules in the colonocyte such as 
enzymes and DNA. This can lead to metabolic disturbances such as impaired mitochondrial beta-
oxidation in addition to oxidative nuclear DNA mutations in tumor suppression and oncogenes that 
promote colorectal cancer as well as mtDNA mutations (mitochondrial heteroplasmy) that increase 
cellular H2O2 production and facilitate disease relapse[30,51,52] (Figure 2).

Even if redox homeostasis is maintained during HCRH, the high demand for GSH may sequester this 
vital reducing agent away from other critical metabolic functions that depend upon GSH such as 
elimination of toxic xenobiotics and electrophiles, regulation of apoptosis and cell division, GSH 
dependent enzymes, maintenance of reduced vitamins C and E for cell membrane protection, and 
glutathionylation of proteins/enzymes to protect against irreversible oxidative damage[56-58]. Thus, 
HCRH may consume GSH needed for other cellular activity and compromise colonocyte and colonic 
functionality independent of the development of UC.

Exposure to multiple contemporaneous oxidative stressors facilitates progressively greater 
production of H2O2 that increases the risk of reaching HCRH, which can lead to impaired redox 
homeostasis with the development of symptomatic UC (Figure 2C). This explains why the initial 
appearance of UC can be very explosive since HCRH may lead to sudden depletion of GSH causing 
significant acute increases in cellular H2O2, which can lead to severe mucosal inflammation as large 
amounts of colonocyte H2O2 diffuse to the cell exterior. Lesser amounts of colonocyte extracellular H2O2 
can account for the pre-symptomatic systemic inflammation observed in individuals who go on to 
develop UC[59]. Seemingly insignificant oxidative stressors can lead to relapse for individuals 
functioning at HCRH. This should prompt a search for other unrecognized oxidative stress exposures to 
prevent relapse. Lastly, an important distinction to keep in mind is that oxidative stress is not the same 
as oxidative damage. Oxidative stress appears before oxidative damage occurs, while oxidative damage 
always indicates previous or ongoing oxidative stress. Rectal bleeding in UC is an indication of severe 
concurrent oxidative (H2O2 induced) tissue damage caused by exposure to oxidative stress.

In summary, oxidative stress increases H2O2 in the body. Oxidative stressors mediate the effects of 
oxidative stress on the body. As H2O2 increases, colonocytes utilize greater amounts of GSH to maintain 
redox balance leading to HCRH, which can deplete cellular GSH leading to de novo UC or relapse. The 
increased H2O2 production rates observed in the non-inflamed colonic epithelium of individuals with 
UC indicate the presence of HCRH[30]. The effects of multiple oxidative stressors are additive, each 
contributing to the cellular H2O2 load. HCRH may lead to a GSH deficiency state and cellular 
disfunction. In the next section, we put it all together and derive the genetic susceptibility that 
predisposes to the development of UC.

PUTTING IT ALL TOGETHER
Predisposition, pathogenesis, pathophysiology, and relapse
Based on the cumulative data, we can now construct an evidence-based natural history of UC. The 
disease begins with exposure to one or more oxidative stressors, which increase the production of 
colonocyte H2O2. Over time, cellular reductive capacity is overwhelmed as the colonocyte is no longer 
able to maintain HCRH and H2O2 accumulates in the cell. This is followed by H2O2 diffusion through the 
cell membrane to the extracellular space within the crypts of Lieberkühn and the surrounding cellular 
microenvironment. This results in oxidative damage to interepithelial tight junctions and increased 
paracellular permeability accompanied by the creation of an H2O2 diffusion gradient that envelops the 
subjacent microvasculature.

The combined effect of colonic epithelial antigenic translocation due to increased paracellular 
permeability and H2O2 gradient-guided neutrophilic chemotaxis results in directed migration of 
neutrophils from the subjacent vasculature into the crypts of Lieberkühn along with the formation of 
neutrophilic cryptitis and crypt abscesses. Continued neutrophilic infiltration into the colonic 
epithelium leads to mucosal inflammation and UC (Figures 3A-E).

The rectum, having the lowest reductive capacity of the intestinal tract, is the initial site of H2O2 
accumulation and the first region to experience inflammation, which proceeds in a proximal direction as 
continuous secretion of large amounts of neutrophil released H2O2 overcomes colonic epithelial 
reductive capacity in a circumferential manner resulting in a sharp demarcation between healthy and 
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Figure 3 Natural history of ulcerative colitis. The evidence-based natural history of ulcerative colitis begins with exposure to oxidative stressors (a), which 
increases colonocyte hydrogen peroxide (H2O2) (b). The increase in colonocyte H2O2 facilitates extracellular diffusion which overwhelms (oxidizes) local interstitial 
serum albumin antioxidant defense (60% of serum albumin is interstitial), leading to directed migration of neutrophils (chemotaxis) into the colonic epithelium (c) and 
mucosal inflammation (d) with subsequent development of ulcerative colitis (e). Large amounts of H2O2 are released by neutrophils into the extracellular space (f) with 
further oxidation of interstitial albumin and exhaustion of tissue antioxidant capacity (c). This worsens colonic inflammation (d) leading to local and systemic reductive 
depletion (i) as albumin is circulated through the colonic interstitium into tissue lymphatics and back into the systemic circulation. Neutrophil released H2O2 “back 
flows” into colonocytes (g) adding to the already elevated intracellular H2O2 levels resulting in mitochondrial DNA damage and mitochondrial heteroplasmy (b, red 
mtH). Mitochondrial heteroplasmy introduces mutations into the electron transport chain protein subunits, which generate additional H2O2 via enhanced electron 
leakage setting up a vicious cycle of ever increasing colonocyte H2O2 (b, red arrows). Increased colonocyte H2O2 diffuses into the extracellular space (h) causing 
disease relapse (c, d, e). The combination of local and systemic reductive depletion along with a ready supply of H2O2 from colonocytes and neutrophils (b and d) 
creates a mucosal inflammation that is self-amplifying, forward propagating, and auto-initiating (relapsing). Elimination of neutrophilic inflammation (d) by any means (
i.e., immunosuppressive agents) will not stop relapse from occurring as colonocyte H2O2 continues to diffuse into the extracellular space (c, h). Conversely, 
normalizing colonocyte H2O2 alone will not stop the inflammation, which has become self-sustaining. This indicates that simultaneous elimination of all pathological 
sources contributing H2O2 to the inflammatory field must be achieved to ensure long-term remission and normal colonic functionality. Systemic reductive depletion 
may contribute to other serious health hazards as detailed below. H2O2: Hydrogen peroxide.

diseased tissue (epithelial cells at the same circumferential level have the same reductive capacity). 
Mucosal inflammation may reach more proximally and regress distally over time as a result of fluctu-
ations in colonic epithelial reductive capacity due to changes in oxidative stress exposure (diet, stress, 
etc.) and epithelial repopulation.

The large amount of H2O2 released by neutrophils in the inflammatory field is chemotactic for other 
neutrophils in the subjacent vascular bed. This causes epithelial inflammation to become self-
propagating and auto-amplifying (Figure 3F), which enables prolonged contact between neutrophils 
and surrounding colonocytes. This close contact facilitates the back-flow of neutrophil-derived H2O2 
into adjacent colonocytes that adds to the already high colonocyte H2O2 load due to oxidative stress 
exposure (Figure 3G).

High intracellular colonocyte H2O2 promotes diffusion into mitochondria leading to mtDNA 
oxidation and the formation of acquired mtDNA mutations (mitochondrial heteroplasmy-mtH) 
(Figure 3B red arrows), which miscode during translation of ETC protein subunits. The resulting ETC 
mutations facilitate a higher degree of electron leakage and greater H2O2 formation causing additional 
mtDNA damage and the creation of a vicious cycle, which maintains a high intracellular colonocyte H2O2  
production that facilitates spontaneous relapse upon withdrawal of medication or exposure to ever-
present oxidative stressors (Figure 3H).

Thus, based on the data, the derived genetic predisposition leading to UC is the inability of the 
colonic epithelium to cope with (neutralize) an oxidant (H2O2) load forcing the colonocyte into a state of 
impaired redox homeostasis after which free H2O2 begins to accumulate in the cell (Figure 2C). 
Pathogenesis begins with impaired colonocyte redox homeostasis leading to the intracellular accumu-
lation of H2O2 after HCRH has exhausted cellular reductive capacity (Figure 2C). The pathophysiology 
commences with the influx of neutrophils into the colonic mucosa, which defines the beginning of what 
will eventually become the symptomatic phase of the illness. However, extracellular colonocyte 
diffusion of H2O2 does not inexorably lead to UC due to the presence of a secondary “back-up” system 
of antioxidant defense provided by human serum albumin (HSA) (Figure 3C) as discussed in the 
following section.

HSA: The link between colonocyte and systemic redox homeostasis
Although UC is traditionally thought of being limited to the colon, the significant decrease reported in 
total blood antioxidant capacity (erythrocytes and plasma) in individuals with UC suggests that excess 
colonic production of H2O2 is causing impaired systemic redox homeostasis as well[60-62]. In other 
words, the capacity of the blood to remove H2O2 in UC patients is compromised. Why would colonic 
production of H2O2 affect systemic redox homeostasis and what effect might this have on the severity of 
UC and overall patient health?
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Systemic redox homeostasis is provided by HSA and erythrocytes, both of which are highly effective 
scavengers of H2O2. Their combined action maintains blood H2O2 at very low levels, in the range of 0.8-6 
µM for healthy individuals[63]. HSA can directly scavenge H2O2 via a reduced surface cysteine thiol 
(cys34)[64]. In addition, the HSA molecule itself has a GSH-linked thiol peroxidase activity that can 
remove circulating H2O2[65]. The significant anti-oxidant scavenging ability of HSA represents approx-
imately 70% of the free radical trapping ability of human serum[64]. Since 60% of HSA is present in the 
interstitial space, this indicates that HSA acts as an extracellular backup anti-oxidant defensive layer 
(after intracellular colonocyte GSH) that protects against the development of UC by preventing the 
interstitial accumulation and diffusion of colonocyte released H2O2 from reaching the subjacent 
epithelial blood vessels and attracting neutrophils into the colonic epithelium leading to colonic mucosal 
inflammation and UC. Interstitial albumin has a turnover of 4% per hour after which it recycles back to 
the systemic circulation[66]. This suggests that each day the entire blood supply of reduced albumin is 
exposed to excess colonic H2O2 with a significant portion becoming oxidized.

Red blood cells also provide a significant level of systemic anti-oxidant defense. Erythrocytes 
contribute up to 30% of whole blood reductive capacity. Erythrocytes are highly permeable to H2O2[67]. 
With a normal mean inter-erythrocytic distance of 3 µm, a molecule of H2O2 in the circulation will 
encounter a red blood cell before it encounters HSA[68]. Free serum H2O2 will diffuse into red blood 
cells where it is neutralized by significant anti-oxidant enzymatic defenses comprised of catalase and 
GSH[67]. Whereas H2O2 released by colonocytes or infiltrating epithelial neutrophils during active UC 
can oxidize HSA in the interstitial space, decreased red blood cell reductive capacity (i.e., decreased 
erythrocyte GSH) implies that colonic H2O2 is diffusing directly into the systemic circulation and into 
erythrocytes with depletion of total blood reductive capacity. The inability of interstitial HSA to 
completely remove colonic H2O2 will lead to H2O2 accumulation and a greater degree of tissue damage 
accompanied by neutrophilic infiltration resulting in increased severity of disease, which contributes to 
relapse (Figure 3F). This is supported by studies showing that the loss of blood reductive capacity 
(inability to remove H2O2) is associated with worsening UC[62]. The critical role of reduced albumin for 
the maintenance of colonic interstitial redox homeostasis is illustrated by studies showing that the onset 
and progression of experimental murine colitis were prevented by reduced (reductively enhanced) 
albumin, which, in turn, was strongly associated with an improved systemic reductive capacity[69].

Reduced albumin also directly neutralized H2O2 and prevented the in vitro loss of tight junctional 
proteins in human intestinal cell tissue treated with H2O2[69]. This indicates that reduced albumin can 
act as an interstitial reducing agent (antioxidant) and delay/prevent the onset of UC by neutralizing 
interstitial H2O2 released by colonocytes before the H2O2 can initiate chemotactic directed migration of 
neutrophils into the colonic epithelium. This implies that oxidized, or decreased albumin levels would 
offer less protection and hasten the development of UC. This is consistent with worsening UC observed 
in association with anemia and hypoalbuminemia[70,71]. Other studies report a significant inverse 
relationship between low serum albumin and risk of colectomy[72]. Conversely, studies in UC patients 
have shown that mucosal healing is positively associated with high (> 4.4 mg/dL) serum albumin[73].

Although low HSA can be secondary to colonic protein loss, and improved HSA levels may follow 
mucosal healing, the association of high HSA levels with a protective effect in conditions without colitis 
such as Bell’s palsy and coronary artery disease implies an independent association with an intrinsic 
property of HSA such as oxidation status and not just as a biomarker for worsening colitis[74,75]. Thus, 
it is reasonable to assume that it is not just worsening colitis that causes low albumin but low serum 
albumin reductive capacity causing worsening colitis that increases albumin loss. HSA oxidation status 
should be part of screening lab work as oxidized albumin is inherently proinflammatory and associated 
with the progression of other diseases in addition to UC[76,77]. The proinflammatory nature of oxidized 
albumin and subsequent loss of systemic reductive capacity may be reflected in the worsening health 
and the high healthcare resource utilization in the year leading up to the diagnosis of UC[78]. This 
insight provides a critical therapeutic window of opportunity to restore systemic redox homeostasis and 
prevent UC if HSA is found to be significantly oxidized. In summary, once symptomatic UC develops, 
local and systemic reductive depletion is likely. At this point, colonocytes have already been exposed to 
genotoxic levels of H2O2 for many months or years setting the stage for molecular oxidative alterations 
that lead to life-long relapse (Figures 3A-H). However, the oxidative nature of these changes offers the 
possibility of reversal with a therapeutic reducing agent (detailed in treatment section below).

HOW OXIDATIVE STRESSORS GENERATE H2O2 IN THE BODY
Oxidative stress: Sources, classification, and definition
H2O2 is produced by many different cellular enzymatic reactions. Using the advanced search option in 
the BRENDA enzyme database limited to “homo sapiens” as the organism and “H2O2” as the product in 
the subitem text field returned 29 different enzymes acting upon 188 distinct molecular substrates[79]. 
This does not include non-enzymatic reactions such as the auto-oxidation of oxyhemoglobin or subunits 
of the mitochondrial ETC, which is considered the principal source of H2O2 in the body. Oxidative 
stressors are extremely diverse in their mechanism of action with some increasing the substrate for a 
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single enzyme while others can affect every H2O2 generating system in the body by inhibiting critical 
anti-oxidant enzyme systems needed for H2O2 removal. Individuals with UC are usually contemporan-
eously affected by more than one oxidative stressor but the commonality among all oxidative stressors, 
however, is the production of H2O2. Consequently, oxidative stressors are additive since they all 
increase the H2O2 load in the body. This may cause different individuals with UC to be more or less 
affected by the same oxidative stressor depending on the pre-existing H2O2 load in the colonocyte and 
state of redox homeostasis, which can change over time (Figure 2).

This can also result in the individual tolerance for the same oxidative stressor to vary with age, 
comorbidity, lifestyle and exposure duration and intensity. Thus, based on the evidence, it is reasonable 
to conclude that all factors that increase the risk of relapse or developing de novo UC are oxidative 
stressors that increase H2O2 in the body. Conversely, all oxidative stressors are risk factors for relapse or 
the development of UC. A convenient method of classification is grouping oxidative stressors as 
exogenous (originating external to the body) or endogenous (originating inside the body). The following 
section details the mechanism of action for several reported and/or common oxidative stressors 
associated with UC.

Exogenous oxidative stressors
Diet has been implicated in the pathogenesis and pathophysiology of UC[80]. 65% of surveyed 
individuals with UC believe that food is a significant trigger for relapse with 50% asserting that diet 
contributed to the initial development of disease[81]. This suggests that dietary factors exert their effect 
on the pathogenesis of UC by means of a common mechanism within the molecular chain of events 
leading to the onset of disease.

Dietary fat
Studies have shown that a high-fat low-fiber “westernized” type diet is associated with the 
development of UC, and high-fiber low-fat diets reduce systemic inflammatory biomarkers in patients 
with this illness[82,83]. Additionally, diets high in total fat and certain fatty acids are associated with 
exacerbation of UC[82,84,85]. But how does dietary fat initiate or worsen UC? Peroxisomes play an 
indispensable role in the metabolism of fatty acids obtained from dietary fat[86]. Peroxisomes are 
involved in the metabolism of dietary lipids such as medium chain, long chain, and very long chain 
fatty acids and cholesterol in addition to pristanic and phytanic acids[86,87]. Peroxisomal metabolism of 
fatty acids generates large amounts of H2O2, which is estimated to be about 35% of total cellular H2O2 

production[88]. This is in line with data implicating peroxisomal H2O2 as an important source of cellular 
oxidative stress[89]. This implies that excess peroxisomal generated H2O2 can overwhelm the cell’s 
reductive (antioxidant) capacity and accumulate to the point of causing cellular dysfunction. This is 
consistent with previous data ascribing a causal role for H2O2 in the pathogenesis of UC and implies that 
high fat diets contribute to the pathogenesis and relapse of UC by generating large amounts of 
peroxisomal H2O2. Excess peroxisomal generated H2O2 can diffuse into the cytoplasm and overwhelm 
the colonocyte’s ability for its removal leading to extracellular diffusion and the development or relapse 
of UC as described above. Thus, high fat diets are risk factors for the development of UC because they 
are oxidative stressors that generate large amounts of peroxisomal H2O2[89]. Low fat diets ameliorate 
colonocyte oxidative stress by decreasing production of peroxisomal H2O2 and in so doing promote 
remission of UC.

Fiber
As mentioned above, low fiber diets are associated with the development and worsening of UC. But 
how does fiber interface with the pathogenesis and relapse of this illness? The colonic epithelium 
utilizes short chain fatty acids (i.e., butyrate) for most of its energy requirements[90]. The production of 
butyrate starts with the fermentation of dietary soluble fiber by colonic bacteria. Butyrate is rapidly 
absorbed by colonic epithelial cells via passive diffusion and cell membrane transport proteins[91]. Once 
in the cytoplasm, butyrate is transported via the carnitine shuttle into mitochondria where it undergoes 
beta-oxidation. The resulting acetyl-coenzyme A (CoA) enters the Krebs cycle, which generates reducing 
equivalents (NADH, FADH2) that provide the energy for oxidative phosphorylation and ATP 
production[92]. This process provides up to 70% of colonocyte energy supplies (Figure 4A)[93,94].

A decrease in the available dietary soluble fiber will diminish the amount of butyrate absorbed by 
colonic epithelial cells and less butyrate will be available to undergo mitochondrial beta-oxidation. With 
decreased beta-oxidation of butyrate generating less acetyl-CoA, the colonocyte may not have enough 
fuel for the Krebs cycle to produce sufficient reducing equivalents (NADH, FADH2) in order to power 
oxidative phosphorylation and provide the energy for the biosynthesis of ATP. Without sufficient ATP 
to fuel critical cellular functions, the colonocyte will die. To increase ATP production, the colonocyte 
diverts glutamate into the Krebs cycle (via alpha keto-glutarate) in order to replace Krebs cycle 
intermediary metabolites that would otherwise be supplied by dietary fiber, which is in low supply 
(Figure 4B). Glutamate (an amino acid) is derived from the amino acid glutamine (the storage form of 
glutamate), and studies have shown cellular diversion of glutamine into the Krebs cycle as a 
consequence of impaired mitochondrial pyruvate transport underscoring glutamine’s role as a backup 
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Figure 4 Normal vs low-fiber colonocyte bioenergetics. A: The normal vectorial bioenergetic flux beginning with soluble dietary fiber that is converted to 
short-chain fatty acids (i.e., butyrate) by bacteria in the colonic lumen. Butyrate is rapidly absorbed by colonic epithelial cells (colonocytes). Once inside the 
colonocyte, butyrate undergoes mitochondrial beta-oxidation to generate acetyl-coenzyme A (CoA), which is processed by the Krebs cycle that produces NADH and 
FADH2. The high-energy electrons present in NADH and FADH2 are used to drive oxidative phosphorylation (Oxphos) resulting in the biosynthesis of ATP, which 
fuels most of the cell’s energy needs; B: Low fiber intake decreases available butyrate needed for acetyl-CoA production. Under these energy-restricted conditions, 
glutamate is diverted into the Krebs cycle and away from the synthesis of glutathione (GSH). Diversion of glutamate into the Krebs cycle is called anapleurotic 
metabolism (red curved arrow) and is needed to replenish depleted Krebs cycle intermediary metabolites that would otherwise be supplied by dietary soluble fiber, 
which can no longer perform this role due to a low fiber diet. Since glutamate is needed for the synthesis of GSH, the sequestration of glutamate as a replacement 
energy source restricts the amount of glutathione the cell is able to synthesize. GSH is the principal reducing equivalent required to neutralize cellular hydrogen 
peroxide (H2O2). Insufficient glutathione will cause cellular H2O2 to increase, which upon extracellular diffusion may initiate neutrophil chemotaxis into the colonic 
epithelium and de novo ulcerative colitis or disease relapse. Interruption of colonocyte bioenergetic flux anywhere along the pathway from the microbiome to acetyl 
CoA will increase colonocyte anapleurotic metabolism and cellular H2O2, which can lead to ulcerative colitis. H2O2: Hydrogen peroxide; CoA: Coenzyme A.

energy supply during times of limited acetyl-CoA availability[95].
Studies on isolated colonocytes from germ-free rats (that cannot produce butyrate) report a 45% 

increase in glutamine use by these cells compared to conventionally reared animals[96]. Other studies 
using isolated colonocytes from germ-free mice demonstrated 16-fold lower NADH/NAD+ ratios as 
well as 56% lower ATP levels[97]. Colonization of germ-free mice with flora from conventional mice or 
butyrate-producing bacteria rescued the colonocyte energy deficit as did butyrate exposure to isolated 
colonocytes from germ-free mice[97]. This indicates that butyrate is a critical source of energy for 
colonocyte ATP production and colonocytes will compensate for the loss of butyrate by diverting 
glutamine (via glutamate) into the Krebs cycle to maintain the production of ATP.

However, the continued Krebs-cycle oxidation of glutamine as a backup energy source (i.e., during 
prolonged low-fiber diets) entails significant consequences for the colonocyte. Glutamine is the 
precursor to glutamate, which is necessary for GSH synthesis. The diversion of glutamate into the Krebs 
cycle (called anapleurotic metabolism) to sustain cellular energy requirements restricts glutamate’s 
availability for the biosynthesis of GSH, which is critical for the elimination of cellular H2O2[98]. Studies 
have shown that disrupting mitochondrial pyruvate uptake directs glutamine into the Krebs cycle and 
away from GSH synthesis[99]. Because GSH is critical for the elimination of cellular H2O2, a decrease in 
GSH synthesis will lead to increased colonocyte H2O2 and subsequent diffusion through the cell 
membrane to the extracellular space, which may precipitate de novo UC, worsen existing UC, or 
contribute to relapse (Figure 1B). Thus, low fiber diets are oxidative stressors because they increase the 
risk of colonocyte intracellular H2O2 buildup.

The critical importance of (soluble) dietary fiber for colonic bioenergetics and redox homeostasis is 
underscored by what occurs with the complete absence of colonic fiber. Diversion colitis is a reactive 
colonic inflammatory response in the by-passed segment of the large intestine as a result of fecal stream 
diversion secondary to colostomy or ileostomy. Under these circumstances, there is no dietary fiber 
entering the defunctioned segment of the large intestine. This results in a colitis affecting nearly all 
individuals undergoing this procedure within 1 to 3 years after colonic diversion[90]. Histopathology 
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soon after onset shows an influx of neutrophils into the colonic epithelium (analogous to UC)[100]. This 
suggests the alternate use of glutamate to compensate for the complete lack of lumenal butyrate 
decreases colonocyte GSH enough to raise cellular H2O2 to levels that facilitate extracellular diffusion 
and the development of colitis. It also implies that H2O2 plays a prominent causal role in the develo-
pment of diversion colitis as well[101].

This interpretation is consistent with a case report of a healthy 36-year-old male who developed UC 
after following an extremely low carbohydrate diet for weight loss, which resolved without medication 
upon the institution of a semi-vegetarian diet[102]. Studies have demonstrated significant declines in 
fecal butyrate and butyrate-producing bacteria in individuals with reduced dietary carbohydrates[103]. 
The decrease in colonocyte butyrate can be reversed with butyrate enemas that significantly increased 
colonic epithelial GSH, which is consistent with a GSH sparing effect of butyrate inferred from 
Figure 4B[104].

Butyrate enemas also significantly reduced mucosal inflammation in patients with refractory UC
[105]. This can be attributed to the butyrate-mediated increase in colonocyte GSH and subsequent 
reduction in colonic epithelial H2O2. This is supported by studies showing that butyrate prevents H2O2-
induced DNA damage in isolated human colonocytes[106]. Thus, colonic butyrate has a critical role in 
maintaining colonocyte redox-homeostasis by preventing the anapleurotic metabolism of glutamate and 
subsequent decrease in colonic epithelial GSH, which leads to elevated colonocyte H2O2 and UC[107].

The crucial role of GSH in the elimination of cellular H2O2 can be seen in GPx knockout mice that lack 
this key enzyme needed to utilize GSH for the elimination of H2O2. Knockout mice lacking GPx develop 
colitis[32]. Colitis also occurs concomitantly with experimental beta-oxidation inhibition in mice, and in 
pigs subsequent to vitamin B-5 (pantothenic acid) deficiency. Vitamin B-5 is necessary for CoA 
synthesis, without which there is no acetyl CoA[108,109]. This suggests that disruption of bioenergetic 
flux at any point along the metabolic pathway from lumenal fiber to the formation of acetyl CoA will 
result in increased colonocyte H2O2 and colitis (Figure 4B).

Based on these data, we can reasonably predict that alterations in the colonic flora (microbiome 
dysbiosis) that lead to impaired short-chain fatty acid (i.e., butyrate) production will contribute to the 
development and relapse of UC by increasing colonocyte H2O2. A diverse set of adverse environmental 
exposures can shift the colonic microbiome towards dysbiosis and impaired butyrate production. These 
include high fat/low fiber/high protein diets, food additives in processed food, smoking and alcohol 
ingestion[110-113]. Other diverse factors such as infant delivery and feeding methods, medications, 
enteric endocrine disruptors, psychological stress can also facilitate microbiome dysbiosis[114-117]. 
Long term dietary patterns that include soft drinks and artificial sweeteners may tip the balance 
towards dysbiosis[118,119]. Thus, microbiome dysbiosis is an oxidative stressor that can increase 
colonocyte H2O2 and contribute to the onset of UC[120].

Lastly, as mentioned above, H2O2, being membrane permeable, can diffuse into the colonocyte 
nucleus leading to oxidative nuclear DNA mutations in tumor suppression and oncogenes that promote 
colorectal cancer[51,52]. Studies have shown that mice fed a total western diet develop a neutrophil 
predominant colitis and colorectal cancer[121]. This is analogous to histological findings in human UC, 
which also carries an enhanced risk of colorectal cancer. Taken together, when the evidence supporting 
a causal role for H2O2 in UC and its associated colon cancer is viewed in light of biological mechanisms 
leading to increased colonocyte H2O2 subsequent to low-fiber high-fat diets, it is reasonable to conclude 
that the increased incidence of UC and colorectal cancer associated with the (low-fiber high-fat) western 
diet[9,97,122] is mediated through elevated colonocyte H2O2. This raises the possibility of primary 
prevention via changes to reduce dietary oxidative stress (i.e., high fiber, low fat etc) and/or the adminis-
tration of an oral reducing agent (detailed in the treatment section below).

Alcohol
Several studies have found that alcohol consumption increases the risk of onset, relapse, and 
gastrointestinal symptoms in individuals with UC[123]. Alcohol is biomembrane permeable, and after 
ingestion is distributed to all tissues in the body[124]. Alcohol metabolizing enzymes in the colonic 
epithelium can generate large amounts of H2O2[124]. Alcohol metabolism by alcohol dehydrogenase 
generates acetaldehyde, which is converted to acetic acid by aldehyde dehydrogenase. Both these 
reactions generate NADH, which feeds into the mitochondrial ETC causing increased electron leakage 
and enhanced generation of H2O2[124]. The increased amount of colonocyte H2O2 can overwhelm 
cellular reductive capacity and diffuse to the extracellular space leading to relapse or the onset of UC.

Cytochrome P450 2E1 (CYP2E1) is a second alcohol oxidizing enzyme that is highly expressed in the 
human intestine and is upregulated by chronic alcohol exposure[125]. CYP2E1 has the highest catalytic 
activity among the members of CYP enzymes in metabolizing ethanol[126]. CYP2E1 consumes NADPH 
when metabolizing ethanol to acetaldehyde and in the process generates large amounts of H2O2[126,
127]. NADPH is also required for the recycling of oxidized GSH (GSSG) back to reduced GSH by GSSG 
reductase[49]. This can reduce the availability of GSH for the elimination of H2O2 and contribute to 
increased colonocyte H2O2 levels. The total combined effect of alcohol metabolism is excess production 
of colonocyte H2O2 that can overwhelm cellular reductive capacity leading to extracellular H2O2 
diffusion and de novo UC or relapse by the mechanisms detailed above. CYP2E1 is also upregulated by 
ethanol, which magnifies the oxidative stress caused by this alcohol metabolizing enzyme.
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Antibiotics
Due to their widespread use, antibiotics represent a significant source of oxidative stress within the 
population. Studies have shown an association between antibiotic use and the development of UC[128]. 
Although antibiotics are administered to eradicate pathogenic bacteria they also indiscriminately kill 
beneficial commensal bacteria that make up the colonic microbiome leading to a decrease in species 
diversity including a reduction in bacterial species that produce butyrate[129]. A decrease in colonic 
butyrate can lead to metabolic changes favoring increased colonocyte production of H2O2 (Figure 4). 
Antibiotic-induced microbiome depletion (dysbiosis) can last for years and act cooperatively with other 
oxidative stressors such as a high-fat diet[130,131]. This can hasten colonocyte H2O2 build-up (HCRH) 
and the development of UC.

However, microbiome depletion is not the only mechanism by which antibiotics generate excess 
colonocyte H2O2. Studies have shown that antibiotics induce the production of significant amounts of H2

O2 in both bacteria and human intestinal epithelial cells, which in the latter was caused by an alteration 
to the ETC[132-135]. Since H2O2 is cell membrane permeable, bacterial H2O2 can diffuse across epithelial 
cell membranes and add to the already increased antibiotic-induced colonic epithelial cell H2O2 load. 
This can lead to mtDNA oxidative damage with the formation of colonocyte mitochondrial hetero-
plasmy and ever-increasing production of intracellular H2O2 resulting in HCRH (Figure 2). Increased 
cellular production of H2O2 can overwhelm colonocyte reductive (antioxidant) capacity and lead to a 
buildup of colonocyte H2O2 that will facilitate the development of UC years later. Because virtually 
everyone is exposed to antibiotics at one time or another, they exert a selective oxidative pressure that 
can manifest as UC in individuals with a predisposing genetic makeup encoding for a diminished 
reductive capacity that facilitates the buildup of H2O2.

Psychological stress: A common oxidative stressor leading to H2O2 production
Stress is a significant risk factor for UC. Up to 40% of patients with UC report psychological stress as an 
exacerbating factor[136]. Psychological stress can cause de novo UC and worsen existing disease[137-
141]. Psychological stress exposure is reported to induce mucosal inflammatory responses and can 
result in colonic hypermotility that may be sufficient to occlude the lumen[142,143]. But why is psycho-
logical stress pro-inflammatory in the colon and how does stress initiate or worsen UC?

The coordinated movement of food along the gastrointestinal (GI) tract is dependent on 5-hydroxy-
tryptamine (serotonin) mediated regulation of smooth muscle tone, motility, and peristalsis[144]. 95% of 
serotonin is stored in enterochromaffin cells (EC) that are present in the GI tract mucosa[145]. Serotonin 
is released from EC cells and stimulates enteric nerve terminals to initiate a peristaltic wave[144,146]. 
However, the amount released is much more than needed and the excess serotonin is rapidly taken up 
by colonic epithelial cells and metabolized by colonocyte monoamine oxidase (EC#1.4.3.4)[144]. This 
prevents hyper-stimulation and excessive bowel motility that can lead to colonic spasms. Mono-amine 
oxidase catalyzes the oxidative deamination of serotonin in a process that generates H2O2; the reaction 
catalyzed is RCH2NHR’ + H2O + O2 → RCHO + R’NH2 + H2O2[147].

Studies have shown that psychological stress causes prolonged increases in colonic motility[148]. 
Stress-induced colonic hypermobility and spasm will release large amounts of serotonin into the colonic 
mucosa that is metabolized to H2O2 within colonocytes. The excess colonocyte H2O2 can acutely 
overwhelm the enterocyte’s antioxidant capacity resulting in H2O2 accumulation and eventual UC after 
extracellular diffusion. This mechanism is supported by studies showing that serotonin has a key role in 
the pathogenesis of experimental colitis[149].

Thus, psychological stress has a pernicious effect on the course of UC but UC is also psychologically 
stressful with studies reporting that patients with UC are engaged in a continuous “fight” to maintain 
health-related normality[150]. This sets up a self-sustaining bidirectional cycle of continuous psycho-
logical stress that contributes to increased frequency and severity of disease[151]. Although stress can 
cause or worsen UC, stress reduction is generally not effective at altering the activity or course of 
disease sufficiently to induce remission[152,153]. This is not surprising since the principal driving force 
behind the auto-propagating nature of inflammation in UC is H2O2 release by activated infiltrating 
mucosal neutrophils and not the metabolism of serotonin, which has its principal effect as a contributing 
factor in the stress-induced pathogenesis and relapse of UC[26,149].

Cigarette smoking: Releasing the brakes
Since reports in the early 1980s, numerous studies included in three meta-analyses (1989, 2006 and 2021) 
have established that cigarette smoking is significantly protective against the development of UC 
compared to non-smokers while smoking cessation is a significant risk factor for developing UC or 
experiencing disease relapse with increased severity of illness[154-158]. Additionally, as noted below, 
cigarette smoking also affects the therapeutic response after smoking cessation. But why is cigarette 
smoking protective against the onset of UC?

Nicotine, an addictive chemical present in tobacco, was initially considered as a possible protective 
factor. Nicotine is effective at inducing remission when begun at the time of or soon (up to 4 wk) after 
smoking cessation (early relapse)[159,160] However, nicotine is largely ineffective when therapy is 
administered for disease relapse several months or years after smoking cessation (late relapse) with 
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studies concluding that nicotine therapy is of minimal value in the treatment of UC and questions 
whether nicotine is the active protective component of smoking that decreases risk and inflammation in 
UC[161-164]. In contrast, the resumption of smoking is reported to be an effective therapy for induction 
and long-term maintenance of remission in patients with early or late relapse[159,160,165]. Indeed, 
studies have reported that resumption of smoking is highly effective for induction of remission in 
refractory disease years after smoking cessation; with nicotine being effective if treatment is begun at 
the same time as smoking cessation[160]. Thus, in ex-smokers, nicotine is effective for remission 
induction in early relapse while the resumption of smoking is effective in both early and late relapse.

Taken together, the data indicate that there are two distinct oxidative stressors with distinct short and 
long-term mechanisms of action both of which are caused by the latent and repressed effects of active 
smoking and are only unmasked by smoking cessation. The initial mechanism manifests soon after 
smoking cessation and lasts for days to under a month. In contrast, the second mechanism becomes 
predominant many months to years later reaching a peak of the highest risk of relapse within 2 to 5 
years of smoking cessation[166].

The initial oxidative stressor is the physiological and psychological stress of nicotine withdrawal, 
which is manifest shortly after smoking cessation and peaks within the first week, and lasts up to one 
month[167]. Nicotine withdrawal symptoms can include anger, irritability, frustration, anxiety, 
depression, insomnia, restlessness, and constipation[167]. These same psychological emotions of anger, 
resentment, emotional conflict, hostility, anxiety, and psychological tension were observed under direct 
observation to cause significant colonic hypermotility and spasm[168]. Thus, it is reasonable to conclude 
that nicotine withdrawal secondary to smoking cessation can result in colonic hypermotility with 
increased colonic serotonin secretion and enhanced monoamine oxidase production of H2O2 (see above 
section-psychological stress). Under these circumstances, the administration of nicotine will decrease 
colonic hypermotility and lower colonic serotonin production, which decreases colonocyte H2O2 leading 
to remission. Resumption of cigarette smoking also provides the nicotine needed to treat early relapse 
due to nicotine withdrawal.

In other words, nicotine-induced remission is due to the relief of nicotine withdrawal symptoms (and 
accompanying colonic hypermotility) during early relapse after smoking cessation. Nicotine treatment 
is rendered minimally effective after nicotine withdrawal symptoms (and colonic hypermotility) have 
subsided. Colonic hypermotility (from any cause) is an oxidative stressor that increases colonocyte H2O2

, which can overwhelm colonocyte reductive (antioxidant) capacity leading to extracellular diffusion 
and UC.

The second oxidative stressor caused by cigarette smoking cessation is due to disinhibition of the 
colonocyte ETC. Studies quantifying the effect of cigarette tar on mitochondrial ETC activity report an 
82% inhibition rate on whole chain respiration[169]. Under normal conditions, the ETC is fueled by 
electron flux provided by reducing equivalents (NADH and FADH2) generated by the multi-enzyme 
Krebs cycle[170]. H2O2 is produced by spontaneous auto-oxidation of the ETC (electron leakage). These 
leaked electrons combine with vicinal oxygen within the mitochondrial matrix to form superoxide, 
which is converted to H2O2 by superoxide dismutase. H2O2 is subsequently neutralized by GPx using 
GSH as a reducing co-factor.

Under conditions of ETC inhibition during active smoking, less ETC-generated H2O2 is produced, 
which affords protection against the development of UC. However, while smoking, upregulation of 
bioenergetic enzyme systems can be expected as the colonocyte attempts to overcome the smoking-
induced inhibition and restore normal mitochondrial bioenergetics[171]. Upon smoking cessation, the 
inhibition is slowly lifted and increased production of ETC “fuel” is metabolized producing 
supraphysiological amounts of H2O2 as a result of increased ETC auto-oxidation (electron leakage). 
Colonocytes respond to this oxidative stress by producing additional GSH for H2O2 neutralization. This 
creates a condition of HCRH (Figure 2) that can eventually overwhelm colonocyte reductive capacity 
leading to cellular H2O2 build-up and eventual de novo UC as H2O2 diffuses to the extracellular 
interstitial space attracting neutrophils into the colonic epithelium from the subjacent microvasculature.

Smoking resumption inhibits ETC activity, which decreases colonic epithelial cell H2O2 leading to 
remission. Nicotine does not inhibit the ETC and cannot induce remission of late UC relapse (years after 
smoking cessation). This interpretation is supported by studies that demonstrated significantly 
improved clinical manifestations such as bloody stool, diarrhea, and abdominal pain in UC patients 
treated with metformin[172]. Further, UC patients treated with metformin showed a significant decrease 
in histological and endoscopic disease scores in addition to significantly diminished erythrocyte 
sedimentation rate (a biomarker of systemic inflammation) and significantly decreased indices of 
colonic local oxidative stress (tissue malonaldehyde and myeloperoxidase)[172].

But how does metformin improve UC and how is it related to cigarette smoking? Metformin is a 
biguanide antihyperglycemic agent used to treat type 2 diabetes. Its mechanism of action includes 
inhibition of mitochondrial glycerol 3-phosphate dehydrogenase (of the glycerolphosphate shuttle-EC 
1.1.5.3) and inhibition of ETC complex I both of which are major contributors of electrons to the ETC in 
mitochondria[173-175]. Inhibition of electron flux by metformin is analogous to the ETC inhibitory 
effects of cigarette smoking. This implies that both smoking and metformin improve UC by decreasing 
mitochondrial production of H2O2. This is supported by studies showing that targeted inhibition of 
glycerol 3-phosphate dehydrogenase decreases cellular production of H2O2[176].
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In summary, the evidence supports two distinct oxidative stress mechanisms to explain the effects of 
smoking cessation on UC. Early relapse after smoking cessation (within days) is mediated by the 
oxidative stress induced by the physiological effects of nicotine withdrawal while late relapse (months 
to years) is mediated by a slow rise in colonocyte H2O2 due to disinhibition of mitochondrial H2O2-
generating metabolic pathways. Conversely, cigarette smoking affords protection against early and late 
UC relapse by providing nicotine and decreasing colonocyte production of H2O2, respectively.

Mercury
Mercury is a major environmental contaminant and a significant source of occupational exposure[177]. 
Occupational inhalation of mercury vapor is reported to cause a recurrent relapse of UC[178]. Mercury 
forms stable bonds with thiol groups present on GSH in addition to inhibiting GPx, both of which are 
critical for the removal of cellular H2O2[179-181]. This results in the inactivation of the entire GSH-based 
antioxidant system. The compromise of this critical system by mercury prevents neutralization of H2O2, 
which can accumulate to excessive levels inside colonocytes leading to extracellular diffusion and UC 
relapse as described above. Thus, mercury is an oxidative stressor that increases cellular H2O2 by 
preventing its elimination from the cell. Mercury is a pervasive contaminating xenobiotic whose 
exposure is likely to be insidious, bio-accumulative, and additive to other contemporaneous oxidative 
stress exposures.

PERFLUOROOCTANOIC ACID
Perfluorooctanoic acid (PFOA) is a ubiquitous environmental contaminant that was used to manu-
facture non-stick pans in addition to other commercial products such as stain and water-resistant 
fabrics. Introduced into the environment in the 1950s, PFOA can be found in the serum of virtually all 
residents of industrialized countries. Human exposure occurs via many sources including contaminated 
drinking water, food, and house dust. Due to the high dissociation energy of its carbon-fluorine bond, 
PFOA is resistant to vertebrate metabolism and environmental degradation[182]. As a result, PFOA is 
called a “forever-chemical” because it is not biodegradable and has a long elimination half-life of 3.5 
years[183].

Studies have demonstrated a significant exposure-response relationship between PFOA serum levels 
and subsequent UC but no association with Crohn’s disease (CD)[183]. Other studies have reported 
significantly increased serum PFOA in UC patients compared to a combined group of CD (positive 
control for intestinal inflammation) and normal individuals (negative non-diseased control)[184]. The 
specific association of PFOA with UC suggests that PFOA’s effect is acting in concert with a unique 
predisposing genetic makeup to select a subset of individuals for the development of UC. In other 
words, PFOA’s mechanism of action in all exposed individuals is the same but the genetic predis-
position in a subset of individuals is permissive for the development of UC.

A related halogenated chemical, 2-bromooctanoic acid, after conversion to the sodium salt 2-
bromooctanoate, is reported to cause an acute murine colitis analogous to human UC after rectal 
installation[108]. This suggests the possibility that PFOA might be acting in the same manner as 2-
bromooctanoate since halogenated carbon compounds, as a group, have a high resistance to 
degradation[185].

In human UC, beta-oxidation is inhibited as a secondary effect caused by rising levels of colonocyte 
H2O2[30]. Since 2-bromooctanoate causes murine UC accompanied by inhibition of beta-oxidation and 
the related halogenated chemical PFOA causes UC and is not biodegradable this suggests that 
intracellular H2O2 is increased as a result of the colonocyte’s high expenditure of energy (ATP) in a futile 
attempt to metabolize and remove these non-biodegradable halogenated xenobiotics from the cell. Since 
almost all cellular ATP is produced as a result of mitochondrial ETC activity, which also generates most 
of the cell’s H2O2, this implies that the initial buildup of H2O2 occurs in mitochondria where beta-
oxidation is also located. Increased mitochondrial H2O2 will inhibit mitochondrial thiolase, the last 
enzyme in the beta-oxidation cascade, leading to inhibition of mitochondrial beta-oxidation[30].

In other words, the colonocyte’s persistent metabolic response in an attempt to eliminate these non-
biodegradable chemicals leads to increased H2O2 generated by the ETC, which inhibits mitochondrial 
beta-oxidation followed, sometime later, by UC as H2O2 diffuses out of the colonocyte into the extra 
cellular space. This mechanism is consistent with studies showing inhibition of beta-oxidation in UC 
patients is followed shortly after by a relapse of disease[41]. H2O2-induced inhibition of mitochondrial 
beta-oxidation (via mitochondrial thiolase inhibition) increases the anapleurotic metabolism of 
glutamine, which decreases the biosynthesis of GSH contributing to the excess colonocyte H2O2 load 
(Figure 4). This mechanism is also consistent with a genetic predisposition that impairs the colonocyte’s 
ability to neutralize an H2O2 load. Within this redox framework, inhibition of colonocyte beta-oxidation 
is a secondary effect of colonocyte xenobiotic (PFOA or bromooctanoate) metabolism, which generates 
excess ETC H2O2 that impairs mitochondrial beta-oxidation via H2O2 induced inhibition of 
mitochondrial thiolase. This raises the possibility of primary prevention with an oral reducing agent for 
communities at risk for the adverse effects of PFOA exposure. A causal role for H2O2 can be tested in the 
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laboratory by the prevention of PFOA (or 2-bromooctanoate) induced murine colitis with an oral 
reducing agent (see treatment section below).

Lastly, PFOA’s adverse effects are not limited to UC. Lymphocytes are highly sensitive to the toxic 
effects of H2O2 and undergo apoptosis at very low levels of H2O2 exposure of less than 1 µm[186]. 
Studies showing a significant association between PFOA serum levels and decreased antibody response 
to vaccination are consistent with this mechanism of action[182]. Thus, PFOA resistance to cellular 
metabolism and degradation is likely to result in excess H2O2 production in any cell contaminated by 
this xenobiotic.

Endogenous oxidative stressors: A look inside
In UC, lifelong episodes of relapsing inflammation affecting the same colonic regions previously 
inflamed indicate that inflammation has fundamentally changed the colonic epithelium compared to the 
pre-morbid state. Since the character of the inflammation does not change over time and neutrophils 
continue to be the first responders streaming into the colonic epithelium, this suggests that H2O2 is still 
the chemotactic agent involved but from a new source. The evidence points to new endogenous sources 
of H2O2 that combine with pre-existing sources of H2O2 to increase the likelihood of relapse.

Microbiome: An oxidative dysbiosis
Although disruption of the colonic microbiome can contribute to the onset of UC by decreasing butyrate 
production, which leads to increased colonocyte H2O2 (Figure 4), UC can also adversely affect the 
microbiome. Studies have shown a 10 × increase in H2O2 producing bacteria in biopsies of inflamed 
colonic tissue in individuals with UC compared to normal controls[120]. These H2O2-producing bacteria 
are adherent to the colonic mucosa. This suggests that chronically high levels of H2O2 in the inflam-
matory field create an environment that selects for bacteria that produce H2O2, which are those able to 
tolerate the abnormally high levels of lumenal oxidative stress. Over time, this oxidative dysbiosis may 
replace large portions of the normal microbiome, which may not be able to survive under conditions of 
high H2O2-induced oxidative stress. The H2O2 released by bacteria can contribute to relapse by diffusing 
through the epithelium to the subjacent vascular layer where it serves as a chemotactic agent to attract 
neutrophils into the colonic epithelium. This creates a microbiome, which is a pro-inflammatory 
endogenous oxidative stressor that contributes to the onset or relapse of UC by continuous H2O2 
production. A recent analysis examining the pathogenesis of UC concluded that “disease onset is triggered 
by events that alter the healthy balance of the gut microbiota, perturb the mucosal barrier, and abnormally 
stimulate gut immune responses”[12]. H2O2 does all three.

CYP2E1 induction: A vicious cycle
As explained above CYP2E1 is an alcohol inducible enzyme that is involved in the metabolism of 
ethanol and other xenobiotics entering the body. H2O2 is within the chain of molecular events that 
upregulate inducible CYP2E1[187]. This implies that chronically elevated colonocyte H2O2 from any 
source (i.e., ethanol or xenobiotic metabolism, oxidative stress exposure, etc) can upregulate CYP2E1. In 
other words, elevated colonocyte H2O2 can upregulate CYP2E1 without ethanol exposure. This can cause 
increased sensitivity to CYP2E1 substrates, which can lead to heightened H2O2 production in areas of 
previous inflammation when exposed to ethanol or other xenobiotics metabolized by this enzyme. 
Studies have shown the cells with upregulated CYP2E1 produced higher amounts of H2O2 that can exit 
the cell[188]. This can cause increased H2O2 production upon exposure to CYP2E1 substrates such as 
alcohol and other xenobiotics, which increases the risk of relapse or de novo UC. Under these circum-
stances, upregulated CYP2E1 becomes an endogenous oxidative stressor.

Mitochondrial heteroplasmy: Hard-wired for inflammation
Intracellular H2O2 is normally kept within a very low picomolar range to prevent oxidative damage from 
this very powerful oxidizing agent[186,189]. Over time, colonocytes from individuals with UC are 
exposed to higher levels of H2O2 due to multiple oxidative stressors including infiltrating epithelial 
neutrophils (mucosal inflammation), microbiome (oxidative dysbiosis), CYP2E1 induction (alcohol and 
xenobiotic exposure), peroxisomal beta-oxidation (high-fat diet) and ETC hyperactivity (smoking 
cessation), etc. The increase in colonocyte H2O2 can overwhelm cellular antioxidant systems resulting in 
mitochondrial genetic damage[44,45]. This occurs because mtDNA is highly susceptible to H2O2-
induced oxidative damage due to a lack of introns or histones, proximity to the ETC where H2O2 is 
produced, and inefficient DNA repair mechanisms compared to nuclear DNA[37,38].

As mentioned above, H2O2-induced mitochondrial genetic damage introduces mutations into mtDNA 
resulting in a different genetic sequence for some of the hundreds of mitochondrial chromosomes 
present in a cell. The simultaneous occurrence of normal and mutated mtDNA is called mitochondrial 
heteroplasmy. The presence of mitochondrial heteroplasmy (mtDNA mutations) causes miscoding 
during the transcription of ETC proteins leading to the biosynthesis of faulty and mutated ETC 
subunits. The mutated ETC disrupts electron flow causing electron loss at a greater rate than normal 
(increased electron leakage). These electrons combine with vicinal molecular oxygen to form superoxide 
that is converted to H2O2 by superoxide dismutase. Since the ETC and mtDNA are both in close 
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proximity to each other within the mitochondrial matrix, any excess H2O2 produced by the ETC can 
easily diffuse over to any one of the 2-10 chromosomes contained within a mitochondrion leading to 
additional mtDNA mutations and greater H2O2 production[190]. This positive biofeedback mechanism 
establishes a vicious cycle that leads to ever-increasing levels of colonocyte H2O2.

The presence of mitochondrial heteroplasmy (and the resulting increase in colonocyte H2O2) can 
contribute to the tendency of UC to worsen over time with more frequent and severe episodes of relapse
[7]. Relapse may occur in response to increasingly minor (oxidative) stressors due to the already high 
intracellular colonocyte H2O2. Thus, the accumulation of colonocyte H2O2 transforms otherwise 
innocuous insults into ‘second hit’ stimuli. The “first hit” being the pre-existing excess of colonocyte H2

O2. For example, in individuals with inactive UC, low to moderate red wine consumption (1-3 glasses 
daily) increased colonic epithelial paracellular permeability in areas previously affected by mucosal 
inflammation[123,191]. Increased colonic paracellular permeability is characteristic of individuals with 
UC[24,25]. And H2O2 is reported to increase paracellular permeability by disrupting cellular tight 
junctions[20,22,192-194]. Under these circumstances, it takes less alcohol to increase colonocyte H2O2 to 
the point where it diffuses out of the cell causing oxidative damage to tight junctions with subsequent 
increases in colonic paracellular permeability. This explains the second hit phenomenon in UC. In 
summary, mitochondrial heteroplasmy is unique because it is an ever-present self-amplifying 
intracellular oxidative stressor that facilitates the establishment of HCRH (Figure 2), which contributes 
to both the increased frequency of relapse and/or severity of disease.

Homocysteine: Inhibition of GPx
Several studies have reported significantly elevated levels of tissue and serum homocysteine in children 
and adults with UC[195-198]. A significant positive association between elevated homocysteine and UC 
was confirmed by two meta-analyses in 2011 and 2018[199,200]. Homocysteine inhibits GPx, the 
principal antioxidant enzyme system used by the cell to remove (neutralize) H2O2[201,202]. 
Furthermore, homocysteine-induced inhibition of GPx occurs at physiologic levels of serum homo-
cysteine[203]. Inhibition of GPx can increase cellular H2O2, especially during oxidative stress exposure, 
which acutely increases cellular H2O2 production. Thus, homocysteine is a significant endogenous 
oxidative stressor that can increase colonocyte H2O2 and contribute to de novo UC or disease relapse.

EVIDENCE-BASED TREATMENT
Therapy: Targeting H2O2

A causal role for H2O2 in the pathogenesis of UC implies that induction of remission can be achieved by 
eliminating extracellular colonocyte H2O2 while maintenance of remission is attained by normalizing 
intracellular levels of colonocyte H2O2. The overall objective is to abrogate the H2O2 molecular 
chemotactic “trail” that is guiding the directed migration of subjacent intravascular neutrophils to the 
source of H2O2 emanating from the colonic epithelium. Without an interstitial H2O2 gradient signal to 
follow, neutrophils are no longer attracted into the colonic epithelium, which effectively terminates the 
inflammatory response. These were the goals that guided the formulation of a novel therapy, which 
consists of a topical multicomponent enema (described below) administered with a systemic oral 
reducing agent [R-dihydrolipoic acid (RDLA)] that targets extracellular and intracellular colonocyte H2

O2 respectively. RDLA is the reduced form of the biologically active ‘R’ enantiomer of lipoic acid and is 
the only form that should be administered as the oxidized form (described below) might worsen UC.

We administered the enema once daily (usually at bedtime) for 2 wk followed by once every other 
day for two weeks. Oral RDLA 300 mg twice daily was initiated when enema therapy was begun. 
Treatment with RDLA was continued for 4-6 mo. The components of the enema are mesalamine [5-
aminosalicylic acid (5-ASA)], budesonide, sodium cromolyn, and sodium butyrate. The enema 
formulation and evidence-based rationale for the inclusion of each component of the entire therapy are 
discussed below. The severity or extension of the disease was not a consideration when initiating 
therapy since, in theory, all patients with UC should respond to a reduction of colonic H2O2. Our only 
consideration was whether the patient could tolerate the therapy.

Enema formulation
The enema was formulated by adding the following components to a standard 60-milliliter enema bottle 
containing 4 g of mesalamine (5-ASA) from which 20 milliliters were removed (and discarded): (1) 15 
milliliters of 1 molar sodium butyrate (1.7 g); (2) 5 milliliters of sodium cromolyn (total 100 mg); and (3) 
1 milliliter of budesonide (5 mg/mL). Gentle swirling should follow the addition of each component to 
ensure uniform dispersal. The total ending volume is 61 milliliters. The combination enema is easily 
made by a compounding pharmacist. We only used the original enema bottle containing mesalamine to 
formulate this therapy as other bottles may have residual chemicals that can worsen UC.
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Results of treatment
The novel treatment was offered to 36 patients with refractory UC as part of the practice of medicine 
(average MAYO score 8.6, range 3-12) and the results were published as a case series in which 85% 
achieved complete histologic remission in under 8 wk[204]. Although long-term follow-up was not part 
of the case series, a case report was generated after I was contacted by a patient included in this case 
series[205]. The patient had a 39-year history of refractory UC, which had progressed to severe 
pancolitis at the time of treatment when he was being considered for a total colectomy. His follow-up 
colonoscopy, which was performed 12 years later in 2019, showed completely normal colonic biopsies 
with no signs of UC. To date, (14 years after treatment) the patient relates having uninterrupted 
completely normal bowel movements. Based on the available data, this appears to be the first 
documented cure of UC. The video of an in-house clinical presentation of the first five patients to 
receive this new therapy with before-and-after treatment histology presented by the attending physician 
and attending pathologist is available[206].

Within this evidence-based redox framework, the general therapeutic intervention for all UC patients 
is the same regardless of duration or severity of illness, course, relapsing frequency, mucosal inflam-
matory distribution, age of onset, previous medications, or extra intestinal manifestations. Modifications 
may be required for those patients who are intolerant to any of the components in the therapy. In 
patients who are intolerant of topical (enema) therapy, treatment can be initiated with RDLA alone, 
which as an amphipathic membrane-permeable antioxidant (H2O2 neutralizing) and reducing (cellular 
electron-donating) agent may restore colonocyte redox homeostasis and resolve mild-moderate cases of 
UC with more severe cases improving enough to begin topical (enema) therapy if needed.

Severe UC
Up to 25% of patients with UC will experience severe disease requiring hospitalization either on initial 
presentation or during the course of their illness[207]. Severe UC presenting with multiple daily 
episodes of bloody diarrhea and signs of systemic toxicity is a life-threatening emergency with 
significant morbidity, high risk of colectomy, and a pre- and post-operative mortality of up to 3% and 
5% respectively[8,207,208]. In these individuals, oral and/or topical therapy may not be possible or 
advisable. The evolution of UC to this extreme degree indicates severe depletion of both colonic and 
systemic reductive capacity[61,62]. The exceptionally high rate of current medical treatment failure for 
severe UC and the observation that remission is associated with restoration of colonic redox 
homeostasis[208,209], suggests that patients with severe UC should be considered for therapy with an 
intravenous reducing agent such as sodium thiosulfate (STS) as part of their overall treatment regimen 
in order to rapidly reduce systemic and colonic H2O2, restore redox homeostasis and promote mucosal 
healing. Given that current management of acute severe UC is not based on high-quality evidence, the 
need for effective therapy is all the more pressing[210].

STS is an odorless, water-soluble, small inorganic molecule (MW-158.11 g/mol) that is normally 
produced in mitochondria as a product of sulfide oxidation pathways[211]. STS is on the World Health 
Organization’s (WHO) list of essential medicines and is supplied for intravenous use due to rapid 
gastric degradation[211]. STS is a direct-acting reducing agent that can donate two electrons to 
chemically neutralize H2O2 upon contact[212]. STS will also reduce the oxidized form of GSH (GSSG) 
back to reduced GSH, which is needed to neutralize H2O2 and maintain cellular redox homeostasis[213]. 
The advantage of STS is that it does not depend upon biological antioxidant enzyme systems for its 
therapeutic action. This is beneficial in critical settings when rapid reduction of H2O2 and restoration of 
redox homeostasis are required.

The basic chemical reaction for the reduction of H2O2 with STS is: 4 H2O2 + S2O3
2- → 2 SO4

2- + 2 H+ + 3 
H2O[212]. Based on the above chemical reaction and evidence implicating a causal role for H2O2 in the 
pathogenesis of UC, STS is expected to abrogate the interstitial neutrophilic chemotactic effect being 
exerted by H2O2 and thus prevent neutrophil migration into the colonic epithelium, which perpetuates 
colonic inflammation. The reduction of extracellular colonic mucosal H2O2 by STS can act as a sink that 
will facilitate the diffusion of intracellular colonocyte H2O2 to the extracellular space where it can be 
neutralized by STS.

H2O2 can impair smooth muscle contraction and interrupt neuromuscular transmission leading to 
reduced colonic muscle tone and lowered colonic lumenal pressure, which is postulated to play an 
essential role in the development of toxic megacolon, a life-threatening complication of UC[214-218]. 
Thus, reducing agents such as STS or RDLA may have a role in treating or preventing toxic megacolon. 
Once severe UC is resolved, patients should be discharged on an oral reducing agent such as RDLA for 
an indefinite period of time to lower the risk of relapse.

STS is well tolerated and approved for use in cyanide poisoning with a recommended dose of 12.5 g 
over slow IV infusion (10-20 min) in adults and 250 mg/kg in children[219,220]. Similar dosing 
regimens can be considered in UC with repeat dosing guided by clinical status. STS is an accepted 
therapy for calciphylaxis due to chronic renal failure and is administered to mitigate the adverse effects 
of cisplatin toxicity during the treatment of solid tumors[213].
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MAINTENANCE: TARGETING OXIDATIVE STRESSORS
Although therapeutic intervention to lower H2O2 and restore colonic redox homeostasis is a critical part 
of overall therapy, elimination of contributing lifestyle and dietary habits that increase cellular H2O2 
(environmental oxidative stressors, Figure 3A) must be part of the long term strategy to maintain 
remission. A complete list of environmental oxidative stressors and their mechanisms is beyond the 
scope of this paper however, some general evidence-based guidelines can be made. Stress and alcohol 
ingestion are major oxidative stressors and should be avoided. A low-fat diet with adequate amounts of 
dietary fiber, especially soluble fiber, is extremely important to minimize colonic oxidative stress[83,221-
223].

Eating food that is free of pesticides, chemicals and additives is critical for maintaining a healthy 
microbiome. High levels of iron in red meat and some tap water are oxidative stressors and should be 
avoided[224,225]. Certain fish contain high levels of mercury[226,227]. Mercury is an oxidative stressor 
and therefore it is prudent to minimize ingestion of fish containing high levels of mercury. Studies have 
shown that sugar and sugar-sweetened drinks are also associated with UC[228,229]. So it is best to avoid 
high sugar-containing foods and drinks.

Carrageenan is a non-nutritive food additive that is used as a thickening agent in many foods. 
Although considered safe, food-grade carrageenan can be converted to a colitis-promoting small-
molecular (degraded) carrageenan when exposed to H2O2[230,231]. Since H2O2 is present in the inflam-
matory field it (H2O2) can convert food-grade carrageenan to the degraded variety in the colon of 
individuals with UC. Studies report that degraded carrageenan can penetrate colonocytes and generate 
superoxide, which is converted to H2O2[232]. Thus, carrageenan is an oxidative stressor that generates 
intracellular colonic H2O2 and should avoid by individuals with UC.

Smoking cessation is a strong oxidative stressor and should be undertaken very slowly in patients 
with UC to avoid relapse. RDLA can be administered during smoking cessation to counteract oxidative 
stress. Patients should be very cautious with vitamin supplementation because studies have shown that 
certain vitamins such as vitamin B6 (pyridoxine) have been associated with the development of UC
[233]. Pyridoxine used in supplements and food fortification is converted to the biologically active 
pyridoxal by pyridoxine 4-oxidase (EC1.1.3.12), which produces H2O2 as a by-product[234]. Adequate 
sleep (at least 6 h) and regular moderate exercise are very important for individuals with UC to reduce 
stress[235,236]. Based on the data indicating a compromised reductive capacity, all UC patients should 
be maintained on an oral reducing agent (i.e., RDLA) for an indefinite period of time. The following 
section provides a detailed explanation regarding the scientific basis for each component of the therapy.

Rationale for multicomponent enema therapy
As mentioned above, the compound enema contains four components: Mesalamine (5-ASA), 
budesonide, sodium cromolyn, and sodium butyrate. The therapeutic rationale for the compound 
enema is based on the mechanism of action for each component to act in an additive fashion in order to 
decrease colonic H2O2 as indicated below. The base component, 5-ASA has an anti-inflammatory effect 
that is limited to the specific type of inflammation present in UC and does not have a positive 
therapeutic action on colonic inflammation in general[237]. This suggests that 5-ASA’s mechanism of 
action is directed at the causal agent responsible for the inflammation in UC. This is in contrast to other 
currently available therapeutic agents used to treat UC, which have a more general immuno-
suppressive action in the colon. 5-ASA’s mechanism of action is that of a topically-acting extracellular 
tetra-valent reducing agent capable of donating up to 4 electrons per molecule for the reduction 
(neutralization) of H2O2 and other oxygen radials[238,239]. Since 5-ASA is able to induce and maintain 
histologic remission in active UC, this indicates that 5-ASA can neutralize extracellular neutrophil-
derived H2O2 in the inflammatory field leading to induction of remission while the sustained topical 
epithelial presence of 5-ASA maintains remission by neutralizing H2O2 diffusing from colonocytes.

Neutralization of colonocyte-derived H2O2 by 5-ASA prevents the establishment of an H2O2 mediated 
neutrophilic chemotactic gradient, which attracts neutrophils into the colonic epithelium leading to 
relapse. This is supported by the observation that 5-ASA’s histologic remission rate of nearly 45% is the 
highest of any currently available therapeutic approved to treat UC suggesting 5-ASA’s ability to 
neutralize colonic H2O2 is interrupting a fundamental underlying biological process (i.e., neutrophilic 
chemotaxis) in the molecular chain of events leading to UC[240].

Butyrate, a short-chain fatty acid normally produced by the colonic microbiome as a colonocyte fuel 
source, is the second component. Butyrate reduces the anapleurotic metabolism of glutamine, which 
increases colonocyte GSH. This augments the colonocyte’s capacity to neutralize intracellular H2O2 
(Figure 4). Studies have shown significantly increased colonic epithelial GSH after topical butyrate 
administration, and high fiber diets that generate increased fecal butyrate are reported to maintain 
prolonged remission in patients with UC[104,241].

The third component, cromolyn sodium, is a mast cell stabilizer that inhibits the secretion of 
histamine by mast cells, which accumulate in large amounts at sites of tissue injury in UC[242-244]. 
Mast cells are significantly activated in UC and undergo intense degranulation resulting in the secretion 
of significantly greater amounts of histamine that is concentrated at sites of colonic inflammation in UC
[245-248]. Rectal biopsies of patients with UC contained significantly higher amounts of histamine 
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compared to normal controls[249,250]. Histamine is degraded by diamine oxidase (EC 1.4.3.22) whose 
activity is especially high in the intestinal mucosa and the inflammatory field with H2O2 being the 
product of this reaction[245,251,252]. Thus, cromolyn prevents histamine from being secreted from 
mucosal mast cells, which precludes its conversion to H2O2 that can significantly contribute to the 
intensity and persistence of colonic inflammation in UC. This is consistent with studies reporting that 
histamine drives the severity of inflammation in a murine model of experimental UC[253].

Budesonide is the fourth component and is a topically acting corticosteroid that inhibits neutrophil 
infiltration into the colon by down-regulating neutrophil and endothelial surface adhesion molecules, 
which prevents neutrophil attachment to the endothelium and subsequent directed migration into the 
colonic epithelium[254]. Neutrophils produce a large amount of H2O2 via surface NADPH oxidase[255]. 
Corticosteroids reduce the expression of neutrophil surface NADPH oxidase thus decreasing neutrophil 
production of H2O2[254]. The combination of inhibited neutrophilic epithelial migration and decreased 
production of H2O2 significantly reduces this large source of H2O2, which is a significant driving factor 
of mucosal inflammation in UC.

RATIONALE FOR RDLA
Targeting H2O2 with RDLA
RDLA, the oral component of the therapy, is the biologically active (dextrorotatory) reduced enantiomer 
of alpha-lipoic acid (the oxidized form)[256]. Alpha-lipoic acid is synthesized in mitochondria and plays 
an essential role as a co-factor for several multi-enzymatic complexes involved in mitochondrial energy 
metabolism[257]. Alpha-lipoic acid is enzymatically reduced to RDLA (the reduced form) via dihydroli-
poamide dehydrogenase (E.C. 1.8.1.4) in mitochondria. Thus, alpha-lipoic acid acts as an oxidizing 
agent that may worsen colonocyte redox homeostasis and should not be administered to patients with 
UC (Figure 5).

Aside from its enzymatic role in energy metabolism, RDLA is a powerful biological reducing 
(antioxidant) agent that can be administered orally[263]. RDLA’s dithiol group can donate electrons to 
reduce (reactivate) oxidized forms of other cellular antioxidants such as vitamin-C, vitamin-E, and GSH
[264]. RDLA is both a water and lipid-soluble (amphipathic) molecule so it is delivered via the 
bloodstream to all cells of the body where it diffuses through cell membranes to deliver needed 
reducing equivalents for the reduction of H2O2 and synthesis of GSH[265]. Studies in mice demonstrate 
that the recycling of GSH is critical for cell survival when exposed to oxidative stress (i.e., H2O2)[266]. 
Other studies show that GSH protects rat intestinal epithelial cells from H2O2-induced injury[267]. 
RDLA’s capacity to directly react with H2O2 combined with its ability to significantly increase cellular 
GSH, the principal cellular H2O2 reducing agent, underlie RDLA’s ability to combat the high levels of 
colonocyte H2O2 in UC.

RDLA significantly increases nuclear factor E2-related factor 2, a master antioxidant transcription 
factor that mediates the expression of antioxidant genes, including those for GSH synthesis[268]. This 
significantly increases the cellular capacity to synthesize GSH and neutralize H2O2. RDLA is reported to 
reduce nuclear transcription factor-kappa B and adhesion molecule expression[268], which downreg-
ulates the inflammatory response and decreases neutrophilic infiltration into the colonic epithelium 
contributing to the resolution of inflammation and colitis. Thus, RDLA prevents colonocyte cell death 
during periods of oxidative stress (H2O2 exposure) and promotes de novo synthesis and recycling of GSH 
in order to keep cellular GSH high and H2O2 low. Hence, RDLA’s mechanism of action indicates that it 
can significantly contribute to inducing and achieving remission in UC.

Studies have shown that restoration of depleted mitochondrial GSH can reverse oxidant (i.e., H2O2) 
induced mtDNA damage, which leads to mitochondrial heteroplasmy[46]. Since RDLA is highly 
effective at increasing cellular GSH, this suggests that RDLA will be also effective at reversing H2O2 
induced mtDNA oxidative damage and subsequent mitochondrial heteroplasmy that is postulated to 
contribute to life-long relapse. This is supported by the continuous 14-year biopsy-proven histologic 
remission in a patient with a 39-year history of severe refractory UC after treatment with a regimen 
containing RDLA[205].

RDLA is generally considered safe and is approved for the treatment of diabetic peripheral neuro-
pathy in Europe[269]. Oral lipoic acid at doses as high as 1800 mg/d for 6 mo and 1200 mg/d for 2 years 
did not result in serious adverse effects when used to treat diabetic peripheral neuropathy[270,271]. 
Studies indicate that 40% of RDLA is quickly absorbed systemically after oral dosing and rapidly 
distributed to tissues[263]. RDLA undergoes renal excretion and intracellular beta-oxidation[268,272], 
which provides a second pathway to increase cellular GSH by decreasing the anapleurotic metabolism 
of glutamate (Figure 4).

RDLA is the only amphipathic orally administered therapeutic that is both an intracellular and 
extracellular anti-oxidant (H2O2 neutralizing) and reducing agent (electron-donating for maintenance of 
redox homeostasis). Given these highly unique and desirable therapeutic properties, which are essential 
for long-term remission in UC, RDLA should be made widely available and be included on the WHO’s 
list of essential medications. STS, an intravenous reducing agent, is already on the WHO’s list of 
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Figure 5 R-dihydrolipoic acid. A: R-dihydrolipoic acid (RDLA) is the reduced form of alpha lipoic acid (the oxidized form); B: The reducing equivalents of RDLA 
are provided by its two thiol groups (red circles) that are each capable of donating one electron. RDLA has a redox potential of -290 millivolts which is only exceeded 
by NADH and NADPH with a redox potential of -320 and -400 millivolts respectively[258]. Due to its very low (more negative) redox potential, RDLA can directly or 
indirectly reduce all other cellular antioxidants and many types of oxygen radicals[256]. These include vitamin-C, vitamin-E, glutathione, thioredoxin, glutaredoxin, 
catalase, glutathione peroxidase, and peroxiredoxin[258-261]. Alpha-lipoic acid is reduced by dehydrolipoamide dehydrogenase and Thioredoxin reductase, which 
use NADH and NADPH as reducing co-factors respectively[262]. The amphipathic nature of RDLA (lipid and water-soluble) allows it to diffuse throughout cellular 
compartments to transport reducing equivalents where needed and assist in neutralizing excess hydrogen peroxide. The elimination of excess intracellular cellular 
hydrogen peroxide is essential in order to restore cellular redox homeostasis and prevent ulcerative colitis relapse caused by extracellular diffusion of colonocyte 
hydrogen peroxide. Vit: Vitamin; DLD: Dehydrolipoamide dehydrogenase; TRx: Thioredoxin reductase; GSH: Glutathione.

essential medications and thus RDLA, a therapeutically active oral reducing agent should also be 
included. In addition to UC, emerging evidence suggests that RDLA (and STS) may have a preventive 
and/or therapeutic role in other diseases in which the evidence indicates a causal role for H2O2 such as 
systemic lupus erythematosus, sepsis, and diabetes[273-275].

In summary, an evidence-based analysis of the pathogenesis and therapy of UC indicates that treat-
ment of inflammation is no longer the main objective of this illness. Instead, the primary goal is the 
restoration of colonic and systemic redox homeostasis by therapeutic normalization of colonic H2O2, 
which removes the molecular chemotactic signal that initiates and maintains colonic inflammation and 
is responsible for disease relapse.

DISCUSSION
The existence of an unpredictable, unexplainable, and incurable disease such as UC indicates that we 
are guided by the wrong theory of pathogenesis in our quest to develop effective treatment and find 
causes and cures. Currently, there are two, mutually exclusive, mechanisms of disease that have been 
put forward to explain how UC develops and guide therapeutic development. Both mechanisms 
attempt to answer the same question; why do white blood cells (neutrophils) suddenly leave the surro-
unding blood vessels and head straight into the epithelial lining of the large intestine causing inflam-
mation, bleeding, and UC?

The first hypothesis is consensus-based, agreed upon among researchers in the field, and posits an 
immune abnormality as a primary event in the development of UC while the second mechanism is 
evidence-based and maintains that the immune system is completely normal but only appears to be 
“attacking” the colon due to the inappropriate secretion of a neutrophilic chemoattractant, H2O2, by the 
colonic epithelium, which draws neutrophils into the epithelial lining. Despite decades of intensive 
research, no evidence of any antecedent immune abnormality has ever been identified in individuals 
with UC or their immediate relatives, and studies of basic immune functionality in UC patients are 
normal[10,11]. Due to the absence of a biologically plausible mechanism, the term “immune dysregu-
lation” has been coined to explain the presence of neutrophils in the colonic epithelium. In contrast, 
studies have demonstrated significantly increased H2O2 production in non-inflamed colonic epithelium 
prior to the appearance of mucosal inflammation, satisfying the absolute chronological requirement that 
the cause (H2O2) must precede the effect (inflammation). Since H2O2 is cell membrane permeable, once it 
leaves the colonocyte H2O2 can establish a chemotactic gradient “trail” that neutrophils can follow right 
into the colonic epithelium after exiting the subjacent vasculature. Hence, within this framework and in 
line with previous data, the immune system in UC is normal. Neutrophils are just doing what they are 
biologically programmed to do when exposed to H2O2; a normal chemotactic immune signaling agent 
being inappropriately secreted by the colonic epithelium.
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On a clinical level, immune dysregulation cannot explain any of the basic characteristics that define 
UC such as why people develop this disease to begin with, what is the genetic predisposition, why it 
always starts in the rectum, what causes proximal inflammatory progression, why the loss of intestinal 
hemostasis leading to bloody diarrhea, what is the mechanism behind relapse, what causes colonic 
epithelial crypt abscesses, why are smoking cessation, low fiber and high-fat diets risk factors for UC, 
what dietary and lifestyle changes will help prevent relapse, what therapeutic intervention will provide 
long-lasting remission and how can we effectuate a cure, to name a few. In other words, immune 
dysregulation, as a mechanism of disease, has no explanatory power, which is essential for 
understanding a disease process. In comparison, a redox mechanism of disease based on colonocyte 
buildup of H2O2 explains these basic observations and provides a consistent and clear mechanistic 
foundation to understand the hereto-forth puzzling observations that characterize UC.

Despite the absence of any hard evidence for an immune abnormality, this hypothesis continues to be 
the main focus of ongoing investigation by “leading researchers” in the field who have issued consensus 
statements asserting that a “dysregulated immune response” is the “widely accepted” cause of UC[276,
277]. A consequence of leading researcher support for immune dysregulation is the near-total focus of 
therapeutic development on proprietary and costly drugs that alter the immune response in a limited 
number of commercially viable but non-curative ways[6]. As a result, induction trials for new drug 
development have reached an unsurpassable therapeutic ceiling of 20%-30% indicating that treatment 
aimed solely at modifying the immune response cannot alter the natural history of the disease, which is 
essential for achieving universal long-lasting remission in patients with UC[278]. In other words, 
immune dysregulation as a mechanism of disease has no predictive power to identify a discreet causal 
agent, which can be targeted for effective treatment and curative potential.

In contrast, the evidence-based identification of H2O2 as a causal agent in UC has guided the 
development of highly effective treatment with at least one documented, biopsy-proven, histologic 
remission lasting 14 years to date without any episodes of intervening relapse, in a patient with a 39-
year history of refractory UC[205]. This is the basis of bench-to-bedside translational medicine that 
integrates basic science discoveries into predictable effective treatments and potential cures. A causal 
therapeutic target eliminates much of the “trial and error” that defines the history of current UC 
therapeutic development[279].

Nevertheless, what leading researchers think is highly relevant for patients with UC. A consensus 
mechanism of disease put forth and agreed upon among researchers means that clinicians do not have 
an evidence-based pathogenesis to guide clinical decision-making. This forces clinicians to rely on a 
variety of clinical variables including the severity of disease, colonic inflammatory distribution, age of 
onset, previous medication, disease duration, disease course, relapse frequency, and extra-intestinal 
manifestations to make bedside patient care determinations[7]. Since each one of these variables can be 
different for every patient, the number of treatment guidelines must be numerous enough to encompass 
all these different patient combinations. These treatment guidelines, in turn, are not founded on 
evidence that defines the pathogenesis but instead rely on an ever-growing and changing database of 
empirical studies incorporating one or more of these myriad clinical variables. The interpretation of 
these clinical studies is consensus-driven by committee and thus inherently subjective, leading to 
numerous clinical recommendations for UC that range in number from 32 to 124 treatment guidelines 
depending on the country of origin[2].

Committee members may also disagree about the relevance of any particular study for the treatment 
of UC leading to differences in the number of treatment guidelines between medical societies in the 
same country with the American Gastroenterological Association espousing 24 treatment recommend-
ations while the American College of Gastroenterology supports 49 clinical treatment guidelines for the 
treatment of this highly debilitating inflammatory bowel disease[280-282]. Moreover, due to the 
“inconsistencies regarding recommendations” between the two societies, a “Guide to Guidelines in UC” 
was published in an effort to reconcile the differences among leading clinicians in the field[283]. In 
contrast, an evidence-based H2O2 mechanism of disease only has one guideline for the treatment of UC 
that does not change, which is to normalize colonic H2O2.

The current degree of therapeutic uncertainty when treating patients with UC is the inevitable result 
of not having an evidence-based mechanism of disease as the foundation for clinical decision-making 
and therapeutic development. In other words, since there is no evidence for an antecedent immune 
vulnerability in UC, treatment with the sole aim of suppressing the immune response is not anchored in 
an evidence-based pathogenesis. The end result is subjective and malleable clinical guidelines with 
shifting therapeutic targets generating different empirical treatments, the majority of which are based on 
low or very low-quality evidence while being permeated by high degrees of conflict of interest[2]. 
Patients ultimately bear the brunt of these fluid upstream decisions because treatments based on low-
quality evidence cannot alter the natural history of disease leading to a high degree of medical treatment 
failure and a 30% colectomy rate[5]. The high degree of medical treatment failure, in turn, fuels endless 
fund-raising to pay for research in order to find a more effective therapy. And research, unfortunately, 
continues to be guided by the same consensus immune dysregulation hypothesis ultimately 
degenerating into a perpetual sisyphean iterative endeavor.
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Perhaps the most relevant outcome when applying the predictive power of an H2O2 evidence-based 
mechanism of disease to UC is the expectation of indefinite remission and normal colon functionality 
once excess colonic H2O2 is neutralized. Given a causal role for H2O2 in UC, the elimination of excess 
colonic H2O2 would abrogate the molecular signal for directed neutrophil migration into the colonic 
epithelium leading to long-term histologic (and biochemical) remission. Accordingly, colonic inflam-
mation is not the principal focus of treatment, instead, the primary therapeutic goal is to remove the H2

O2 mediated chemotactic signal attracting neutrophils into the colonic epithelium.
This represents a functional cure as long as intracellular colonocyte H2O2 remains normal and unable 

to diffuse into the extracellular microenvironment. Treatment limited to reducing inflammation does 
not address H2O2 emanating from colonocytes, and thus cannot cure. The continued build-up of 
colonocyte H2O2 while being treated with these drugs can increase mitochondrial heteroplasmy with 
worsening disease and/or lead to colon cancer due to the genotoxic effects of H2O2[50,51].

From a redox medicine perspective, inflammation (neutrophil infiltration) is just one source of H2O2 
that must be addressed. Other sources contributing H2O2 to the colonic inflammatory field in UC such as 
mast cells (histamine), EC (serotonin), and microbiome oxidative dysbiosis must also be considered for 
optimal therapeutic intervention to induce remission. Environmental oxidative stressors and 
mitochondrial heteroplasmy, which channel H2O2 via the colonocyte into the colonic epithelium have a 
crucial role in provoking relapse and must be addressed in order to achieve long-lasting remission.

Additionally, the common metabolic origin of cellular H2O2 suggests that H2O2-mediated intestinal 
inflammation is not solely confined to the colon. A recent analysis concluded that a shared mechanism 
underlies UC and UC-associated ileitis, which develops in up to 35% of patients with UC[284]. This is 
supported by studies in UC patients showing impaired ileal butyrate oxidation in both terminal ileum 
and colon, which in the latter was associated with H2O2 induced inhibition of mitochondrial thiolase, the 
last enzyme in the butyrate beta-oxidation cascade[30,285]. This suggests that excess H2O2 is responsible 
for impaired ileal butyrate oxidation in the small intestine as well. Moreover, the neutrophilic epithelial 
infiltration, cryptitis, and crypt abscesses that characterize UC-associated ileitis is analogous to the 
typical histopathological changes observed in UC[286]. This strongly implies that H2O2 is also elevated 
in the small intestine leading to mucosal inflammation and metabolic derangements. Thus, treatments 
that simply target colonic inflammation do not address the consequences of elevated ileal H2O2, which 
may lead to small bowel inflammation and interfere with the absorption of nutrients. In contrast, 
treatment with a systemic reducing agent such as RDLA has the potential of resolving UC-associated 
ileitis.

The interdisciplinary nature of evidence-based analysis can provide clues to understanding and 
effectively treating other serious conditions that are linked to UC whose medical therapy has so far been 
suboptimal. Studies have shown that H2O2 can effectively inhibit neuromuscular transmission[216]. 
Protection against H2O2-induced inhibition of neuromuscular transmission was associated with the 
cellular ability to eliminate H2O2[287]. Other studies have demonstrated that H2O2 contributes to motor 
disfunction in human UC[218]. This suggests a potential causal role for H2O2 in the motility dysfunction 
that is thought to underlie toxic mega colon and small bowel bacterial overgrowth, both of which are 
associated with symptomatic UC[214,288]. It also implies that therapeutic intervention with reducing 
agents (STS or RDLA) to reduce colonic H2O2 may be an effective therapeutic option in treating or 
preventing these serious conditions.

At the other end of the clinical spectrum, up to 2% of asymptomatic individuals undergoing 
screening colonoscopy were shown to have typical histologic inflammatory features of UC with two-
thirds developing symptomatic disease (rectal bleeding) within 5 years[289,290]. Despite having a high 
probability of developing symptomatic UC and the possibility of increased risk of colon cancer, 
clinicians are in a quandary regarding the appropriate treatment for these asymptomatic individuals 
since all medications used to treat UC can have serious side effects and there are no data regarding their 
effectiveness at this very early asymptomatic stage[291-293]. However, the presence of preclinical 
neutrophilic inflammation implies that H2O2 has begun “leaking” out of colonocytes and is attracting 
neutrophils into the colonic epithelium. The use of an oral reducing agent (RDLA) to normalize 
colonocyte H2O2 and restore redox homeostasis would be a logical choice at this stage due to its 
recognized safety profile and ability to enhance cellular reductive capacity in order to reduce colonic H2

O2. If future studies show that this is an effective treatment, it will be possible to prevent symptomatic 
disease from developing while UC is still in a preclinical asymptomatic stage.

All things considered, with current therapy and under the best of circumstances, UC patients must 
undergo life-long surveillance colonoscopy for colon cancer, which cannot detect all neoplastic lesions 
leading to a high mortality rate[29,294,295]. And although total colectomy has been touted as a cure for 
the approximately 30% of UC patients who fail medical therapy or develop colon cancer, studies have 
shown that patients who have undergone ileal pouch/anal anastomosis have higher disability scores 
than patients with active UC[296]. In contrast, maintenance therapy with an oral reducing agent has the 
potential of eliminating the need for colectomy, lifelong colonoscopies, and, by removing excess colonic 
H2O2, may significantly reduce the incidence of UC-associated colorectal cancer.

An evidence-based theory of UC identifying H2O2 as a causal therapeutic target not only has the 
potential of highly effective and inexpensive treatment that may be curative but opens the door to 
population-wide primary prevention by increasing total reducing equivalents (antioxidants) in our food 
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supply. This is supported by studies demonstrating a decreased risk of developing UC with diets high 
in anti-oxidants (reducing agents)[297]. Dietary intervention can be successful in reducing the incidence 
of UC because, in contrast to established disease with high levels of colonic H2O2 that require treatment 
with powerful reducing agents, intervention before colonocytes develop HCRH (while intracellular H2O
2 is still low) requires much less reductive capacity, which can be supplied by increasing the amount of 
reducing equivalents (antioxidants) in the food supply. This public health level intervention may 
prevent UC from developing in the entire population before it even starts.

CONCLUSION
The evidence supports a causal role for colonocyte H2O2 in the pathogenesis and pathophysiology of 
UC. Treatment to reduce and maintain normal colonic H2O2 levels leads to long-term histologic 
remission (complete mucosal healing) in patients with refractory disease. The treatment is inexpensive 
and well tolerated. Lifestyle modifications to reduce oxidative stress exposure will help maintain 
remission. This is the first time that a causal evidence-based therapeutic target with curative potential 
has been identified for UC. The inclusion of multiple components to address the different sources of H2

O2 within the colitic inflammatory field contributes to its singular effectiveness but also slows its 
acceptance by a healthcare system dominated by single molecular therapeutics.

H2O2 is a normal by-product of cellular metabolism that can accumulate within colonic epithelial 
cells. H2O2’s unique properties of cell membrane permeability, long life, potent oxidizing potential, and 
the ability to attract white blood cells combine to promote colonocyte extracellular diffusion followed by 
oxidative disintegration of colonic epithelial tight junctional proteins while simultaneously attracting 
white blood cells into the colonic epithelium, both of which lead to colonic inflammation and eventual 
UC. This makes it appear as if the immune system is “attacking” the colon when in reality the immune 
response is behaving as it is normally programmed to respond. The abnormality is the inappropriate 
secretion of H2O2 by the colonic epithelium and not the immune response.

The pleiotropic effects of H2O2 have misdirected the careers of multiple generations of researchers 
into searching for a non-existent primary immune abnormality as the cause of UC. Extensive research 
since the mid-20th century has failed to uncover a primary immune vulnerability to explicate this illness. 
Cumulative evidence does not support any form of immune dysregulation in the pathogenesis of UC. 
This line of research is not evidence-based and should be abandoned. The continued search for immune 
dysregulation as the cause of UC leads to enormous research waste and endless fundraising that will 
never find the cause or cure for this disease while at the same time encouraging the treatment of UC 
with expensive immune altering agents that drive up healthcare costs, do not cure and are associated 
with lower quality of life, higher rates of colon cancer and other serious adverse effects. Continued 
research to uncover a primary immune abnormality as the cause of UC reinforces a false sense of hope 
for millions of individuals suffering from this illness who are desperately waiting for a cure that will 
never materialize with this line of research. Only by following the evidence can we cure disease.

Evidence-based medical research will eventually displace consensus-driven hypothesis in the highly 
competitive race for research funding as the National Institute of General Medical Sciences begins to 
shift funding priorities to grant applications that can clearly explicate falsifiable disease mechanisms 
that are “associated with the pathogenesis and resolution” of disease[298]. This pathogenesis initiative 
has begun with sepsis in July 2019 and is likely to be expanded as a requirement to obtain scarce 
research funding for other diseases as well. Under these guidelines, the current consensus-based 
immune dysregulation hypothesis invoked to explain UC does not meet this threshold for Federal 
research funding since it neither provides a coherent falsifiable pathogenesis nor a means of disease 
resolution.

A causal role for colonic H2O2 in the pathogenesis of UC is biologically plausible and supported by 
both experimental and clinical evidence. H2O2 satisfies all the basic requirements for an etiological agent 
leading to the development of UC and is worthy of continued and expanded research to confirm a 
potential causal role in the pathogenesis of this debilitating inflammatory bowel disease affecting 
millions worldwide. It is incumbent upon the research community to follow up on this highly 
promising line of research that raises the real possibility of targeted and highly effective treatment with 
curative potential.

Future directions
Complex diseases such as UC arise as an emergent systems property of its individual, in vivo, interacting 
constituent elements. The physical proximity of the colonic epithelium, innate immune system, and 
colonic lumenal contents gives rise to the disease phenotype we call UC in response to colonocyte 
extracellular diffusion of H2O2. Complex chronic diseases such as UC are not amenable to a reductionist 
analytical laboratory approach that examines each contributing element outside of its disease-producing 
in vivo context[299]. The prevalence of “incurable” complex chronic diseases continues to rise because 
they have slipped through the cracks of our current reductionist methodology of medical research that 
is not designed to detect emergent systems diseases such as UC. The shortcoming of laboratory research 
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to deal with chronic complex diseases can be overcome with graduate programs dedicated to theoretical 
(systems) medicine, which looks at the big picture to help guide laboratory researchers down a focused 
experimental pathway to discovering causes and cures of disease[300]. With chronic disease mortality 
accounting for 60% of all global deaths as well as 70% of all deaths in the United States, and 60% of 
Americans suffering from at least one chronic disease with 40% afflicted with two or more chronic 
ailments, chronic disease has become the leading driver of the United States’ $3.5 trillion in annual 
health care cost[301-303]. We simply cannot win the war against encroaching chronic disease by experi-
mentation alone. This underscores the critical need for collaboration between systems medicine 
(theoretical systems pathogenesis) and laboratory-based experimentalists (reductionist medical 
research) before the financial, emotional, and familial burden becomes too much to bear and society 
begins to destabilize under the weight of too many sick people.
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Abstract
Esophageal adenocarcinoma (EAC) and adenocarcinoma of the esophagogastric 
junction (EGJA) have long been associated with poor prognosis. With changes in 
the spectrum of the disease caused by economic development and demographic 
changes, the incidence of EAC and EGJA continues to increase, making them 
worthy of more attention from clinicians. For a long time, surgery has been the 
mainstay treatment for EAC and EGJA. With advanced techniques, endoscopic 
therapy, radiotherapy, chemotherapy, and other treatment methods have been 
developed, providing additional treatment options for patients with EAC and 
EGJA. In recent decades, the emergence of multidisciplinary therapy (MDT) has 
enabled the comprehensive treatment of tumors and made the treatment more 
flexible and diversified, which is conducive to achieving standardized and 
individualized treatment of EAC and EGJA to obtain a better prognosis. This 
review discusses recent advances in EAC and EGJA treatment in the surgical-
centered MDT mode in recent years.
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Core Tip: Worldwide, esophageal adenocarcinoma (EAC) and adenocarcinoma of the esophagogastric 
junction (EGJA) have long been associated with poor prognosis, and their incidence continues to increase. 
For a long time, surgery has been the mainstay treatment for EAC and EGJA. With the advent of advanced 
techniques, other treatment methods have been developed. In recent decades, the emergence of 
multidisciplinary therapy (MDT) has enabled the comprehensive treatment of tumors, which is conducive 
to achieving standardized and individualized treatment. This review discusses recent advances in EAC and 
EGJA treatment in the surgical-centered MDT mode in recent years.

Citation: Zheng YH, Zhao EH. Recent advances in multidisciplinary therapy for adenocarcinoma of the esophagus 
and esophagogastric junction. World J Gastroenterol 2022; 28(31): 4299-4309
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4299.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4299

INTRODUCTION
Currently, esophageal cancer is ranked 7th in incidence and 6th in overall mortality worldwide, with 
approximately 70% of cases occurring in males[1]. The most common subtypes of esophageal cancer are 
esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC). The two subtypes 
have very different etiologies; therefore, their incidence varies greatly in different countries and regions. 
Although its morbidity is much lower than that of ESCC in low-income countries, EAC accounts for 
two-thirds of esophageal cancer cases in high-income countries. Furthermore, owing to demographic 
changes, the burden of EAC is expected to increase in the future[2]. Obesity, gastroesophageal reflux 
disease (GERD), and Barrett’s esophagus are some of the main risk factors for EAC. The increasing 
incidences of obesity and GERD are likely responsible for the continuing increase in the incidence of 
EAC. Additionally, reduction in chronic Helicobacter pylori (H. pylori) infection has been shown to be 
negatively correlated with EAC[2].

Adenocarcinoma of the esophagogastric junction (EGJA) is a type of cancer that develops at the 
junction of the esophagus and stomach, and is traditionally known as cardia cancer. According to the 
standard set by Siewert et al[3] in 1987, esophagogastric carcinoma is defined as a tumor located within 
5 cm of the esophagogastric junction (EGJ). Type I was defined when the tumor center was located 1-5 
cm above the EGJ, Type II when located from 1 cm above to 2 cm below the EGJ, and Type III when 
located 2-5 cm below the EGJ. Type II is also known as "real" carcinoma of the cardia. This classification 
also coincides with the distribution of the cardiac glands[4]. The American Joint Committee on Cancer 
8th edition suggests that when the tumor center is located 2 cm below the EGJ or within 2 cm without 
invasion, it should be staged according to the TNM staging of gastric cancer. When the tumor center is 
located within 2 cm below the EGJ or with invasion, it should be staged according to the TNM staging 
of esophageal cancer[5]. Siewert type I EGJA is treated as esophageal cancer, Siewert type III EGJA is 
classified as gastric cancer, while controversies still exist in the treatment principles for Siewert type II 
EGJA[6,7]. Evidence indicates that the etiology of EGJA, which is negatively related to H. pylori infection 
and correlates with obesity and GERD injury, is similar to the risk factors for EAC[8].

Currently, surgery remains the primary treatment method for EAC and EGJA. However, due to the 
anatomical location, gastrointestinal surgeons and thoracic surgeons have different opinions regarding 
the treatment options. Perioperative therapies, including neoadjuvant and adjuvant therapies, are also 
gaining attention in the treatment of EAC and EGJA. The importance of multidisciplinary therapy 
(MDT) in the diagnosis and treatment of tumors has been increasingly emphasized. Clinicians from 
multiple departments, including radiologists, endoscopists, surgeons, and oncologists, have joined the 
MDT team to participate in clinical decision making, which has been conducive to the individualization 
of the diagnosis and treatment of EAC and EGJA.

ENDOSCOPIC RESECTION: GROWING IN IMPORTANCE
For years, surgery has been the only radical treatment for esophageal and EGJ cancer. However, in 
recent decades, with the development of techniques, endoscopic therapy has gained popularity. 
Endoscopy has already been used for the early diagnosis of malignant tumors of the esophagus and 
EGJ, and in suitable patients, endoscopic treatment can be performed. However, endoscopic resection 
still has limitations and is more commonly used as a diagnostic method than a treatment. A 
retrospective cohort study demonstrated that, compared to patients who did not undergo continuous 
endoscopic examination, patients who underwent continuous endoscopy before the diagnosis of EAC 
were associated with less advanced locoregional staging, better prognosis and survival[9].
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Endoscopic radical therapy includes endoscopic tumor resection and ablation of surrounding precan-
cerous tissues to prevent recurrence. The most widely used techniques are endoscopic mucosal resection 
(EMR) and endoscopic submucosal dissection (ESD). EMR is a relatively safe procedure, with a low risk 
of postoperative complications. However, it should be noted that during EMR operations, the involved 
Barrett’s esophagus requires treatment; otherwise, locoregional EMR operations may lead to a high rate 
of recurrence[10]. Research has shown that the prognosis is relatively acceptable, with approximately 
96% of patients achieving complete remission, with a 10-year survival rate of 75%[11]. ESD technology 
is more demanding than EMR technology. Both EMR and ESD have similar postoperative adverse 
events, but their incidence is higher following ESD[12]. The most common complications are stenosis, 
perforation, and bleeding[10]. According to a study, in the postoperative assessment, the recurrence rate 
after radical resection at 22.9 mo of follow-up was 0.17%[13].

The risk of lymphatic metastasis is relatively low in T1a cancer, but appears to increase with the 
depth of submucosal infiltration[14]. For EAC, the lymphatic metastasis rate is 0-2% in T1a cancer, and 
0-22%, 0-30%, 20%-70% when T1b cancers infiltrate the upper third, the middle third, and the lower 
third of the submucosa, respectively[15-17]. Therefore, patient selection is essential for endoscopic 
therapy. EAC endoscopic resection is indicated in T1 carcinomas of differentiation grade G1/G2 
without lymphatic invasion, venous invasion, or ulceration. In addition to these criteria, for T1b, infilt-
ration less than 500 μm in depth and less than 20 mm in size is required[14]. Current guidelines usually 
recommend that additional surgery should be performed after endoscopic resection when the risk of 
lymphatic metastasis or residual cancer is too high to cure[18]. Meanwhile, if the specimen resected by 
endoscopic therapy reveals a positive margin on histological examination, additional esophagectomy is 
also required. Based on some cases of T1 carcinoma that underwent esophageal endoscopic resection 
with additional esophagectomy, among which 17/30 were cases of EAC, researchers concluded that 
esophagectomy could achieve further removal of residual advanced cancer or lymphatic metastases in 
13% of patients. However, postoperative severe morbidity was 43% and mortality was 7%; therefore, the 
benefits and risks of close follow-up vs surgery should be considered[19].

In addition, Barrett’s esophagus has been demonstrated to be a significant risk factor for esophageal 
and EGJ carcinomas. The pathological basis of Barrett’s esophagus is the change in mucosal cells caused 
by long-term exposure to gastric acid, which can develop into adenocarcinoma. Compared to the 
normal population, patients with Barrett’s esophagus have a relative risk of 11.3 of developing 
adenocarcinoma[20]. Due to the relatively high rate of 25% developing into carcinoma, precursor intrae-
pithelial neoplasia in Barrett’s esophagus is usually necessary for endoscopic resection[21]. 
Additionally, removal of low-grade intraepithelial neoplasia is recommended[22].

SURGERY: REMAINS THE MAINSTAY OF TREATMENT
Surgical options for esophagus adenocarcinoma
According to the guidelines, the transthoracic approach is usually recommended for the treatment of 
esophageal carcinoma. For cancers located in the proximal one-third of the esophagus, thoracic 
esophagectomy can be expanded to three fields, including cervical lymph node dissection. However, 
controversy remains between transthoracic esophagectomy combined with intrathoracic anastomosis 
(Ivor-Lewis esophagectomy) and three-field esophagectomy combined with esophagogastrostomy 
(McKeown esophagectomy); the recommendations of concerned guidelines vary from country to 
country[7]. It is recommended that the absence of suspicious lymph node enlargement indicates a 
preference for extended two-field thoracoabdominal lymphadenectomy (conventional thoracoab-
dominal and upper mediastinal lymphadenectomy), whereas, suspicious lymph node enlargement 
supports the option of three-field cervical and thoracoabdominal lymphadenectomy (cervical and 
thoracoabdominal lymphadenectomy and upper mediastinal lymphadenectomy)[23]. Furthermore, to 
investigate the precise lymphatic staging, at least 15 Lymph nodes should be obtained[24]. In recent 
years, studies have compared two-field approach lymphadenectomy with three-field approach 
lymphadenectomy for postoperative overall survival (OS) and disease-free survival. The results suggest 
that there are no significant differences in prognosis between the two approaches[25].

Additionally, studies have shown that lymph node harvest during esophagectomy is associated with 
improved postoperative survival. A study by Lutfi et al[26] demonstrated that during lymphaden-
ectomy, when 7 lymph nodes were harvested, OS improved significantly, and when 25 Lymph nodes 
were harvested, it showed maximum OS benefits. Other researchers also came to a similar conclusion 
regarding the influence of lymphadenectomy on postoperative survival after neoadjuvant therapy; 
when the number of lymph node dissections reached 25, postoperative life expectancy was the highest
[27].

Surgical options for adenocarcinoma of EGJ
Although many studies have compared the transthoracic approach to the transhiatal approach, because 
of the special anatomical location of EGJA, the optimal surgical option is still under debate and 
recommendations are inconsistent[7]. Based on 14 studies published over the last 30 years, Tseng et al
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[28] concluded that the Siewert classification had a significant influence on the surgical options. The 
transthoracic approach was recommended for Siewert type I EGJA, and extended gastrectomy for 
Siewert type III EGJA. Siewert type II EGJA can be resected using a transthoracic or transhiatal 
approach, and each approach has similar effects on surgical results and overall prognosis. The surgical 
method should be determined according to patient factors, such as risk factors and general condition, 
and also depends on the preference of the surgeon[28]. The advantages of the transthoracic approach 
are better mediastinal lymph node dissection and better proximal resection margin, as it has the 
advantages of better para-celiac and para-aortic lymph node dissection, avoidance of thoracotomy-
associated morbidity, and preferable postoperative quality of life[28].

Based on the analysis of the results of the Siewert type II EGJ carcinoma surgical treatment conducted 
by the JCOG9502 trial, the consensus of Chinese experts suggested that the transhiatal approach is 
recommended for esophageal invasion < 3 cm, and the right thoracoabdominal two-incision surgical 
approach is preferred for esophageal invasion ≥ 3 cm[29]. Currently, surgical treatment for true EGJA in 
Japan is generally determined by esophageal invasion of 3 cm and gastric invasion of the upper one-
third as a demarcation[4]. Ivor-Lewis esophagectomy combined with upper or middle mediastinal 
lymphadenectomy is recommended for esophageal invasion ≥ 3 cm. For esophageal invasion < 3 cm, an 
extended proximal transdiaphragmatic gastrectomy was performed for distal invasion within the upper 
third of the stomach, and an extended total transdiaphragmatic gastrectomy was performed for 
invasion that exceeded the upper third of the stomach; meanwhile, a lower mediastinal lymphaden-
ectomy was also required[4]. Nishiwaki et al[30] proposed that the distance from the EGJ to the 
proximal margin of the primary tumor (esophageal invasion) could be an indicator of mediastinal 
lymph node metastasis in Siewert type II tumors. The results showed that a distance ≥ 2 cm in 
esophageal invasion was associated with a higher risk of mediastinal lymph node metastasis. When 
esophageal infiltrates reach 3 cm, the risk was even higher, and the transthoracic approach should be 
considered for upper and middle mediastinal lymphatic dissection[30]. These results are consistent with 
the guidelines and current surgical options (Figure 1).

The optimum range of lymphatic dissection has not reached a consensus. According to previous 
studies, for Siewert type III EGJA, the incidence of lymphatic metastasis in groups No. 1, 2, 3, and 7 was 
higher than 20 %, metastasis in groups No. 5, 6, 11d, and 12a was less than 5 %, and metastasis in 
groups No. 107, 111, and 112 was much lower and close to zero. Compared with Siewert type III EGJA, 
the incidence of lymphatic metastasis in Siewert type II EGJA was significantly lower in the abdominal 
lymph nodes and higher in the lower mediastinal lymph nodes[31].

To date, only retrospective trials have been conducted on the surgical choice of Siewert type II EGJA, 
and research has not indicated any difference between the two surgical approaches. The CARDIA trial is 
the first randomized trial to compare transthoracic esophagectomy with transhiatal extended 
gastrectomy for Siewert type II EGJA, and the trial is ongoing (DRKS00016923). Esophagectomy is 
expected to achieve better radical resection and thorough mediastinal lymphatic dissection, leading to 
better OS, while the quality of life is still acceptable[32].

PERIOPERATIVE CHEMOTHERAPY AND RADIOTHERAPY: EXIST CONTROVERSY
Perioperative treatment includes multiple options, among which chemotherapy (CT), radiotherapy 
(RT), and chemoradiotherapy (CRT) are the most commonly used regimens. Neoadjuvant therapies 
benefit tumors by reducing tumor volume, tumor stage, etc., and therefore improve the surgical 
resection rate and prognosis. Postoperative therapies are mainly used to eliminate tumors that have not 
been completely resected and possible metastases, prolong postoperative survival and reduce the 
recurrence rate. Over the years, many researchers have made efforts to explore the best perioperative 
therapy for adenocarcinoma of esophagus and EGJ (Table 1).

RT in adenocarcinoma of esophagus and EGJ
Compared to many other tumors, including gastric carcinoma, RT plays a more important role in the 
treatment of EAC and EGJA. A Chinese research group included 4160 patients with Siewert type II 
EGJA to investigate whether perioperative RT benefits patients. The results indicate that neoadjuvant 
RT improves prognosis in more advanced patients (T3 or with lymphatic metastases) and is more 
effective in T4 tumors. For stage T1-2, surgery alone is preferred[33]. Furthermore, studies have shown 
that CRT is superior to RT alone in many aspects, such as tumor downstaging, R0 resection, and 
pathological complete response (pCR)[34,35], especially in patients with fairly good tolerance for CT. A 
study analyzed 101 patients with esophageal cancer who underwent CRT or RT alone. The primary 
endpoints were OS, progression-free survival, local control rate, and toxicity. The results showed that 
RT was safe and feasible and could partially compensate for the absence of CT[36]. However, because 
many elderly patients included in the cohort were not eligible for CT, the conclusion has limitations.

CT in adenocarcinoma of esophagus and EGJ
The validity of perioperative CT and concurrent CRT has been widely discussed and is considered the 
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Table 1 Some clinical studies of perioperative therapy in recent years

Ref. Cancer Cases Groups Conclusion

RT in EAC and EGJA

Zhou et al[33], 2021 EGJA (Siewert II) 4160 nRT vs RT nRT improves prognosis in patients with more 
advanced tumors

Klevebro et al[35], 
2016

Esophageal or EGJ cancer 181 nCRT vs nCT nCRT group had higher complete response rate, R0 
resection rate, and lower lymph-node metastases, 
without significantly affecting survival

Ristau et al[36], 2021 EC 101 RT vs CT RT could partially compensate for CT

CT in EAC and EGJA

Mokdad et al[37], 2018 Lower EAC or EGJA 10086 CT vs observation Most patients benefited from adjuvant CT for OS

Papaxoinis et al[38], 
2019

Lower EAC or EGJA 312 nCT vs CT No significant differences; only patients with 
postoperative microscopic residual disease benefited 
from postoperative CT

Davies et al[39], 2014 EAC or EGJA 584 Downstaging after nCT vs 
no response

Tumor stage after nCT is more closely associated 
with prognosis and eligibility for surgery

Bunting et al[41], 2018 EAC 286 Toxicity of nCT vs no 
toxicity

Toxicity can lead to adverse consequences, such as 
failure to complete CT, loss of opportunity for 
surgical resection, and poor OS

CRT in EAC and EGJA

Shapiro et al[44], 2015 Esophageal or EGJ cancer 368 nCT + surgery vs surgery 
alone

Patients with resectable esophageal or EGJ 
carcinoma benefited more from nCRT plus surgery 
than surgery alone

Zafar et al[46], 2020 Lower EAC or EGJA 13783 nCRT vs nCT nCRT group was more likely to achieve pCR; OS 
was not statistically different

Al-Sukhni et al[47], 
2016

EAC or EGJA 6986 nCRT vs nCT nCRT group showed no difference in improving 
survival in resectable tumor

Samson et al[48], 2016 EC 7338 nCRT vs nCT nCRT lead to more downstaging of tumor, but it is 
not an individual prognostic factor

Li et al[50], 2021 EGJA (Siewert II/III) 170 nCRT vs nCT nCRT provided better survival and improved R0 
removal and pCR rates more than nCT in patients 
with locally advanced EJGA

Tian et al[51], 2020 Gastric or EGJ adenocar-
cinoma

1048 Perioperative CRT vs 
perioperative CT

Perioperative CRT was associated with a higher pCR 
rate but increase the risk of mortality

Noordman et al[52], 
2018

Esophageal or EGJ cancer 368 nCRT + surgery vs surgery 
alone

Physical function and frailty remained relatively low 
in nCRT group, but no adverse effects on long-term 
HRQoL were observed

Noordman et al[53], 
2019

Esophageal or EGJ cancer 96 nCRT HRQoL reduced in short-term, but would return to 
baseline

Noordman et al[54], 
2018

Esophageal or EGJ cancer 363 nCRT + surgery vs surgery 
alone

nCRT had no significant effect on postoperative 
HRQoL

Nilsson et al[55], 2020 Esophageal or EGJ cancer 249 Standard TTS vs prolonged 
TTS

Time to surgery (TTS) after nCRT had no significant 
effect on short-term prognosis

RT: Radiotherapy; EAC: Esophageal adenocarcinoma; EGJA: Adenocarcinoma of the esophagogastric junction; EGJ: Esophagogastric junction; TTS: Time to 
surgery; HRQoL: Health-related quality of life; CT: Chemotherapy; CRT: Chemoradiotherapy; pCR: Pathological complete response; OS: Overall survival; 
nRT: Neoadjuvant radiotherapy; nCT: Neoadjuvant chemotherapy; nCRT: Neoadjuvant chemoradiotherapy.

standard treatment option. Mokdad et al[37] included 10086 patients with EGJ cancer who received 
adjuvant CT or postoperative observation. Patients who underwent adjuvant CT were relatively 
younger and more likely to have advanced disease. In the long-term, the OS of patients who received 
CT was clearly better at 1 year (94% vs 88%), 3 years (54% vs 47%), and 5 years (38% vs 34%). In other 
words, most patients benefited from adjuvant CT for OS[37]. Another group included 312 patients (210 
with EGJA and 102 with EAC) who underwent radical surgery after neoadjuvant CT (nCT). The experi-
mental group received postoperative CT based on ECX (epirubicin, cisplatin, and capecitabine) regimen, 
while the control group did not. No significant differences were found in the primary prognostic data 
between the two groups. Only patients with postoperative microscopic residual disease (R1) benefited 
from postoperative CT[38].
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Figure 1 Siewert classification of adenocarcinoma of the esophagogastric junction and recommended surgical options[3,4,28,29]. The 
tumors that centered 1-5 cm above esophagogastric junction (EGJ) are defined as Siewert type I, transthoracic esophagectomy is recommended. the tumors 
centered from 1 cm above to 2 cm below the EGJ are Siewert type II. For Siewert type II tumor with esophageal invasion ≥ 3 cm, Ivor-Lewis esophagectomy with 
upper/middle mediastinal lymphadenectomy is propriate surgical option; for esophageal invasion < 3 cm, extended proximal transhiatal gastrectomy or extended total 
trashiatal gastrectomy with lower mediastinal lymphadenectomy are recommended according to whether gastric invasion exceeded 1/3 of the stomach. The tumors 
that centered 2-5 cm below EGJ are defined as Siewert type III and extended total gastrectomy is the optimal surgical option. EGJ: Esophagogastric junction.

The purpose of nCT in tumor downstaging is to facilitate resection and improve the postoperative 
prognosis. Compared with the clinical stage before nCT, the tumor stage after nCT is more closely 
associated with prognosis and eligibility for surgery[39]. For borderline resectable cancers of the 
esophagus and EGJ, neoadjuvant therapy is usually recommended, followed by evaluation of the tumor 
stage according to the guidelines. Davies et al[39] reported that patients who received neoadjuvant 
therapy had a lower local recurrence rate (6% vs 13%) and systemic recurrence rate (19% vs 29%), along 
with improved survival. Predictors of postoperative survival after nCT have also been discussed. The 
results showed that pT staging, pN staging, and resection status were strong predictors of survival, 
including patients who underwent surgery alone or who received neoadjuvant therapy. Patients who 
achieved R1 resection or pT3/4 stage after neoadjuvant therapy had better OS than those who achieved 
the same outcome after surgery alone[40]. In addition, the adverse effects associated with neoadjuvant 
therapy, also known as toxicity, require attention. Bunting et al[41] reported 67 (23.4% of 286 cases) 
patients who experienced toxicity during nCT. Toxicity can lead to adverse consequences, such as 
failure to complete CT (47% vs 17%), loss of opportunity for surgical resection (17.9% vs 7.8%), and poor 
OS (median survival of 20.7 mo vs 37.8 mo). Even if patients who missed surgery were excluded, 
median survival was shorter in patients with toxicity responses (26.2 mo vs 47.8 mo)[41].

CRT in adenocarcinoma of esophagus and EGJ
Perioperative concurrent CRT is widely used to treat EAC and EGJA. The INT0116 trial, the first 
randomized controlled study of postoperative adjuvant CRT for gastric and EGJ carcinoma, showed that 
postoperative 5-FU and tetrahydrofolic acid combined with RT significantly extended OS and relapse-
free survival in patients with advanced gastric and EGJ carcinoma[42]. This illustrates the importance of 
CRT in perioperative adjuvant therapy. Currently, adjuvant CRT is the standard treatment for gastric 
and EGJ carcinoma in the United States[43]. The CROSS study conducted by a Netherlands group in 
2015 concluded that the OS of the long-term follow-up of 368 patients with resectable esophageal or EGJ 
carcinoma benefited more from neoadjuvant CRT (nCRT) followed by surgery than surgery alone. For 
patients with adenocarcinoma, the median OS of the group that received nCRT plus surgery was 43.2 
mo, longer than 27.1 mo of the group that received surgery alone. Therefore, nCRT followed by surgery 
could be considered the standard treatment for patients with resectable locally advanced EAC or EGJA
[44]. The importance of nCRT in the treatment of esophageal and EGJ carcinoma has been widely 
recognized. After sufficient evaluation of perioperative treatment options, the American Radium Society 
gastrointestinal expert panel established appropriate criteria that recommended nCRT for patients with 
resectable non-metastatic EAC or EGJA, cT3 or lymphatic metastasis, and high-risk manifestations. In 
patients with pathological evidence of lymphatic metastasis without neoadjuvant treatment, adjuvant 
CRT is recommended[45].

Compared with surgery alone, CT and CRT promote the survival of patients with EAC and EGJA. 
However, whether CRT is superior to CT remains under debate. Among the 13738 patients with EAC 
and EGJA who received nCT or nCRT and eventually underwent surgery, patients who underwent 
nCRT were 2.7 times more likely to achieve pCR than those who underwent nCT; however, OS was not 
statistically different[46]. Similarly, many studies have shown that nCRT is associated with a higher 
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pCR rate, higher R0 resection rate, lower lymphatic metastasis rate, and is more likely to achieve 
downstaging before surgery than nCT; however, previous studies have not been able to reveal the effect 
on postoperative survival[35,47,48]. Several studies have suggested improvements in postoperative 
survival in patients treated with nCRT compared with those treated with nCT. Smyth et al[49] showed a 
4% increase in the 3-year OS in patients who received adjuvant CT after CRT plus surgery. Since most 
recurrent EGJAs occur within three years after surgery, this may indicate an increase in the curative 
ratio and that postoperative CT improves survival even after neoadjuvant therapy[49]. In another study 
of 170 patients with Siewert type II/III EGJA, Li et al[50] showed that nCRT provided better survival 
and improved R0 removal and pCR rates more than nCT in patients with locally advanced EJGA. 
However, Tian et al[51] drew the opposite conclusion after retrospectively reviewing 1048 patients with 
gastric adenocarcinoma and EGJA who underwent preoperative CT or CRT. While perioperative CRT 
was associated with a higher pCR rate (13.1% vs 8.2%), preoperative CRT appeared to increase the risk 
of mortality[51].

In addition to the effectiveness of nCRT, its adverse effects and impact on the postoperative quality of 
life are also factors that must be considered. In the postoperative follow-up, a total of 386 patients with 
EAC who underwent surgery alone or nCRT plus surgery were followed up for 105 mo. Although the 
physical function and frailty of the patients remained relatively low, no adverse effects on long-term 
health-related quality of life (HRQoL) were observed in patients with preoperative nCRT. This finding 
supports the application of nCRT in patients with EAC[52]. Other similar trials conducted by the same 
group showed a significant reduction in HRQoL, but eventually HRQoL returned to baseline within 
eight weeks[53], and nCRT had no significant effect on postoperative HRQoL compared with patients 
who received surgery alone[54]. That is, nCRT did not cause irreversible long-term changes in HRQoL, 
which confirmed the safety of nCRT.

Further, there has been some discussion regarding the timing of surgery after neoadjuvant therapy. 
The current routine is 4-6 wk. Nilsson et al[55] randomly assigned 249 patients with esophageal or EGJ 
cancer into two groups: standard timing of surgery (4-6 wk) or prolonged timing of surgery (10-12 wk). 
The primary endpoint was overall postoperative complications, and the secondary endpoints were 
severity of complications, 90-d mortality, and inpatient stay. Data analysis showed that the timing of 
surgery after nCRT had no significant effect on short-term prognosis[55], while a meta-analysis in 2018 
suggested a different opinion. A total of 15086 patients from 13 studies were included. Enrolled patients 
were divided into two groups based on the time of surgery (shorter or longer than the 7-8 wk interval). 
A subgroup analysis of patients with adenocarcinoma did not show significant differences in pCR rates, 
and a prolonged interval was significantly associated with increased mortality. An extended interval 
was also detrimental to the 2-year and 5-year OS[56].

Furthermore, researchers have compared the prognosis of patients with EAC after surgery alone and 
in combination with neoadjuvant therapy to clarify whether current treatment strategies could obtain 
any benefit. Although many patients are predicted to benefit from neoadjuvant therapy, their responses 
to therapy vary. It is estimated that the total restricted mean survival time would have a 7% gain if 
optimal therapy was applied instead of actual therapy[57]. This suggests that individualized treatment 
could benefit patients the most, but how to select individuals with better reactions to specific treatment 
options and achieve such benefits remains to be further studied.

DEFINITIVE CRT: FOR UNRESECTABLE TUMORS
At diagnosis, tumors in a considerable proportion of patients are no longer indicated for surgery 
because of tumor invasion of vital organs, main vessels, or nerves (T4b) or the occurrence of distant 
metastasis (M1)[5]. Neoadjuvant therapy might achieve tumor downstaging in some cases; however, for 
patients who refuse surgery or have unresectable tumors, definitive CRT (dCRT) remains the only 
option[23]. With the improvement in concurrent CRT, the 5-year survival of patients with unresectable 
tumors significantly improved from 0-14% to 20%-25%, indicating that the aim was transformed from 
palliative to efficient treatment[58]. It was about three decades ago when dCRT first attracted attention. 
Early randomized trials have shown that the median survival and 5-year survival of patients who 
received CRT were superior to those who received RT alone[59], and subsequent research confirmed the 
superiority of CRT over RT[58].

Locoregional recurrence was the main cause of treatment failure in patients who underwent dCRT. In 
a retrospective study of 184 patients with esophageal carcinoma, locoregional recurrences occurred in 
41% of the cases, mostly within 12 mo after cessation of dCRT, and almost all occurred in 24 mo. Among 
the cases that recurred at the primary tumor site, only 57% occurred within the scope of radiation, 
which suggests that RT is valid in reducing locoregional recurrences[60]. However, the therapeutic 
doses of dCRT are still under discussion. In a cohort study, 12638 patients with metastatic esophageal 
cancer were divided into three groups: CT alone, combined with palliative RT, and combined with 
definitive RT. The median OS of the patients treated with CRT was 11.3 mo for the definitive dose 
radiation group and 7.5 mo for the palliative dose group. Thus, in CRT, compared to a lower dose of 
radiation, patients benefit more from definitive dose radiation[61]. In contrast, another study compared 
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RT of standard dose with high dose in dCRT, which enrolled 260 patients with esophageal cancer. The 
results showed that the 3-year local progression-free survival rates were 70% and 73%, respectively, 
which suggested that higher doses of RT did not necessarily improve the clinical outcome, as assumed
[62]. Therefore, the current recommended dose of radiation for dCRT benefits clinical outcomes more 
than higher or lower doses.

CONCLUSION
Surgery has long been the only radical treatment available for EAC and EGJA. In recent decades, with 
the development of various other techniques as well as the concept of MDT, increased treatment options 
could be applied in patients with EAC or EGJA. There is no doubt that surgery is always one of the most 
important treatments; however, it is no longer the only solution. Clinicians with MDT teams can tailor 
the regimens for patients. At the same time, more options face more challenges. There are still many 
controversies, such as the optimal treatment for specific patient groups and the proper timing for 
applying certain treatments. Moreover, the implementation of MDT is also problematic because not 
every region or medical center can perform every treatment independently. It is worth exploring and 
discussing how to make MDT a useful and efficient method to guide treatment. It should be clarified 
that the final goal is to provide a standardized, efficient, and individualized treatment to each patient to 
improve OS and quality of life.
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(PDAC) [mucinous cystic lesions (MCLs), hereditary risk (HR), and new-late onset diabetes 
mellitus (NLOD)] represent an opportunity for early cancer detection. Endoscopic ultrasound 
(EUS) is a premium image modality for PDAC screening and precursor lesion characterization. 
While no specific biomarker is currently clinically available for this purpose, glypican-1 (GPC1) is 
overexpressed in the circulating exosomes (crExos) of patients with PDAC compared with healthy 
subjects or those harboring benign pancreatic diseases.

AIM 
To evaluate the capacity of GPC1+ crExos to identify individuals at higher risk within these specific 
groups, all characterized by EUS.

METHODS 
This cross-sectional study with a prospective unicentric cohort included 88 subjects: 40 patients 
with MCL, 20 individuals with HR, and 20 patients with NLOD. A control group (CG) was 
submitted to EUS for other reasons than pancreatic pathology, with normal pancreas and absence 
of hereditary risk factors (n = 8). The inclusion period was between October 2016 and January 
2019, and the study was approved by the Ethics Committee of Centro Hospitalar Universitário de 
São João, Porto, Portugal. All patients provided written informed consent. EUS and blood tests for 
quantification of GPC1+ crExos by flow cytometry and carbohydrate antigen 19-9 (CA 19-9) levels 
by ELISA were performed in all subjects. EUS-guided tissue acquisition was done whenever 
necessary. For statistical analysis, SPSS® 27.0 (IBM Corp., Armonk, NY, United States) version was 
used. All graphs were created using GraphPad Prism 7.00 (GraphPad Software, San Diego, CA, 
United States).

RESULTS 
Half of MCLs harbored worrisome features (WF) or high-risk stigmata (HRS). Pancreatic 
abnormalities were detected by EUS in 10.0% and 35.0% in HR and NLOD individuals, 
respectively, all considered non-malignant and “harmless.” Median levels of GPC1+ crExos were 
statistically different: MCL [99.4%, interquartile range (IQR): 94.9%-99.8%], HR (82.0%, IQR: 28.9%-
98.2%), NLOD (12.6%, IQR: 5.2%-63.4%), and CG (16.2%, IQR: 6.6%-20.1%) (P < 0.0001). Median 
levels of CA 19-9 were within the normal range in all groups (standard clinical cut-off of 37 
U/mL). Within HR, individuals with a positive history of cancer had higher median levels of 
GPC1+ crExos (97.9%; IQR: 61.7%-99.5%), compared to those without (59.7%; IQR: 26.3%-96.4%), 
despite no statistical significance (P = 0.21). Pancreatic cysts with WF/HRS were statistically 
associated with higher median levels of GPC1+ crExos (99.6%; IQR: 97.6%-99.8%) compared to 
those without (96.5%; IQR: 81.3%-99.5%) (P = 0.011), presenting an area under the receiver 
operating characteristic curve value of 0.723 (sensitivity 75.0% and specificity 67.7%, using a cut-
off of 98.5%; P = 0.012).

CONCLUSION 
GPC1+ crExos may act as biomarker to support the diagnosis and stratification of PDAC precursor 
lesions, and in signaling individuals with genetic predisposition in the absence of EUS 
abnormalities.

Key Words: Glypican-1; Circulating exosomes; Endoscopic ultrasound; Pancreatic cancer risk groups; 
Pancreatic cancer precursor lesions; Genetic predisposition

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Patients with mucinous cystic lesions (MCLs), hereditary risk (HR), and new-late onset diabetes 
mellitus represent a target for early pancreatic ductal adenocarcinoma (PDAC) detection. Within these 
groups, we evaluated the capacity of glypican-1 positive (GPC1+) circulating exosomes (crExos) to 
identify individuals at higher risk, all characterized by endoscopic ultrasound (EUS). High levels of 
GPC1+ crExos were present in MCL and in individuals with HR (predominantly in those with history of 
cancer), even in the absence of EUS abnormalities. GPC1 may represent a biomarker to support the 
diagnosis and stratification of PDAC precursor lesions, and indicate genetic predisposition.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is considered one of the deadliest malignant diseases around 
the world, and is estimated to become the second leading cause of cancer-related deaths in the United 
States in 2030[1]. Most patients present with advanced disease at diagnosis, with only 20% being 
candidates for surgical treatment, the only chance for cure[2,3].

In its early stages, PDAC usually develops with few or no symptoms, and current sectional imaging 
modalities are inadequate to detect early small lesions[3]. Endoscopic ultrasound (EUS) is a highly 
accurate diagnostic technique for pancreatic lesions, with its role majored by the possibility of 
performing EUS-guided tissue acquisition[4-6].

Among PDAC precursor lesions are pancreatic intraepithelial neoplasias (PanINs) and mucinous 
cystic lesions (MCLs)[7,8]. While the former are very difficult to identify by available imaging 
modalities, the latter can be more clearly detected and characterized, specially by magnetic resonance 
imaging (MRI)/magnetic resonance cholangiopancreatography (MRCP) and EUS[5,9].

Along with the improvement of imaging diagnostic accuracy, the search for a biomarker that could 
adequately identify PDAC at early stages or its high-risk precursor lesions is a top research priority. The 
only biomarker approved for clinical use is carbohydrate antigen 19-9 (CA 19-9), but it lacks sensitivity 
and specificity for PDAC early detection, being mostly reserved for monitoring response to therapy and 
disease progression[10]. In recent years, several molecules have been tested to serve this purpose[11,12]. 
Among these, membrane-anchored proteoglycan glypican-1 (GPC1) has been shown to be a good 
candidate. We previously studied GPC1 in circulating exosomes (crExos) and found that it could 
identify PDAC patients among healthy individuals with perfect accuracy[13]. In addition, GPC1+ crExos 
correlated with tumor burden and patients’ survival. Moreover, in a genetically engineered mouse 
model of PDAC, GPC1 was overexpressed in crExos even before the tumor could be detected by MRI
[13]. Finally, we also showed higher levels of GPC1+ crExos in MCL compared to controls, although the 
number of patients was very limited[13]. Several studies have demonstrated the role of GPC1 in PDAC
[14-18]. Considering the distinct methodologies that some of the studies adopted to study GPC1 in 
circulation, some support the potential of GPC1+ crExos as a biomarker for early detection of PDAC[14,
15,19], while others only demonstrate their correlation with disease burden[16-18].

At present, while 90% of PDAC cases are sporadic, only individuals harboring increased hereditary 
risk (HR), either kindreds of familial pancreatic cancer (FPC) (7%) or belonging to other cancer 
syndromes with increased risk of PDAC (3%), are candidates for screening[20-22]. Nevertheless, there 
are other well-defined PDAC-associated risk groups that deserve special attention and can constitute a 
refined population to be surveilled in order to increase the rate of early detection and improve overall 
survival. One of these groups is composed by individuals older than 50 years with a recent (< 36 mo) 
diagnosis of type II diabetes mellitus (DM). Increasing epidemiological, clinical, and experimental 
evidence shows that new-onset DM can be a clinical manifestation of asymptomatic PDAC or harbinger 
the disease and offers the promise for early detection in these individuals[3,23-26]. In fact, although the 
complex and multidirectional relationship between the two entities is not fully understood, new-late 
onset DM (NLOD) has been recognized as an entity signaling a 6- to 8-fold increased risk of developing 
PDAC in 3 years[27].

We previously showed that levels of GPC1+ crExos discriminate PDAC from chronic pancreatitis (CP) 
with high accuracy[28]. In this work, we aimed to determine the capacity of GPC1+ crExos to identify 
individuals at higher risk of developing PDAC, comparing its levels with EUS pancreatic abnormalities 
(PA) within specific risk groups: MCL, HR, and NLOD.

MATERIALS AND METHODS
Design of the study and population
This cross-sectional study with a prospective unicentric cohort included 88 subjects: 40 patients with 
MCLs, 20 individuals with HR, 20 patients with NLOD, and 8 individuals in the control group (CG). 
The inclusion period was between October 2016 and January 2019, and the study was approved by the 
Ethics Committee of Centro Hospitalar Universitário de São João (CHUSJ) (ID No. CES 327-15), Porto, 
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Portugal. All patients provided written informed consent and underwent blood sample collection at the 
time of EUS.

In the MCL group, we considered for inclusion both intraductal papillary mucinous neoplasms 
(IPMNs) and mucinous cystic neoplasms (MCNs). For its diagnosis, we used both imagiological and 
cyst fluid analysis criteria. We have assumed IPMN etiology when EUS and/or MRCP clearly showed 
communication of the cyst(s) with the pancreatic ductal system. In this situation, branch-duct type (BD-
IPMN) were presumed if multiple and no dominant main pancreatic duct (MPD) dilation was seen. 
Main-duct IPMN (MD-IPMN) was considered if a segmental or diffuse dilatation of the main duct > 5 
mm was observed without any other cause of obstruction. Mixed-type IPMN (MT-IPMN) was defined 
when features of MD-IPMN and BD-IPMN coexisted[29]. MCN was assumed when a mucin-producing 
cyst forming epithelial neoplasia of the pancreas with a distinctive ovarian-type stroma was present, 
typically with no communication with the ductal system[30].

We performed EUS-guided fine needle aspiration (FNA) in almost all cystic lesions included. 
Mucinous nature was supported by a fluid carcinoembryonic antigen (CEA) > 192 ng/mL and/or fluid 
glucose < 50 mg/dL[31]. In relation to amylase content, if > 250 U/L, a diagnosis of IPMN was likely, 
whereas levels < 250 U/L suggested MCN. If the aspirated content was sufficient, a sample was also 
evaluated by experienced cytopathologists.

In the HR group, we considered for inclusion FPC (family history of PDAC in at least two first-
degree, or in three or more first- and second-degree relatives) and PDAC susceptibility gene mutation 
carriers[20,22,32,33]. All of these individuals had a clinically and genetically established diagnosis and 
have been followed in a dedicated consultation for hereditary digestive cancers in our institution. They 
underwent detailed evaluation of family history, and verification of cancer diagnoses by review of 
medical records and genetic testing.

In the NLOD group, we included patients aged ≥ 50 years who had been diagnosed with type II DM 
within a period of 36 mo[23,24]. Diagnosis of type II DM was made according to the American Diabetes 
Association and consisted of: Fasting plasma glucose level ≥ 126 mg/dL, a 2-h plasma glucose level of ≥ 
200 mg/dL during a 75-g oral glucose tolerance test, a random plasma glucose level of ≥ 200 mg/dL in a 
patient with classic symptoms of hyperglycemia or hyperglycemic crisis, or a hemoglobin A1c level of ≥ 
6.5%[34].

In the CG, individuals who underwent EUS for other reasons than pancreatic pathology were 
included with a normal pancreas and absence of hereditary/familial risk factors. The exclusion criteria 
were patients unable or unwilling to give informed consent, individuals younger than 18 years of age, 
pregnancy or breast feeding, contraindications to endoscopic procedures or contrast administration, 
contraindications to computed tomography (CT) or MRI, coagulopathy (prothrombin time > 50% of 
control, activated partial thromboplastin time > 50 s, or international normalized ratio > 1.5), patients on 
chronic anticoagulation, platelet count < 50000/μL, and inability to tolerate sedated upper endoscopy 
due to cardiopulmonary instability or other contraindication to endoscopic procedures.

At the time of inclusion, immediately before EUS examination, a blood sample was collected for 
complete blood count as well as renal, liver, and pancreatic chemistry at the CHUSJ laboratory. A 
separate blood sample collected at the same time was used to quantify CA 19-9 serum levels (ab108642, 
CA 19-9 Human ELISA Kit; Abcam, Cambridge, MA, United States) and GPC1 expression in crExos by 
fluorescence-activated cell sorting (FACS) (Figure 1). For CA 19-9, the standard clinical cut-off of 37 
U/mL was used. A complete personal and family clinical history was registered, and demographic data 
was recorded [age, body mass index (BMI)], previous history of pancreatic disease, smoking and 
drinking habits, history of diabetes and duration since diagnosis, digestive and systemic symptoms. 
Laboratory values and previous results of cross-sectional imaging (CT, MRI, or magnetic resonance 
cholangiopancreatography) were registered. The results of the EUS evaluation at the time of inclusion in 
the study as well as transechoendoscopic or surgically collected specimens were also recorded.

All subjects were observed, examined, and followed-up at the Department of Gastroenterology of 
CHUSJ (Porto, Portugal) until death or July 2021.

EUS, tissue acquisition techniques, and fluid/specimen analyses
All EUS evaluations were performed by three experienced endoscopists under deep sedation (propofol 
or pethidine plus midazolam as assisted by an anesthesiologist). Linear scopes from Olympus® (GT-
UCT140, GT-UCT180; Tokyo, Japan) and Pentax® (EG-3670UTK, EG-3870UTK; Tokyo, Japan) along with 
Olympus® EU-ME2 and Hitachi Avius® (Tokyo, Japan) image processors were used.

PA were classified into major and minor changes. Major changes comprised cystic lesions, CP-like 
parenchymal changes, and solid lesions. Minor ones constituted changes in pancreatic echogenicity 
compatible with lipomatous transformation[35,36]. EUS high-risk stigmata (HRS) and worrisome 
features (WF) were categorized according to the International consensus of Fukuoka guidelines for the 
management of IPMN of the pancreas[29]. A main duct dilatation ≥ 10 mm or an enhancing mural 
nodule > 5 mm were classified as HRS, whereas a main duct dilatation between 5 and 9 mm, an 
enhancing mural nodule < 5 mm, a cyst diameter > 3 cm, the presence of thickened/enhancing cyst 
walls, an abrupt change in pancreatic duct caliber with distal pancreatic atrophy, and lymphadenopathy 
were considered WF.
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Figure 1 Schematic representation of the workflow for the analysis of circulating exosomes from control group, mucinous cystic lesions, 
hereditary risk and new-late onset diabetes mellitus patients for the expression of glypican-1. Scheme illustrating the workflow of our study of the 
expression of glypican-1 (GPC1) on exosomes retrieved from patients’ blood samples, from blood collection to the analysis by flow cytometry of GPC1+ circulating 
exosomes (crExos). A representative histogram of the percentage of beads bound to GPC1-positive crExos (GPC1+ crExos) that were isolated from the serum of a 
control group, composed by individuals submitted to endoscopic ultrasound for other reasons than pancreatic pathology, as well as the following pancreatic ductal 
adenocarcinoma risk groups: Mucinous cystic lesions, hereditary risk, and new-late onset diabetes mellitus. Red dashed lines in each histogram depict the start of the 
fluorescein isothiocyanate (FITC)-positive gate (anti-immunoglobulin G) Alexa Fluor 488), which was determined for each patient separately by considering FITC+ 
approximately 1% on control–secondary–but maintained between control and GPC1 samples. GPC1: Glypican-1; FITC: Fluorescein isothiocyanate; crExos: 
Circulating exosomes.

Doppler, elastography, and contrast-enhanced EUS image acquisition (sulphur hexafluoride 
microbubbles; SonoVue®, Bracco, Italy) were used for assistance in the characterization of mural nodules 
and thickened cyst walls.

EUS-FNA was performed in almost all cystic lesions, preferably with a 22 G needle (Wilson-Cook 
Medical, Winston, NC, United States and Boston Scientific, Natick MA, United States) in a single pass, 
and along with antibiotic prophylaxis (single intravenous infusion of 200 mg ciprofloxacin). The fluid 
collected was sent for amylase, glucose, and CEA quantification, and also, if in enough volume, for 
cytological examination. Solid or indeterminate lesions, mural nodules, or suspicious thickenings of the 
cyst wall or septa were punctured in a distinct pass, preferably with a 22 G fine needle biopsy. Adverse 
events related to EUS procedures were registered and monitored.

Microscopic examinations of specimens resulting from EUS-FNA/B and/or surgical resection were 
analyzed by experienced pathologists in pancreatic diseases and contextualized to patients’ clinical 
history and imaging findings. Cytological evaluation was performed according to the Papanicolaou 
Society of Cytopathology System for Reporting Pancreaticobiliary Cytology[37].

Collection of human blood samples
At the same time of EUS performance, blood samples were collected at the Department of Gastroen-
terology of CHUSJ. Serum samples were obtained by centrifugation of the whole blood sample at 2000 g 
for 10 min at 4 °C and collection of the supernatant. The resultant serum samples were then aliquoted 
and stored at -80 °C prior to analysis.
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Isolation of exosomes by ultracentrifugation of serum samples and nanoparticle tracking analysis
Human serum samples were allowed to thaw on ice with periodic agitation to avoid degradation. A 
volume of 200 μL serum was retrieved into a new tube and centrifuged at 10000 rpm for 2 min at 4 ºC. 
The recovered supernatant was diluted in 200 μL NaCl prior to filtration into 14 mL Open-Top Thinwall 
Ultra-Clear Tubes (Beckman Coulter, Inc., Brea, CA, United States) using a 0.2 μm pore filter (Whatman 
International Ltd., England, United Kingdom). The tubes were filled with NaCl, and the samples were 
ultracentrifuged at 100000 g overnight at 4 °C. The next day, the supernatant was carefully and 
thoroughly discarded and the exosomes’ pellet was resuspended in 300 μL of 1 × phosphate-buffered 
saline (PBS). To determine particle concentration and size distribution, nanoparticle tracking (NTA) 
(NanoSight NS300) was performed using 10 μL of the exosomes sample dissolved in 1 × PBS at a 1:100 
dilution. The remaining exosomes sample was saved at -20 ºC for downstream analysis.

GPC1 analysis by FACS of exosomes coupled to beads 
Using the exosomes concentration previously obtained by NTA analysis as a reference, an equal number 
of exosomes was used for downstream FACS analysis. A total of 3.0 × 109 exosomes were coupled to 4 
μm aldehyde/sulfate latex beads (A37304; Thermo Fisher Scientific, Waltham, MA, United States) that 
had been previously equilibrated at room temperature (through resuspension of 5 μL beads in 100 μL of 
1 × PBS and rotation at room temperature for 15 min). The sample volume was adjusted to 300 μL with 
1 × PBS. Upon incubation in a rotator at room temperature for 15 min and then at 4 ºC for 30 min to 
allow the formation of exosomes-bead complexes, 300 μL glycine 1 M in 1 × PBS was added to the 
sample, followed by incubation at room temperature for 1 h with continuous rotation. Samples were 
centrifuged at 12000 rpm for 2 min and the supernatant was discarded. The pellet containing the 
exosomes-bead complexes was subjected to a blocking step with 100 μL of 10% bovine serum albumin 
(BSA) in 1 × PBS and then incubated with continuous rotation at room temperature for 45 min. The 
samples were centrifuged at 12000 rpm for 2 min and divided into two tubes: Control and GPC1-
incubated samples. Control samples were incubated with a solution of 2% BSA in 1 × PBS, whereas 
experimental samples were incubated with anti-GPC1 (1:240 dilution in a solution of 2% BSA in 1 × PBS, 
MAB8351; Abnova, Taipei, Taiwan) overnight in a rotator at 4 ºC. The next morning, the samples were 
spun at 12000 rpm for 2 min and the pellet was washed twice with 2% BSA in 1 × PBS, with centrifu-
gation at 12000 rpm for 2 min between washes. Following incubation with an Alexa-488-tagged 
secondary antibody (anti-mouse A-21202; Thermo Fisher Scientific) for 30 min with continuous rotation 
at room temperature of both control and experimental samples, samples were washed again twice with 
2% BSA in 1 × PBS. Finally, samples were resuspended in 300 μL of 2% BSA in 1 × PBS for BD Accuri C6 
or BD FACS Canto II analysis (BD Biosciences, Haryana, IN, United States). Using the control samples of 
each patient (i.e. exosomes-bead complexes from each patient only incubated with secondary antibody) 
as a reference, the fluorescein isothiocyanate (FITC) voltage was adjusted until the percentage of FITC+ 
beads was 1%. Then, using the same gate and FITC voltage, the percentage of beads bound with GPC1+ 
crExos in the experimental sample was determined for each patient separately. Data were analyzed 
using FlowJo software.

Statistical analyses
Categorical variables are described as absolute and relative frequencies and continuous variables as 
mean and standard deviation, median, percentiles, minimum, and maximum. Hypotheses were tested 
regarding the distribution of continuous variables via the independent samples t-test/one-way analysis 
of variance (ANOVA) or nonparametric Mann-Whitney and Kruskal-Wallis test depending on normal 
or non-normal distribution, respectively, and considering the nature of the hypothesis. The chi-squared 
and ANOVA tests were used for categorical variables analysis. Pearson's correlation coefficient was 
used to assess the statistical relationship/association between two continuous variables. The diagnostic 
accuracy of GPC1+ crExos was assessed by receiver operating characteristic curve (ROC) considering 
95% confidence intervals. Area under the ROC curve (AUROC) was calculated. SPSS® 27.0 (IBM Corp., 
Armonk, NY, United States) version was used. All graphs were created using GraphPad Prism 7.00 
(GraphPad Software, San Diego, CA, United States). The statistical review of the study was performed 
by a biomedical statistician.

RESULTS
Population demographic characteristics
The baseline demographic characteristics of the 88 individuals included in the study (40 MCL, 20 HR, 20 
NLOD, and 8 CG) are summarized in Table 1. The overall female:male ratio was 1.6:1 and did not differ 
statistically among groups. The mean age of the population was 60.3 ± 12.6 years. The older individuals 
belonged to the MCL group, with a median age of 67.2 ± 8.9 years, whereas the younger individuals 
were in the HR group, with a median age of 48.7 ± 10.8 years (P < 0.001). Patients in the NLOD group 
presented with a significantly higher BMI (29.9 ± 4.5 kg/m2; P < 0.001).
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Table 1 Baseline demographic characteristics of the study population, n = 88

Cohort characteristics MCL, n = 40 HR, n = 20 NLOD, n = 20 CG, n = 8 Total, n = 88 P value

Sex NS

Male 14 (35.0) 9 (45.0) 9 (45.0) 2 (25.0) 34 (38.6)

Female 26 (65.0) 11 (55.0) 11 (55.0) 6 (75.0) 54 (61.4)

Age in yr 67.2 ± 8.9 48.7 ± 10.8 60.8 ± 7.4 53.8 ± 18.7 60.3 ± 12.6 < 0.001

BMI in kg/m2 24.9 ± 3.8 24.2 ± 3.9 29.9 ± 4.5 25.0 ± 4.0 25.9 ± 4.5 < 0.001

Smoking habits NS

Never 27 (67.5) 13 (65.0) 12 (60.0) 7 (87.5) 59 (67.1)

Ex-smoker, > 5 yr 8 (20.0) 4 (20.0) 7 (35.0) 1 (12.5) 20 (22.7)

Active 5 (12.5) 3 (15.0) 1 (5.0) 0 (0.0) 9 (10.2)

Alcohol habits NS

No 22 (55.0) 11 (55.0) 10 (50.0) 7 (87.5) 50 (56.8)

Yes 18 (45.0) 9 (45.0) 10 (50.0) 1 (12.5) 38 (43.2)

Family history of PDAC < 0.001

No 34 (85.0) 7 (35.0) 18 (90.0) 8 (100.0) 67 (76.1)

Yes 6 (15.0) 13 (65.0) 2 (10.0) 0 (0.0) 21 (23.9)

Data are presented as n (%) or mean ± SD. BMI: Body mass index; CG: Control group; HR: Hereditary risk; MCL: Mucinous cystic lesion; NLOD: New-late 
onset diabetes mellitus; NS: Non-significant; PDAC: Pancreatic ductal adenocarcinoma; SD: Standard deviation.

No statistically significant differences were observed in relation to smoking or drinking habits among 
the studied groups. Overall, 10.2% of the population were active smokers and 22.7% ex-smokers (more 
than 5 years of abstinence). In relation to alcohol consumption, 43.2% were considered active drinkers 
(average ingesting amounts of > 30 g or > 40 g alcohol per day, in case of female or male individuals, 
respectively).

Family history of PDAC was present in 23.9% of the entire population, with the highest proportion 
observed in the HR group (65.0%; P < 0.001). In the HR group, 17 (85.0%) individuals were diagnosed 
with Lynch Syndrome, 1 (5.0%) with Peutz-Jeghers syndrome, and the remaining 2 (10%) with FPC. Six 
individuals with Lynch Syndrome had a previous personal history of cancer, mostly colorectal (n = 5), 
but all were disease-free at the time of inclusion. Detailed information about this group, including the 
type of harbored mutation(s), can be found in Table 2. In the NLOD group, the mean time between 
inclusion in the study and establishment of DM diagnosis was 20.9 ± 8.6 mo.

EUS findings and other clinicopathological features
Main PA detected by EUS is illustrated in Figure 2A-F and constituted cystic lesions (with or without 
WF/HRS), CP-like parenchymal changes, and lipomatous transformation of pancreatic parenchyma. 
The EUS features of cystic lesions in the MCL group are described in Table 3. Of the 40 cases included, 
39 (97.5%) were IPMNs, and most (89.8%) were classified as BD-IPMNs. Sixty percent of patients 
presented with multiple cysts, with a mean size of the dominant lesion of 28.1 ± 14.1 mm. In respect to 
WF and/or HRS, mural nodules, wall thickening, and a dilated MPD were identified in 10%, 7.5%, and 
15% of the lesions, respectively. Nineteen of the forty MCL patients (47.5%) underwent additional study 
with MRCP.

The clinicopathological characteristics of the study population, particularly the type of PA found in 
EUS among the different groups, the results of EUS-guided tissue acquisition, surgical treatment and 
specimen analysis, as well as information on cancer detection during follow-up and mortality rate, are 
summarized in Table 4. Besides the MCL group, where PA in the form of cyst(s) were present in all 
patients by definition, PA were also detected during the EUS exam in 10.0% and 35.0% of the subjects 
belonging to HR and NLOD groups, respectively. Half of the lesions in the MCL group were considered 
to harbor WF or HRS, in contrast to the PA found in the other groups that were all “harmless” in terms 
of ultrasonographic appearance (CP-like parenchymal changes, lipomatous transformation and 
infracentimetric simple cystic lesions). EUS-FNA/B was performed only in the MCL group in 35 of the 
40 patients (87.5%), either to confirm the diagnosis or in the presence of WF or HRS (Figure 2G and H). 
Malignancy was detected in 3 patients; in 1, the malignancy was detected in a subsequent EUS exam 
performed during follow-up (this case was previously reported by our team[38]). The result of 
cytological exam was considered inconclusive in 37.1% of the procedures. Of the 88 patients of the 
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Table 2 Characterization of hereditary risk group: Germline mutations and personal history of cancer, n = 20

Lynch syndrome, n = 17 (85.0%) Peutz-Jeghers syndrome, n = 1 (5.0%) FPC, n = 2 (10.0%)
Germline mutation(s)

MLH1 7 (41.2) - -

MSH2 6 (35.3) - -

MLH1 + MSH2 1 (5.9) - -

MSH2 + MSH6 2 (11.7) - -

MSH6 1 (5.9) - -

STK11 - 1 (100.0) -

Not identified - 2 (100.0)

Personal history of cancer

No 11 (64.7) 1 (100.0) 2 (100.0)

Yes 6 (35.3) 0 (0.0) 0 (0.0)

Type of cancer

Colon and rectum 5 (83.3%) - -

Endometrium 1 (16.7) - -

FPC: Familial pancreatic cancer.

Table 3 Endoscopic ultrasound features of cystic lesions among the mucinous cystic lesions group, n = 40

MCN 1 (2.5)Type of mucinous cyst, n (%)

IPMN 39 (97.5)

MD-IPMN 2 (5.1)

BD-IPMN 35 (89.8)

Type of IPMN, n (%)

MT-IPMN 2 (5.1)

Single 16 (40.0)Number of cysts, n (%)

Multiple 24 (60.0)

Main cyst size in mm, mean ± SD 28.1 ± 14.4

Main cyst size in mm, median (IQR) 21.5 (16.3-40.5)

Absent 10 (25.0)Septa, n (%)

Present 30 (75.0)

Absent 36 (90.0)Mural nodules, n (%)

Present 4 (10.0)

Absent 37 (92.5)Wall thickening, n (%)

Present 3 (7.5)

Normal 34 (85.0)MPD caliber, n (%)

Dilated 6 (15.0)

BD-IPMN: Branch-duct IPMN; IPMN: Intraductal papillary mucinous neoplasm; IQR: Interquartile range; MCN: Mucinous cystic neoplasm; MD-IPMN: 
Main-duct IPMN; MPD: Main pancreatic duct; MT-IPMN: Mixed type.

cohort, 15 (17.0%) were submitted to surgical resection, and all belonged to the MCL group. These 15 
patients either harbored MD or MT-IPMNs or presented a cyst with WF/HRS with suspicious or 
positive cytology. Malignancy was confirmed in the surgical specimen in all 3 patients with a previous 
positive cytological exam, and the remaining 12 had a definitive histopathological diagnosis of a low 
grade dysplastic MCL.
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Table 4 Clinical-pathological findings, treatment and follow-up of the study population, n = 88

MCL, n = 40 HR, n = 20 NLOD, n = 20 CG, n = 8 Total, n = 88

PA in EUS 

No 0 (0.0) 18 (90.0) 13 (65.0) 8 (100.0) 39 (44.3)

Yes 40 (100.0) 2 (10.0) 7 (35.0) 0 (0.0) 49 (55.7) 

Type of PA

Cystic lesions 40 (100.0) 2 (100.0) 2 (28.6) - 44 (89.8) 

CP-like parenchymal changes 0 (0.0) 0 (0.0) 2 (28.6) - 2 (4.1) 

Solid lesions 0 (0.0) 0 (0.0) 0 (0.0) - 0 (0.0)

Lipomatous transformation 0 (0.0) 0 (0.0) 3 (42.8) - 3 (6.1)

PA with HRS / WF

No 20 (50.0) 2 (100.0) 7 (100.0) - 29 (59.2)

Yes 20 (50.0) 0 (0.0) 0 (0.0) - 20 (40.8)

EUS FNA/B

No 5 (12.5) 20 (100.0) 20 (100) 8 (100) 53 (60.2) 

Yes 35 (87.5) 0 (0.0) 0 (0.0) 0 (0.0) 35 (39.8) 

Inconclusive 13 (37.1) - - - 13 (37.1)

Benign 19 (54.3) - - - 19 (54.3)

Malignant 3 (8.6)1 - - - 3 (8.6)1

Surgery

No 25 (62.5) 20 (100) 20 (100) 8 (100) 73 (83.0)

Yes 15 (37.5) 0 (0.0) 0 (0.0) 0 (0.0) 15 (17.0)

Benign/Malignant 12 (80.0)/3 (20.0) -/- -/- -/- 12 (80.0)/3 (20.0)

F-up in mo 33.3 ± 12.8 34.9 ± 7.1 27.7 ± 4.7 36.1 ± 5.1 32.6 ± 10.0

Cancer detection during F-up 1 (2.5) 0 (0.0) 0 (0.0) 0 (0.0) 1 (1.1)

Mortality 5 (12.5) 0 (0.0) 0 (0.0) 0 (0.0) 5 (5.7)

Data are presented as n (%) or mean ± SD.
1One of 3 patients with malignant cytology was diagnosed during follow-up.
CG: Control group; CP: Chronic pancreatitis; EUS: Endoscopic ultrasound; FNA/B: Fine needle aspiration/biopsy; F-up: Follow up; HR: Hereditary risk; 
HRS: High risk stigmata; MCL: Mucinous cystic lesion; NLOD: New-late onset diabetes mellitus; NS: Non-significant; PA: Pancreatic abnormality; WF: 
Worrisome features.

The mean follow-up period of the entire cohort was 32 ± 8.6 mo and did not differ statistically among 
groups (P = NS). Five of the 88 individuals (5.7%) died during follow-up, but only one of these due to 
cancer progression. Two of the other deaths were related to post-operative complications in a 74-year-
old and 75-year-old patients, one was related to a pulmonary carcinoma that developed 1 year after 
inclusion in a 72-year-old patient, and the remaining one corresponded to an 85-year-old patient that 
did not survive to an infectious respiratory insufficiency. The 2 other patients submitted to surgical 
resection of malignant cysts were alive and disease-free after 45 mo of follow-up.

Exosomal GPC1 levels are elevated in MCL lesions with WF/HRS and HR groups
The overall median levels of GPC1+ crExos coupled to beads were statistically different among the 
studied groups: MCL [99.4%, interquartile range (IQR): 94.9%-99.8%], HR (82.0%, IQR: 28.9%-98.2%), 
and NLOD and CG groups (12.6%, IQR: 5.2%-63.4% and 16.2%, IQR: 6.6%-20.1%, respectively) (P < 
0.0001) (Figure 3A and Table 5).

The crExos concentration and their median size were significantly higher in NLOD patients 
(6.05E+10/mL; IQR: 4.83-7.22 and 100.7 nm; IQR: 89.2-110.1, respectively) compared to all other groups (
P < 0.001 and P = 0.012, respectively) (Figure 3B and C and Table 6).

In turn, overall median levels of CA 19-9 were 18.4 U/mL (IQR: 8.3-206) and did not differ statist-
ically between groups: MCL: 20.4 U/mL (IQR: 14.0-35.8), HR: 16.9 U/mL (IQR: 11.7-18.1), NLOD: 18.8 
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Table 5 Biomarkers (glypican-1-positive circulating exosomes and carbohydrate antigen 19-9) profiles in the study groups, n = 88

Biomarker MCL, n = 40 HR, n = 20 NLOD, n = 20 CG, n = 8 Total, n = 88 P value

GPC1+ crExos, % < 0.001

Median 99.4 82.0 12.6 16.2 86.8

Min/Max 6.4/99.9 1.1/99.0 2.1/93.9 1.2/24.5 1.1/99.9

IQR 94.9-99.8 28.9-98.2 5.2-63.4 6.6-20.1 18.6-99.4

CA 19-9 in U/mL NS

Median 20.4 16.9 18.8 30.6 18.4

Min/Max 8.5/206.6 8.3/28.0 12.8-48.7 13.7-69.6 8.3/206.6

IQR 14.0-35.8 11.7-18.1 16.6-23.4 15.0-40.8 14.2-27.7

P value for Kruskal-Wallis test. CA 19-9: Carbohydrate antigen 19-9; CG: Control group; HR: Hereditary risk; IQR: Interquartile range; GPC1+ crExos: 
Glypican-1 positive circulating exosomes; Max: Maximum; MCL: Mucinous cystic lesion; Min: Minimum; NLOD: New-late onset diabetes mellitus; NS: 
Non-significant.

Table 6 Size and concentration of exosomes according to the study groups, n = 88

MCL, n = 40 HR, n = 20 NLOD, n = 20 CG, n = 8 Total, n = 88 P value

Size in nm 0.012

Median 82.5 94.7 100.7 72.8 90.5

IQR 72.8-97.6 83.0-109.7 89.2-110.1 67.0-102.8 77.9-103.2

Concentration as particles E + 10/mL < 0.001

Median 3.48 3.36 6.05 3.30 4.10

IQR 1.88-5.08 2.51-4.37 4.83-7.22 2.91-4.20 2.60-5.69

P value for Kruskal-Wallis test. CG: Control group; HR: Hereditary risk; IQR: Interquartile range; MCL: Mucinous cystic lesion; NLOD: New-late onset 
diabetes mellitus.

U/mL (IQR: 12.8-48.7) and CG: 30.6 U/mL (IQR: 13.7-69.6) (P = NS) (Figure 3D and Table 5). All CA 19-
9 median levels were considered in the normal range considering the clinical standard cut-off (37 
U/mL).

We further investigated the profile of both biomarkers in a sub-analysis in two distinct settings. First, 
among the HR group, we evaluated GPC1+ crExos and CA 19-9 levels according to the presence or 
absence of personal cancer history (Figure 4A and B). In the individuals with a positive history of cancer 
(5 colorectal and 1 cancer of the endometrium), although not statistically significant, we observed higher 
median levels of GPC1+ crExos (97.9%; IQR: 61.7%-99.5%) compared to those with a negative history (n 
= 14) (59.7%; IQR: 26.3%-96.4%) (P = 0.21). In relation to CA 19-9 median levels, they did not differ 
among these two subgroups (17.5 U/mL; IQR: 10.7%-20.1% and 16.3 U/mL; IQR: 12.2%-19.5%, 
respectively) (P = NS).

Second, in the total number of patients harboring pancreatic cystic lesions (40 in the MCL group, 2 
diagnosed in the HR group, and 2 in the NLOD group), we studied the levels of GPC1+ crExos and CA 
19-9 according to the presence or absence of WF/HRS in the EUS examination (Figure 4C and D). When 
WF or HRS were present (n = 20), patients presented with statistically significant higher median levels 
of GPC1+ crExos (99.6%; IQR: 97.6%-99.8%) compared to those with endosonographic “harmless” 
lesions (n = 24) (96.5%; IQR: 81.3%-99.5%) (P = 0.011) (Figure 4C). The levels of GPC1+ crExos presented 
an AUROC value of 0.723 in differentiating the group of cystic lesions with WF/HRS from those 
without (sensitivity 75.0% and specificity 67.7% for a cut-off of 98.5% (P = 0.012) (Figure 4E). CA 19-9 
median levels did not statistically differ between these two subgroups (22.9 U/mL; IQR: 14.1-35.8 and 
17.4 U/mL; IQR: 13.7-29.8, respectively) (P = NS) (Figure 4D).

DISCUSSION
MCLs are established as PDAC precursor lesions, with different risks considering morphologic 
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Figure 2 Pancreatic abnormalities in endoscopy ultrasound examination and pathological exams of endoscopic ultrasound-guided fine 
needle aspiration/biopsy specimens from intraductal papillary mucinous neoplasms.A: Main-duct intraductal papillary mucinous neoplasm (MD-
IPMN) with a large mural nodule, visualized in B-mode (right panel) and characterized with qualitative elastography (left panel) that revealed areas of hard 
consistency (blue color); B: Endoscopic ultrasound-guided fine needle biopsy with a 22 G needle targeting the harder lesions in the described mural nodule 
(pathological exam showed malignant degeneration); C: Complex septate cyst with areas of wall focal thickenings and a mural nodule (green arrow); D: Simple 
bilobulated cyst without worrisome features or high-risk stigmata; E: Chronic pancreatitis-like parenchymal changes (lobulation, hyperechoic foci, and strands); F: 
Homogenous hyperechogenic appearance of pancreatic parenchyma suggestive of lipomatous transformation; G: Branch-duct IPMN with low-grade dysplasia 
[hematoxylin and eosin (H&E)-stained cellblock]. These images show the wall of a cystic lesion, partly lined by a cylindrical mucosecretory epithelium with low-grade 
atypia (left: 100 ×; right: 200 ×); H: Well-differentiated adenocarcinoma originated in a MD-IPMN (H&E-stained cellblock: 400 ×). These images show an epithelial 
neoplasm with marked architectural disorganization and severe cytological atypia. The cells have a high nucleus-cytoplasmic ratio, with anisokaryosis, irregular nuclei 
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with coarse chromatin and some with an exuberant nucleolus.

Figure 3 Glypican-1-positive circulating exosomes levels are different among the studied groups, whereas the levels of carbohydrate 
antigen 19-9 do not differ and are within the normal range in the entire population. A: Scatter dot plot representing the percentage of beads bound to 
glypican-1-positive exosomes (GPC1+ crExos) in the control group (CG) (n = 8), mucinous cystic lesions (MCLs) (n = 40), hereditary risk (HR) (n = 20) and new-late 
onset diabetes mellitus (NLOD) (n = 20), (Mann-Whitney U Test, aP < 0.02, bP = 0.005, cP < 0.001); B: Scatter dot plot representing exosomes concentration 
measured by nanoparticle tracking analysis depicting the number of exosomes/0.666 mL serum derived from CG (n = 8), MCL (n = 40), HR (n = 20), and NLOD (n = 
20) donors (Mann-Whitney U Test, bP = 0.005, cP < 0.001); C: Scatter dot plot representing exosomes mode size distribution determined by nanoparticle tracking 
analysis from CG (n = 8), MCL (n = 40), HR (n = 20), and NLOD (n = 20) donors (Mann-Whitney U Test, dP = 0.018, eP = 0.04); D: Scatter dot plot representing the 
serum carbohydrate antigen 19-9 concentration (U/mL) as determined by enzyme-linked immunoassay in CG (n = 8), MCL (n = 40), HR (n = 20), and NLOD (n = 20), 
(Kruskal-Wallis Test, P = NS). Data are shown as the median ± interquartile range. NS: Non-significant; GPC1: Glypican-1; CA 19-9: Carbohydrate antigen 19-9; 
crExos: Circulating exosomes.

appearance as well as cytological findings resulting from guided tissue acquisition. While the diagnostic 
and management of pancreatic cysts differs between international guidelines[29,39-42], they all agree 
that the risk of malignancy should be based, essentially, in the assessment of the classical WF/HRS, 
which was initially defined in the Fukuoka consensus[43].

Our cohort mainly constituted IPMNs, most of which were BD-IPMN type and half of the lesions 
presented with WF and/or HRS[29]. Malignancy was suspected by EUS in two advanced lesions with 
main duct involvement, which were confirmed by cytology. Interestingly, the third confirmed 
malignant cyst corresponded to a case we have previously reported[38], and was diagnosed during a 
follow-up examination of an apparently “inoffensive” cystic lesion in the index EUS. Our results have 
confirmed the limited utility of the use of cytology alone for cyst etiological characterization[44,45], as 
37% of the results of EUS-FNA of the cyst fluid were considered inconclusive by pathologists. This 
limitation of cyst fluid cytological analysis tends to be overwhelmed by the referral for surgical resection 
of indeterminate suspicious lesions. In fact, 15 of the 40 patients with MCL proposed for surgical 
treatment, after evaluation by a multidisciplinary team, corresponded to 3 cases with a positive cytology 
for malignancy and 12 patients with indeterminate/inconclusive results of EUS-FNA. The surgical 
specimen confirmed malignancy in all 3 cases with previous diagnosis and in the remaining 12 revealed 
benign IPMNs with low grade dysplasia. The overtreatment of some of these patients is an important 
issue, as the morbidity and mortality of pancreatic surgery is not negligible[46,47]. In the present cohort, 
2 of the 5 deaths recorded were precisely due to complications after surgery, both in patients harboring 
benign lesions. This observation supports the drive of research, justifying the need to evaluate the role 
of upcoming biomarkers, like exosomal GPC1, in complement with EUS evaluation, for the stratification 
of MCL, ultimately contributing to refine the criteria for surgical treatment or continued surveillance. In 
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Figure 4 Glypican-1-positive circulating exosomes are higher in individuals with personal history of cancer within the hereditary risk 
group, and among patients harboring pancreatic cystic lesions when worrisome features/high-risk stigmata are present. A: Scatter dot plot 
representing the percentage of beads bound to glypican-1 (GPC1)-positive circulating exosomes (GPC1+ crExos) in subjects in the hereditary risk (HR) group, without 
(n = 14) and with (n = 6) a personal history of cancer (HxCancer) [Mann-Whitney U Test, P = non-significant (NS)]; B: Scatter dot plot representing the serum 
carbohydrate antigen 19-9 (CA 19-9) concentration (U/mL) as determined by enzyme-linked immunoassay (ELISA) in subjects in the HR group, without (n = 14) and 
with (n = 6) HxCancer (Mann-Whitney U Test, P = 0.21); C: Scatter dot plot representing the percentage of GPC1+ crExos coupled to beads in subjects harboring 
pancreatic cystic lesions, without (n = 24) and with (n = 20) worrisome features (WF) or high-risk stigmata (HRS) (Mann-Whitney U Test, fP = 0.011); D: Scatter dot 
plot representing the serum CA 19-9 concentration (U/mL) as determined by ELISA in subjects harboring pancreatic cystic lesions, without (n = 24) and with (n = 20) 
WF/HRS (Mann-Whitney U Test, P = NS); E: Receiver operating characteristic curve of the cohort of pancreatic cystic lesions without (n = 24) or with (n = 20) 
WF/HRS, regarding the GPC1+ crExos levels (% beads with GPC1+ crExos). 1Under nonparametric assumption; 2Null hypothesis: True area = 0.5. Data are shown as 
the median ± interquartile range. NS: Non-significant; GPC1: Glypican-1; crExos: Circulating exosomes; WF: Worrisome features; HRS: High-risk stigmata.

this setting, our preliminary results initially reported were promising, as the levels of GPC1+ crExos 
were equally elevated in patients with PDAC and with MCLs[48,49]. The findings in the present study 
confirm these observations, as the median levels of GPC1+ crExos observed in the MCL group 
(significantly higher than in the other studied groups) were in the same magnitude as the ones 
registered for PDAC patients, that we have recently reported using the same methodology[28]. 
Moreover, when we analyzed the levels GPC1+ crExos among all pancreatic cystic lesions (MCL group 
plus those detected in the screening EUS in HR and NLOD groups), we found that they were statist-
ically more elevated when WF/HRS were present, suggesting that this biomarker can, in fact, have a 
role in the risk stratification of these PDAC precursor lesions.

This is the first study to access the profile of GPC1+ crExos in HR and NLOD individuals, and our 
results showed that the median levels of this biomarker were statistically more elevated among the HR 
group when compared to NLOD patients and controls. Considering our previous published 
observations[28], these levels of GPC1+ crExos in HR individuals were also higher than those registered 
among patients with CP (28.4%), but not as elevated as in those with PDAC (99.7%). Interestingly, our 
results also showed a tendency of the individuals with a history of previous cancer (mainly colorectal) 
to present higher levels of GPC1+ crExos when compared to those without. While PA were detected in 
only 10% among HR individuals, all representing simple cystic lesions, these observations may suggest 
a potential role of GPC1+ crExos as a marker of genetically determined predisposition for cancer 
development, even in the absence of “harmful” pancreatic lesions.
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Important studies have recently been published[24-26] and prospective investigational projects are 
ongoing[50] demonstrating the importance to access the magnitude of the risk to develop PDAC among 
NLOD patients and to define PDAC incidence during long-term follow-up. This justified the inclusion 
of NLOD patients in our investigation cohort. We found PA in EUS in 35% of the NLOD patients, 
comprising simple cystic lesions, CP-like changes and lipomatous parenchymal transformations, all of 
them considered “harmless”, not requiring further investigation. Despite the highest median values of 
exosomes’ size and particle concentration being registered in this group, the percentage of crExos 
positive for GPC1 was low and not statistically different from the CG. This finding is in accordance with 
the lack of sufficient evidence, at the present, to include these patients in regular screening programs for 
PDAC early detection.

Some limitations of this study should be pointed out, namely the sample size, the possibility of a 
referral bias giving the nature of our tertiary center, the relatively short period of patients’ follow-up, 
and the cut-off found to stratify patients with cystic lesions and WF/HRS from those without. Also, the 
impossibility to include PanIN lesions in the study that would certainly power the analysis of GPC1 
profile among PDAC pathological precursors. Lastly, the technique of exosomes isolation and analysis 
can still hamper its translation to clinical use. Despite these restraints, our results open the door for 
future studies to determine the value of this biomarker in the stratification of risk groups.

CONCLUSION
In summary, we demonstrate that GPC1+ crExos levels are elevated in MCL, in the same magnitude of 
PDAC patients. These levels were statistically higher in cysts harboring WF/HRS. High levels were also 
registered among individuals with HR for PDAC (predominantly in those with history of previous 
cancer). Longitudinal studies will clarify the potential of exosomal GPC1 as a biomarker for the 
diagnosis and stratification of PDAC precursor lesions, as well as in signaling individuals with genetic 
predisposition for this neoplasia, ultimately contributing to refine screening and surveillance strategies.

ARTICLE HIGHLIGHTS
Research background
Most of the patients with pancreatic ductal adenocarcinoma (PDAC) are diagnosed with advanced 
disease at which stage treatment is inefficient. In order to improve survival, new strategies to identify 
and stratify individuals at risk of developing PDAC [i.e. individuals with hereditary risk (HR), 
mucinous cystic lesions (MCLs) and new-late onset diabetes mellitus (NLOD)] are urgently needed. 
Endoscopic ultrasound (EUS) is one of the imaging modalities with better performance for the study of 
the pancreas. In turn, carbohydrate antigen 19-9 (CA 19-9), the only biomarker approved for clinical use, 
is still imperfect as it lacks sensitivity and specificity. Glypican-1 (GPC1) represents a promising 
candidate since it has been demonstrated to be overexpressed in circulating exosomes (crExos) of 
patients with PDAC, possibly allowing early detection.

Research motivation
To contribute to further evaluate the capacity of GPC1+ crExos to act as a potential biomarker for the 
investigation of individuals at risk for PDAC development, allowing for the early detection of the 
disease or its high-grade precursor lesions. Ultimately, we aim to contribute to improve patient’s 
survival.

Research objectives
We aimed to determine the capacity of GPC1+ crExos to identify individuals at higher risk to develop 
PDAC by comparing EUS pancreatic abnormalities (PA) with its levels within specific risk groups: HR, 
MCL and NLOD.

Research methods
We conducted a cross-sectional study with a prospective unicentric cohort including individuals with 
HR, MCL and NLOD, along with a control group (CG). All subjects were submitted to EUS at time of 
inclusion, with detailed characterization of detected PA. At the same time, blood samples were analyzed 
for GPC1+ crExos and CA 19-9 by flow cytometry and ELISA, respectively. EUS-guided tissue 
acquisition was performed whenever necessary. SPSS® 27.0 version was used for statistical analysis and 
all graphs were created using GraphPad Prism 7.

Research results
We found that: Individuals harboring MCL globally presented with the highest levels of GPC1+ crExos; 
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these levels were increased in the presence of worrisome features and or high-risk stigmata charac-
terized by EUS; GPC1+ crExos levels were also elevated among individuals with HR for PDAC (predom-
inantly in those with personal history of cancer), even in absence of harmful PA in EUS examination; 
and NLOD patients presented with GPC1+ crExos levels as low as those observed in the CG.

Research conclusions
Our study supports the role of GPC1+ crExos in the diagnosis and stratification of PDAC precursor 
lesions, namely MCL, and its eventual capacity in signaling individuals with genetic predisposition for 
this neoplasia, even when no harmful PA are detected by EUS.

Research perspectives
Our data encourage longitudinal studies to confirm the potential of exosomal GPC1 as a biomarker to be 
used in the future in the management of individuals at risk for PDAC.
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Abstract
BACKGROUND 
Bile acids play an important role in the amelioration of type 2 diabetes following 
duodenal-jejunal bypass (DJB). Serum bile acids are elevated postoperatively. 
However, the clinical relevance is not known. Bile acids in the peripheral 
circulation reflect the amount of bile acids in the gut. Therefore, a further invest-
igation of luminal bile acids following DJB is of great significance.

AIM 
To investigate changes of luminal bile acids following DJB.

METHODS 
Salicylhydroxamic acid (SHAM), DJB, and DJB with oral chenodeoxycholic acid 
(CDCA) supplementation were performed in a high-fat-diet/streptozotocin-
induced diabetic rat model. Body weight, energy intake, oral glucose tolerance 
test, luminal bile acids, serum ceramides and intestinal ceramide synthesis were 
analyzed at week 12 postoperatively.

RESULTS 
Compared to SHAM, DJB achieved rapid and durable improvement in glucose 
tolerance and led to increased total luminal bile acid concentrations with preferen-
tially increased proportion of farnesoid X receptor (FXR) - inhibitory bile acids 
within the common limb. Intestinal ceramide synthesis was repressed with 
decreased serum ceramides, and this phenomenon could be partially antagonized 
by luminal supplementation of FXR activating bile acid CDCA.
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CONCLUSION 
DJB significantly changes luminal bile acid composition with increased proportion FXR-inhibitory 
bile acids and reduces serum ceramide levels. There observations suggest a novel mechanism of 
bile acids in metabolic regulation after DJB.

Key Words: Bariatric surgery; Duodenal-jejunal bypass; Farnesoid X receptor; Ceramide; Bile acids; Liver 
fat accumulation

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Bile acids play an important role in the amelioration of type 2 diabetes following duodenal-
jejunal bypass (DJB), and are elevated significantly in the serum postoperatively. Bile acids in the 
peripheral circulation reflect the amount of bile acids in the gut. Therefore, a further investigation of 
luminal bile acids following DJB is of great significance. Here we performed DJB in a high-fat 
diet/streptozotocin-induced diabetic rat model and demonstrated that DJB achieved rapid and durable 
improvement in glucose tolerance and led to increased total luminal bile acid concentrations with preferen-
tially increased proportion of farnesoid X receptor (FXR) - inhibitory bile acids within the common limb. 
Intestinal ceramide synthesis was repressed with decreased serum ceramides, and this phenomenon could 
be partially antagonized by luminal supplementation of FXR activating bile acid (chenodeoxycholic acid). 
There observations suggest a novel mechanism of bile acids in metabolic regulation after DJB.

Citation: Cheng ZQ, Liu TM, Ren PF, Chen C, Wang YL, Dai Y, Zhang X. Duodenal-jejunal bypass reduces 
serum ceramides via inhibiting intestinal bile acid-farnesoid X receptor pathway. World J Gastroenterol 2022; 
28(31): 4328-4337
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4328.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4328

INTRODUCTION
Duodenal-jejunal bypass (DJB) can induce rapid and durable amelioration of type 2 diabetes mellitus[1-
3]. The underlying mechanisms remain incompletely understood. Our previous research has proved 
that bile acids play an important role in the amelioration of type 2 diabetes following DJB[4], and found 
that serum taurine-conjugated bile acids are preferentially elevated postoperatively[5]. However, the 
clinical relevance of the specific alterations of serum bile acids is still not known. Bile acids in the 
peripheral circulation reflect the amount of bile acids that could not be totally reabsorbed by 
hepatocytes during the enterohepatic circulation[6]. Therefore, the alterations of serum bile acids might 
be a secondary change of the bile acids within the gut, and a further investigation of luminal bile acids 
following DJB is of great significance.

Bile acids are traditionally known as lipid absorption-facilitating agents. It was not until recent years 
that the role of bile acids as signaling molecules in modulating metabolism has be unveiled. The 
intestinal lumina, where bile acid concentrations are high, is the main place for bile acid signaling. Two 
major receptors, including Takeda G-protein-coupled receptor 5 (TGR5) and nuclear farnesoid X 
receptor (FXR) are responsible for luminal bile acid sensing. TGR5 expression is detected in a variety of 
enteroendocrine cells and acute exposure of TGR5 to luminal bile acids lead to significant secretion of 
glucagon-like peptide 1 (GLP-1), which is a vital hormone for maintaining normal incretin effect in type 
2 diabetes[7,8]. The interaction between bile acids and FXR is more complicated, as different subtypes of 
bile acids have distinct effect on the downstream pathway of FXR[9]. Chenodeoxycholic acid (CDCA) 
represents the most potent FXR stimulator while ursodeoxycholic acid (UDCA) and β-muricholic acid (β
MCA) are FXR inhibitors[9-11]. Therefore, the net effect of luminal bile acids on FXR depends on the 
proportion of FXR-stimulating bile acids rather than the total amount of bile acids.

Intestinal FXR could affect lipid metabolism and this process is closely related to ceramide synthesis. 
Intestine-selective FXR inhibition downregulates the expression of ceramide synthesis-related genes 
sphingomyelin phosphodiesterase 3 (Smpd3) and serine palmitoyltransferase long chain base subunit 2 
(Sptlc2), resulting in decreased concentrations of ceramides within the small intestine, portal system and 
peripheral circulation[12]. Decreased ceramides inhibit the expression of sterol regulatory element 
binding protein-1 (SREBP-1) in the liver[12], which is a key enzyme in the process of hepatic fat accumu-
lation. Coincidentally, the changes in lipid metabolism after intestine-selective FXR inhibition is similar 
to the changes following DJB that hepatic fat accumulation is alleviated and the key transcriptional 
regulators and enzymes involved in hepatic de novo lipogenesis are downregulated[13]. Therefore, we 
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hypothesized that the net effect of luminal bile acids on intestinal FXR might be inhibitory after DJB 
which leads to decreased ceramide synthesis. To test this hypothesis, we measure the changes of 
individual luminal bile acid and ceramide concentrations within the enterohepatic circulation after DJB 
in a high-fat diet (HFD)/streptozotocin (STZ)-induced diabetic rat model.

MATERIALS AND METHODS
Animals and surgical procedures
Eight-week-old male Wistar rats (220 g on average, purchased from Huafukang Biotech, China) were 
individually housed with a 12 h light/dark cycle under constant temperature (24-26 °C) and humidity 
(50%-70%). All rats were fed with HFD (42% carbohydrate, 18% protein and 40% fat, as a total 
percentage of calories, Huafukang Biotech, China) with no restriction to tap water for 1 mo to induce 
insulin resistance. After fasting for 12 h, 30 mg/kg STZ (Sigma Aldrich, United States) dissolved in 
sodium citrate buffer (pH 4.2) was injected into the peritoneal cavity. Random blood glucose concen-
trations were measured with a glucometer (Roche Diagnostics, Germany) from tail veins 72 h later. 
Thirty rats with random blood glucose ≥ 16.7 mmol/L were considered diabetic and were matched into 
salicylhydroxamic acid (SHAM) group (n = 10), DJB group (n = 10) and DJB + CDCA group (n = 10). 
One month later, surgery was performed as we previously reported[5]. Body weight and calorie intake 
were recorded daily. All rats were sacrificed after 12 h fasting at week 12 postoperatively. All 
procedures involving animals were reviewed and approved by the Ethics Committee on Animal 
Experiment of Shandong University Qilu Hospital.

CDCA gavage
Without fasting, rats in the DJB + CDCA group were administrated with CDCA suspension (100 mg/kg 
suspended in 3 mL tap water) by intragastric gavage three times a week since week 5 postoperatively. 
The gavage procedure ceased after week 11.

Oral glucose tolerance test
At week 4 and week 12, after 12 h fasting, the rats were administrated with 20% of glucose (1 g/kg) by 
intragastric gavage. Blood glucose concentrations were measured at t = 0, 10, 30, 60 and 120 min.

Blood sample preparation
Peripheral blood samples were collected from the retrobulbar venous plexus after 12 h fasting before 
sacrificing. Portal venous blood samples were collected directly from the portal vein. After centrifu-
gation, the supernatant was stored at -80 °C until analysis.

Luminal bile acid detection
Three independent intestinal segments (3 cm each) was excised at the proximal, medium and distal sites 
within the common limb, respectively, without prior flushing. The control intestinal segments from 
SHAM group were excised at the corresponding anatomic location. Total luminal bile acids from 
intestinal segments were extracted by 9 mL 50 % tert-butyl alcohol for 1 h at 37 °C. After centrifugation, 
the supernatant was collected for bile acid analysis. Total bile acids were measured by Roche Cobas 
8000 system using enzyme cycling method and individual bile acid species was measured using high-
pressure liquid chromatography coupled with tandem mass spectrometry as we previously described
[5].

Western blot
Small intestinal mucosa were flushed with saline and then scratched. Total protein was extracted by 
RIPA lysis buffer (KeyGEN, China) with protease and phosphatase inhibitor cocktail (KeyGEN, China) 
and was quantified using bicinchoninic acid protein assay kit (Beyotime, China). Equivalent amount of 
small intestinal mucosal protein were loaded on 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis gels (Bio-Rad, United States) and separated by electrophoresis. Then, proteins were 
transferred onto 0.45 μm polyvinylidene fluoride membranes (Millipore, Ireland). After being blocked 
in 5 % skim milk powder (Beyotime, China) for 2 h, the membranes were incubated with primary 
antibodies to Smpd3 (Abcam, United Kingdom) and Sptlc2 (Invitrogen, United States) overnight, 
followed by incubation in horseradish peroxidase-conjugated secondary antibodies (Proteintech, China) 
for 60 min. The protein bands were visualized by ECL solution (Millipore, United States) and their 
density was assessed with LI-COR Odyssey Imager (LI-COR Biosciences, United States).

RNA analysis
The expression of smpd3 and sptlc2 in the small intestine was analyzed by real-ime quantitative 
polymerase chain reaction (RT-qPCR). RNA was isolated using Trizol reagent (Invitrogen, United 
States), and the concentration of RNA was measured using the NanoDrop spectrophotometer 
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Figure 1 Body weight and energy intake from baseline to week 12 after operations as well as oral glucose tolerance test and the 
corresponding areas under the curves at baseline, week 4 and week 12 after operations. A: Body weight; B: Energy intake; C: Area under the curve 
of oral glucose tolerance test; D: Oral glucose tolerance test at baseline; E: Oral glucose tolerance test at week 4; F: Oral glucose tolerance test at week 12. aP < 
0.05, salicylhydroxamic acid vs duodenal-jejunal bypass + chenodeoxycholic acid; bP < 0.05, salicylhydroxamic acid vs duodenal-jejunal bypass. SHAM: 
Salicylhydroxamic acid; DJB: Duodenal-jejunal bypass; CDCA: Chenodeoxycholic acid.

(NanoDrop Technologies, United States). RNA was then reverse transcribed into complementary DNA 
(cDNA) using a ReverTra Ace qPCR RT Kit (TOYOBO, Japan). Amplification of messenger RNA 
(mRNA) was carried out using SYBR Green Real-time PCR Master Mix Kit (TOYOBO, Japan) at a range 
of temperatures in a Roche Lightcycle 2.0 system (Roche, Switzerland). The housekeeping gene gapdh 
was used as an internal reference, and mRNA levels for each target were then calculated by the 2-ΔΔCt 
method. The primers were smpd3 (forward primer: 5’-ACTCGCTCGCAAGGCTCAATAATG-3’, 
reverse primer: 5’-CTGAAGCTGGCTGCACTGATGG-3’), sptlc2 (forward primer: 5’-CGCCTTCCT-
GAAGTGATTGCTCTC-3’, reverse primer: 5’-AGTCTACTACACCACGCCCTGAAG-3’), and gapdh 
(forward primer: 5’-ACCCTGTTGCTGTAGCCATATTC-3’; reverse primer: 5’-ACCCTGTTGCTGTAGC-
CATATTC-3’).

Ceramide detection
Ceramide concentrations peripheral circulation and the portal vein were measured as previously 
described using Ceramide LIPIDOMIX Mass Spec Standard (#330712X-1EA, Avanti, United States) as 
standards[14].

Statistical analysis
Data are mean ± SEM. Area under the curve (AUC) for oral glucose tolerance test (OGTT) was 
calculated by trapezoidal integration. Intergroup comparisons were performed by one-way analysis of 
variance followed by Bonferroni post hoc comparisons. P < 0.05 was considered statistically significant. 
All calculations were performed using SPSS version 25.0.

RESULTS
One rat in SHAM group died of intestinal obstruction. Two rats in DJB group and 2 rats in DJB + CDCA 
group died of anastomotic leak. At the end of the study, the number of rats alive in SHAM, DJB and DJB 
+ CDCA groups were 9, 8 and 8, respectively.

Body weight and energy intake
At baseline, both body weight and energy intake were comparable between three groups. After surgery, 
both body weight and energy intake decreased sharply in all three groups and increased gradually 
thereafter. At week 2-5 postoperatively, body weight of the rats in DJB and DJB + CDCA groups was 
significantly less than that in SHAM group (P < 0.05 all). At week 7-12 postoperatively, body weight of 
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Figure 2 Luminal total and individual bile acid concentrations and ceramide concentrations within the peripheral and portal circulations. 
A: Total amount of luminal bile acids; B: Luminal individual bile acid percentage in the proximal; C: Medium segment within the common limb; D: Distal segment within 
the common limb; E: Ratio of farnesoid X receptor agonist and antagnist within the common limb; F: Peripheral serum ceramides; G: Portal serum ceramides. aP < 
0.05, salicylhydroxamic acid vs duodenal-jejunal bypass + chenodeoxycholic acid; bP < 0.05, salicylhydroxamic acid vs duodenal-jejunal bypass; cP < 0.05, duodenal-
jejunal bypass vs duodenal-jejunal bypass + chenodeoxycholic acid. FXR: Farnesoid X receptor; SHAM: Salicylhydroxamic acid; DJB: Duodenal-jejunal bypass; 
CDCA: Chenodeoxycholic acid; αMCA: α-muricholic acid; UDCA: Ursodeoxycholic acid; LCA: Lithocholic acid; HDCA: Hyocholic acid; TLCA: Taurine-conjugated 
lithocholic acid.

the rats in DJB + CDCA group was significantly less than that in DJB group (P < 0.05 all) (Figure 1A). At 
week 9-12 postoperatively, body weight of the rats in DJB + CDCA group was significantly less than 
that in SHAM group (P < 0.05 all). At week 9-12 postoperatively, energy intake of the rats in DJB + 
CDCA group was significantly less than that in SHAM and DJB groups (P < 0.05 all) (Figure 1B).

OGTT
There was no difference in glucose tolerance between three groups at baseline based on AUCOGTT. At 
week 4 and 12, glucose tolerance was significantly improved with DJB and DJB + CDCA groups 
compared to SHAM group based on AUCOGTT (P < 0.05 each). There was no difference between DJB and 
DJB + CDCA groups, or between week 4 and week 12 within each group (Figures 1C-F).

Luminal bile acids
Total luminal bile acid concentrations were significantly less with SHAM group compared to both DJB 
and DJB + CDCA groups in either proximal, medium or distal segment in the common limb (P < 0.05 
all). In the distal segment, luminal total bile acid concentrations were significantly greater with DJB + 
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CDCA group than DJB group (P < 0.05), while this difference was not significant in the proximal or 
medium segment (Figure 2A).

In the proximal segment (Figure 2B), CA accounted for over 20% of the total luminal bile acids in all 
three groups, and was significantly greater with SHAM group than DJB and DJB + CDCA groups (P < 
0.05). The percentages of α-muricholic acid (αMCA), βMCA, deoxycholic acid, CDCA, lithocholic acid 
(LCA), hyocholic acid (HDCA), and taurine-conjugated LCA (TLCA) were comparable between all three 
groups. The percentage of UDCA was less with DJB + CDCA group compared to SHAM and DJB 
groups (P < 0.05). The percentages of taurine-conjugated forms of αMCA, βMCA, CA, DCA, CDCA and 
UDCA were all greater with DJB and DJB + CDCA groups compared to SHAM group (P < 0.05). The 
percentage of TCDCA was greater with DJB + CDCA group than DJB group (P < 0.05).

In the medium segment (Figure 2C), the difference in TαMCA and TDCA between three groups was 
no longer significant compared to the proximal segment. The percentage of TβMCA increased to more 
than 5% in DJB and DJB + CDCA groups which was significantly greater than SHAM group (P < 0.05). 
The percentage of TCDCA was comparable between SHAM and DJB groups, which was significantly 
less than DJB + CDCA group (P < 0.05).

In the distal segment (Figure 2D), the percentage of TβMCA, TCA and TUDCA was significantly 
greater with DJB and DJB + CDCA groups compared to SHAM group (P < 0.05), without any difference 
between the former two groups. The percentage of CA was significantly less with DJB and DJB + CDCA 
groups compared to SHAM group (P < 0.05). There was no difference in the percentage of UDCA 
between three groups. The percentage of other individual bile acids was comparable to that in the 
medium segment. The ratio of FXR agonists (including CA, TCA, DCA, TDCA, CDCA, TCDCA, LCA, 
and TLCA) and antagonists (including αMCA, TαMCA, βMCA, TβMCA, UDCA, TUDCA and HDCA) 
in DJB and DJB + CDCA groups was decreased compared to SHAM group in either proximal, medium 
or distal segment (P < 0.05). No difference was observed between DJB group and DJB + CDCA group 
(Figure 2E).

Ceramides
At week 12, in the peripheral circulation, serum C16:0 ceramide concentrations were lower with DJB 
and DJB + CDCA groups compared to SHAM group (P < 0.05); no difference in C18:0, C24:0 or C24:1 
ceramides between three groups (Figure 2F). In the portal vein, serum C16:0, C24:0 and C24:1 ceramide 
concentrations were lower with DJB group compared to SHAM group (P < 0.05); there was no 
difference in either ceramide species between DJB and DJB + CDCA groups or between DJB + CDCA 
and SHAM groups (Figure 2G).

Expression of Smpd3 and Sptlc2
At week 12, the expression of Smpd3 and Sptlc2 were lower with DJB and DJB + CDCA groups than 
SHAM group at both protein and mRNA levels (P < 0.05). Compared to DJB + CDCA group, the 
expression of Smpd3 and Sptlc2 with DJB group were even lower at both protein and mRNA levels (P < 
0.05) (Figures 3A, 3B and 3C).

DISCUSSION
In the present study, we performed SHAM, DJB and DJB + CDCA procedures in a HFD/STZ induced 
diabetic rat model, and for the first time, demonstrated the changes of luminal individual bile acids in 
the distal small intestine. We also found that the subsequent changes of the bile acids within the distal 
common limb after DJB elicited inhibitory effect on regional ceramide synthesis and this phenomenon 
could be partially antagonized by luminal supplementation of FXR activating bile acid CDCA.

DJB was initially designed to investigate the weight loss independent mechanisms of bariatric 
surgery[3]. This procedure has no effect on weight loss but could induce fast and sustainable 
amelioration of type 2 diabetes[4]. Consistent with other bariatric procedures[15,16], serum bile acid 
concentrations were also increased following DJB, and this phenomenon is clearly related to 
reconstruction of the gastrointestinal tract[5]. Via the biliopancreatic limb, bile acids contact the distal 
small intestine, where luminal bile acid reabsorption mainly occurs, more rapidly and lead to early and 
increased reabsorption of luminal bile acids in the small intestine. A recent study has proved that in the 
biliopancreatic limb, increased reabsorption of luminal bile acids has already commenced as a result of 
highly concentrated bile acids as well as lack of lipids[17]. While in the alimentary limb, only trace 
amount of luminal bile acids could be detected[4]. Decreased luminal bile acids lead to marked luminal 
sodium insufficiency, and hence, intestinal uptake of glucose in the alimentary limb is significantly 
decreased[18], which represents another mechanism in controlling postprandial glucose excursion. The 
common limb is where food and bile mix up and the major place for intestinal FXR expression. 
Therefore, we concentrated on bile acid milieu within the common limb rather than the biliopancreatic 
or alimentary limb because the common limb is the place mostly close to physiological conditions.

To our knowledge, the present study is the first study reporting luminal bile acid changes after DJB. 
Most clinical and animal studies concentrated on serum or fecal bile acids, as the intestinal lumen is 
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Figure 3 Expression of ceramide synthesis-related enzyme sphingomyelin phosphodiesterase 3 and serine palmitoyltransferase long 
chain base subunit 2 at protein and mRNA levels. A: Expression of sphingomyelin phosphodiesterase 3 (Smpd3), serine palmitoyltransferase long chain 
base subunit 2 (Sptlc2) and GAPDH; B: Expression of Smpd3, Sptlc2 at protein; C: Expression of Smpd3, Sptlc2 mRNA levels. aP < 0.05, salicylhydroxamic acid vs 
duodenal-jejunal bypass + chenodeoxycholic acid; bP < 0.05, salicylhydroxamic acid vs duodenal-jejunal bypass; cP < 0.05, duodenal-jejunal bypass vs duodenal-
jejunal bypass + chenodeoxycholic acid. SHAM: Salicylhydroxamic acid; DJB: Duodenal-jejunal bypass; CDCA: Chenodeoxycholic acid; Smpd3: Sphingomyelin 
phosphodiesterase 3; Sptlc2: Serine palmitoyltransferase long chain base subunit 2.

deep inside and in vivo study of luminal contents, particularly in the small intestine, is technically 
difficult and ethically challenging. Consistent with our previous findings of serum bile acid changes 
after DJB, the total amount of luminal bile acids and the proportion of FXR-inhibitory bile acids were 
both increased. These specific changes have at least two clinical relevance. First, concentrated luminal 
bile acids stimulate TRG5 on the surface of enteroendocrine cells and leads to potentiated GLP-1 
secretion[4]; second, increased proportion of FXR-inhibitory bile acids has inhibited expression of FXR 
downstream pathways and reduced biosynthesis of intestinal-derived ceramides[12]. Compared to 
TGR5, FXR appears to be a more important and complicated receptor in metabolic regulation; in the 
absence of FXR, the ability of bariatric surgery to reduce body weight and improve glucose tolerance is 
substantially reduced while these metabolic benefits are largely preserved when TGR5 is deficient[19-
20]. Whole body FXR knock-out mice were associated with elevated serum triglycerides, cholesterols, 
free fatty acids and severe liver fat accumulation, but were protected from diet- or genetically- induced 
obesity[21]. In contrast, liver-specific FXR knock-out mice were not protected from diet-induced obesity 
and insulin resistance[22], suggesting the distinct role of hepatic and intestinal FXR activation in 
improving glucose tolerance and insulin resistance. In the small intestine, the role of FXR is contro-
versial. After bariatric surgery, increased serum fibroblast growth factor 19 (FGF19) concentrations have 
been thought to play a role in the remission of human diabetes[15]. And intestinal FXR activation by 
luminal bile acids has been thought as a major source of increased serum FGF19. However, no direct 
evidence was available to confirm the state of intestinal FXR activation, and other tissues may also be 
sources of FGF19. In contrast, more studies support that intestinal FXR activation would damage 
metabolic homeostasis by reducing energy expenditure and impairing glucose tolerance[12,14,23]. To 
investigate the direct influence of bile acids on intestinal FXR, bile diversion procedure was reported by 
three separate studies[4,24,25], including one from our group[4]. Surprisingly, all three studies showed 
activated intestinal FXR in response to direct bile acid stimulation. However, in contrast, in DJB, the 
effect of bile acids on intestinal FXR within the common limb was inhibitory. The discrepancy suggests 
the biliopancreatic limb may have altered the luminal bile acid composition by premature bile acid 
reabsorption.



Cheng ZQ et al. DJB and intestinal bile acids

WJG https://www.wjgnet.com 4335 August 21, 2022 Volume 28 Issue 31

Consistent with our hypothesis, both ceramides in the portal vein and in the peripheral circulation 
were decreased in response to increased proportion of luminal FXR-inhibitory bile acids. Ceramides are 
signaling molecules and are associated with obesity and insulin resistance at high concentrations[26]. 
Decreased ceramides inhibits the expression of SREBP-1 in the liver and alleviates hepatic fat accumu-
lation, thus increasing hepatic insulin sensitivity[12]. Our previous study found that DJB suppressed 
hepatic de novo lipogenesis and alleviates liver fat accumulation by inhibiting SREBP-1. However, the 
mechanisms underlying were unknown. Based on results from the present study, we have unveiled at 
least one mechanism accounting for alleviated hepatic fat accumulation. Therefore, manipulation of 
luminal bile acid composition towards FXR-inhibitory trend may have metabolic beneficial effects.

The present study has several limitations. First, bile acids are mixture with a variety of individual bile 
acids. As bile acids are mainly conjugated with taurine in rodents[27], we only tested luminal 
unconjugated and taurine-conjugated bile acids. Second, CDCA is not dissolved in water and we used 
CDCA suspension for gavage, which may have compromised CDCA absorption to a certain degree. 
Third, the results from the present study were based on a diabetic rat model and should be interpreted 
with caution due to species gap.

CONCLUSION
In conclusion, DJB significantly changes luminal bile acid composition with increased proportion of 
FXR-inhibitory bile acids and reduce serum ceramide levels. There observations suggest a novel 
mechanism of bile acids in metabolic regulation after DJB.

ARTICLE HIGHLIGHTS
Research background
Bile acids have proved to be signaling molecules in mediating metabolic benefits and circulating bile 
acids were found to be increased following duodenal-jejunal bypass (DJB). However, whether and how 
the bile acids take effect in the amelioration of metabolic disorders after DJB remain unknown.

Research motivation
Circulating bile acids reflect the amount of bile acids within the gut. It has been proved that luminal bile 
acids take effect via Takeda G-protein-coupled receptor 5 and nuclear farnesoid X receptor (FXR). 
However, different subtypes of bile acids have distinct effect on the downstream pathway of FXR and 
hence, a further investigation of luminal bile acids after DJB is of great significance.

Research objectives
To investigate changes and mechanisms of luminal bile acids in mediating metabolic benefits following 
DJB.

Research methods
Salicylhydroxamic acid (SHAM), DJB, and DJB with oral chenodeoxycholic acid (CDCA) supple-
mentation were performed in a high-fat-diet/streptozotocin-induced diabetic rat model. Body weight, 
energy intake, oral glucose tolerance test, luminal bile acids, serum ceramides and intestinal ceramide 
synthesis were analyzed at week 12 postoperatively.

Research results
Compared to SHAM, DJB achieved rapid and durable improvement in glucose tolerance and led to 
increased total luminal bile acid concentrations with preferentially increased proportion of FXR - 
inhibitory bile acids within the common limb. Intestinal ceramide synthesis was repressed with 
decreased serum ceramides, and this phenomenon could be partially antagonized by luminal supple-
mentation of FXR activating bile acid CDCA.

Research conclusions
DJB significantly changes luminal bile acid composition with increased proportion FXR-inhibitory bile 
acids and reduces serum ceramide levels. There observations suggest a novel mechanism of bile acids in 
metabolic regulation after DJB.

Research perspectives
Mechanisms of bile acids in mediating metabolic benefits after bariatric surgery.
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Abstract
BACKGROUND 
The mechanisms underlying diabetes remission after duodenal-jejunal bypass 
(DJB) remain elusive. In DJB surgery, the duodenum is excluded. However, the 
duodenum has emerged as an important regulator of glucose homeostasis, and 
elevated duodenal SIRT1 leads to improved hepatic insulin sensitivity. After DJB, 
bile acids (BAs) in the duodenum are not mixed and diluted by the ingested food. 
And activation of BA receptors promotes SIRT1 expression in many tissues. We 
hypothesized that BA-mediated upregulation of SIRT1 may contribute to diabetic 
control after DJB.

AIM 
To investigate the surgical effects of DJB on duodenal SIRT1 expression and un-
cover the potential crosslinks between BAs and SIRT1.

METHODS 
Twenty diabetic rats were randomly allocated to the sham (n = 10) and DJB (n = 
10) groups. Body weight, food intake, fasting blood glucose (FBG), serum and 
intraduodenal total BA (TBA) levels were measured accordingly. Oral glucose 
tolerance test (OGTT) and intraperitoneal pyruvate tolerance test (ipPTT) were 
performed to evaluate the effects of surgeries on systemic glucose disposal and 
hepatic gluconeogenesis. The key genes of BA signaling pathway in the duodenal 
mucosa, including farnesoid X receptor (FXR), small heterodimer partner (SHP), 
and Takeda G-protein-coupled receptor 5 (TGR5) were evaluated by real-time 
quantitative polymerase chain reaction 8 wk postoperatively. The duodenal 
SIRT1, AMPK, and phosphorylated AMPK (p-AMPK) levels were evaluated by 
western blotting. Rat small intestine epithelial IEC-6 cells were treated with 
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GW4064 and INT-777 to verify the effects of BAs on SIRT1 expression in enterocytes.

RESULTS 
The DJB group exhibited body weight and food intake comparable to those of the sham group at 
all postoperative time points. The FBG level and area under the curve for the OGTT and ipPTT 
were significantly lower in the DJB group. The DJB group exhibited higher fasting and post-
prandial serum TBA levels than the sham group at both 2 and 8 wk postoperatively. At 8 wk after 
surgery, the DJB group showed higher intraluminal TBA concentration, upregulated mRNA 
expression of FXR and SHP, and elevated protein expression of SIRT1 and p-AMPK in the 
descending and horizontal segments of the duodenum. Activation of FXR and TGR5 receptors by 
GW4064 and INT-777 increased the mRNA and protein expression of SIRT1 and promoted the 
phosphorylation of AMPK in IEC-6 cells.

CONCLUSION 
DJB elevates intraduodenal BA levels and activates the duodenal BA signaling pathway, which 
may upregulate duodenal SIRT1 and further contribute to improved glucose homeostasis after 
DJB.

Key Words: Duodenal-jejunal bypass; Diabetes mellitus; Bile acids; Sirtuin 1; Duodenum; High-fat diet

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The intrinsic mechanisms of diabetes remission after duodenal-jejunal bypass (DJB) surgery are 
complicated. Duodenal SIRT1 is a novel therapeutic target for diabetes, and increased duodenal SIRT1 is 
linked to improved hepatic insulin sensitivity and decreased hepatic glucose output. The animal study 
demonstrated that DJB increased intraduodenal bile acid (BA) levels, activated the BA signaling pathway, 
and upregulated SIRT1 expression in the duodenal mucosa. Our cell experiments proved that farnesoid X 
receptor and Takeda G-protein-coupled receptor 5 activation increased SIRT1 expression in rat small 
intestine epithelial cells, indicating that increased intraluminal BAs and activation of BA receptors 
contributed to increased duodenal SIRT1 after DJB.
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bile acids and upregulates duodenal SIRT1 expression in high-fat diet and streptozotocin-induced diabetic rats. 
World J Gastroenterol 2022; 28(31): 4338-4350
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4338.htm
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INTRODUCTION
Diabetes is one of the fastest-growing global health issues. The International Diabetes Federation 
reported that the global prevalence of diabetes in adults was approximately 10.5% in 2021, expected to 
rise to 12.2% in 2045[1]. Bariatric surgery is much more effective and persistent in diabetes control than 
conventional medical therapy[2]. Duodenal-jejunal bypass (DJB) is a well-designed experimental 
procedure investigating the weight-independent anti-diabetic mechanisms of Roux-en-Y gastric bypass 
(RYGB). It can improve glucose homeostasis in both diabetic rats and patients[3-5], however, the 
underlying mechanisms remain unclear. A critical anatomical alteration of DJB is the exclusion of the 
duodenum. In addition, DJB liner, which mimics the duodenal-jejunal exclusion effects of RYGB, also 
improves glucose homeostasis[6]. Duodenal mucosal resurfacing, an endoscopic procedure that 
involves circumferential hydrothermal ablation and subsequent regeneration of the duodenal mucosa, 
elicits dramatic and durable glycemic improvements in patients with type 2 diabetes mellitus (T2DM)
[7]. These findings suggest that the bypassed duodenum may play an important role in diabetic control 
after DJB.

The duodenum was primarily viewed as a digestive organ. However, accumulating evidence 
demonstrates that the duodenum has emerged as a key regulator of metabolic diseases, including 
diabetes[8]. The duodenal mucosa is exposed to various endogenous and exogenous chemical stimuli, 
such as macro- and micronutrients, gastric acid, bile acids (BAs), digestive enzymes, microorganisms, 
and drugs[9,10]. The duodenum is densely innervated by the enteric autonomous nervous system 
(ENS). Through chemical sensors located in the mucosa and ENS, the duodenum detects changes in 
luminal contents and further triggers a gut-brain negative feedback loop to inhibit exogenous nutrient 
intake and endogenous liver nutrient production[10,11]. In healthy rats, short-term intraduodenal 
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intralipid infusion inhibits hepatic glucose production (HGP) via the gut-brain-liver neural axis. 
However, this suppressive effect is negated in insulin-resistant rats[12]. Metformin and resveratrol, two 
well-known anti-diabetic drugs, can activate specific duodenal energy sensors (AMPK and SIRT1, 
respectively) even before being absorbed into the systemic circulation, and further trigger the gut-brain-
liver network to reverse insulin resistance and inhibit HGP[13,14].

SIRT1 is a conserved mammalian nicotinamide adenine dinucleotide (NAD+)-dependent protein 
deacetylase that acts as a key metabolic sensor in various metabolic tissues, including the liver, skeletal 
muscle, adipose tissue, and pancreas. It directly links the cellular metabolic status to the regulation of 
gene expression, thus modulating various cellular processes, such as glucose metabolism, inflammation, 
and stress response[15,16]. SIRT1 is also expressed in the duodenal mucosa, which is significantly 
inhibited in high-fat diet (HFD)-fed insulin-resistant rats. Duodenum-specific knockdown of SIRT1 is 
sufficient to induce hepatic insulin resistance and increase hepatic glucose output in normal chow-fed 
rats[14]. To the best of our knowledge, the anti-diabetic effects of DJB surgery that could be linked to 
duodenal SIRT1 have not been investigated.

DJB hinders the duodenum from contacting the ingested chyme, therefore, the BAs released into the 
duodenum will not be mixed and diluted by food. In addition to their widely known roles in facilitating 
lipid absorption, BAs have recently been recognized as novel endocrine molecules that modulate 
glucose, lipids, and energy metabolism[17,18]. Activation of BA receptors, including the nuclear 
farnesoid X receptor (FXR) and membrane Takeda G-protein-coupled receptor 5 (TGR5), upregulates 
SIRT1 expression in the liver and brain, respectively[19,20]. These findings raise the possibility that DJB 
might upregulate duodenal SIRT1 by increasing intraluminal BAs, which might further contribute to the 
improved glucose homeostasis after DJB. Therefore, this study aimed to investigate the impact of DJB on 
duodenal BA signaling and SIRT1 expression in HFD and streptozotocin (STZ)-induced diabetic rats, 
and further explore the roles of BAs in modulating SIRT1 expression.

MATERIALS AND METHODS
Animals
Eight-week-old male Wistar rats were purchased from the Laboratory Animal Center of Shandong 
University (Jinan, China) and individually housed in ventilated cages in a controlled environment (12 h 
light/dark cycle, 24 ± 2 °C, humidity 50%-60%). The rats had ad libitum access to rodent chow and water. 
The diabetic rat model was established by HFD (40% fat, Huafukang Biotech, China) feeding for 4 wk to 
induce insulin resistance, followed by subsequent intraperitoneal injection of low-dose STZ (35 mg/kg, 
Sigma, United States) to induce mild insulin deficiency and hyperglycemia. After 72 h of STZ adminis-
tration, 20 diabetic rats with random blood glucose ≥ 16.7 mmol/L were selected and randomly 
allocated to the sham (n = 10) and DJB (n = 10) groups. All animal protocols were approved by the 
Ethics Committee on Experimental Animals of Cheeloo College of Medicine, Shandong University.

Surgical procedures
The rats were deprived of solid food but were given free access to water and 10% enteral nutrition 
powder (Ensure, Abbott Laboratories B.V., Netherlands) two days preoperatively. Complete fasting was 
initiated 12 h preoperatively. All operations were conducted under anesthesia with 10% chloral hydrate 
(3 mL/kg). DJB and sham surgeries were performed as previously described[21].

DJB: First, a midline incision was made in the upper abdomen and the duodenum was then transected 1 
cm distal to the pylorus and the stump was sealed. Next, the jejunum was transected approximately 10 
cm distal to the ligament of Treitz, and the distal limb of the jejunum was anastomosed to the proximal 
duodenum in an end-to-end manner. Finally, the biliopancreatic limb was anastomosed to the jejunum 
15 cm distal to the duodenojejunal anastomosis in a Roux-en-Y manner.

Sham: Sham surgery was performed via an incision comparable to that of the DJB group. The intestines 
were transected at the same sites where enterotomies were performed in DJB, and re-anastomosis was 
made in situ. The operation time was prolonged equally to that of the DJB group to achieve similar 
surgical and anesthetic stress.

The rats were only given access to water during the first 24 h postoperatively, followed by 10% 
enteral nutrition powder for three days, and thereafter a standard rodent chow until the end of this 
study. Body weight and food intake were recorded preoperatively and once a week postoperatively. 
Fasting blood glucose (FBG) levels were measured at baseline and at 1, 2, 4, 6, and 8 wk postoperatively.

Oral glucose tolerance test
Oral glucose tolerance test (OGTT) was performed 2 and 8 wk postoperatively. The rats were 
administered with 20% glucose (1 g/kg body weight) by oral gavage after overnight fasting. Blood 
samples were collected from the tail vein at baseline and at 15, 30, 60, 120, and 180 min after glucose 
administration to measure blood glucose levels. The area under the curve for the OGTT (AUCOGTT) was 
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calculated by trapezoidal integration.

Intraperitoneal pyruvate tolerance test
The intraperitoneal pyruvate tolerance test (ipPTT) was conducted 2 and 8 wk postoperatively to 
evaluate hepatic gluconeogenic capacity and hepatic insulin resistance. After 12 h of fasting, 10% 
pyruvate solution (1 g/kg body weight) was administered intraperitoneally into conscious rats. Blood 
glucose levels were monitored at baseline and at 15, 30, 60, and 120 min after injection. The AUC for 
ipPTT (AUCipPTT) was calculated using trapezoidal integration.

Systemic and duodenal BAs parameters
Fasting and postprandial systemic total BAs (TBAs) were measured 2 and 8 wk postoperatively. The 
rats were fasted for 12 h and then administered with 10% Ensure (10 mL/kg body weight) via 
intragastric gavage. Blood samples were collected from the retrobulbar venous plexus into chilled SST 
tubes at baseline and 60 min after gavage to measure the systemic TBAs.

Eight weeks after the surgery, the rats were euthanized immediately after blood collection. Intestine 
segments of 0.5 cm length were excised from the descending and horizontal duodenum separately 
without rinsing. TBAs in the duodenum lumen were extracted by mixing the duodenal segments with 1 
mL of 50% tert-butyl alcohol for 1 h at 37 °C. After centrifugation, the supernatant was collected and 
stored at -80 °C until analysis. BAs were measured with an automatic biochemistry analyzer (Roche 
Cobas 8000 system) using an enzyme cycling method.

Cell culture
Rat small intestine epithelial IEC-6 cells were purchased from Fuheng Biology (Shanghai, China), and 
cultured in Dulbecco’s Modified Eagle Medium (Gibco, CA, United States) supplemented with 10% fetal 
bovine serum (Gibco, CA, United States), and maintained under standard culture conditions (in 
incubators at 37 °C in a 5% CO2/95% air atmosphere). To investigate the effects of FXR and TGR5 
activation on SIRT1, AMPK, and phosphorylated AMPK (p-AMPK) expression, IEC-6 cells were treated 
with GW4064 (5 μM, 24 h) and INT-777 (10 μM, 1 h) respectively, and the control groups were treated 
with an equal volume of dimethyl sulfoxide. At the end of the study, cells were harvested for protein 
and gene expression analyses.

Real-time quantitative polymerase chain reaction
Total mRNA of the duodenal mucosa and IEC-6 cells were extracted using TRIzol Reagent (Cwbio, 
China). The total mRNA was then reverse-transcribed into cDNA using a HiFiScript cDNA Synthesis 
Kit (Cwbio, China) according to the manufacturer’s instructions. The cDNA was subjected to real-time 
quantitative polymerase chain reaction (RT-qPCR) quantitation with UltraSYBR Mixture (Cwbio, China) 
on a RT-qPCR system (Hehui biotech, China). GAPDH was used as an internal control. Primers used in 
this study are listed in Table 1.

Enzyme-linked immunosorbent assay
The duodenal mucosa was immediately flash-frozen in liquid nitrogen after the rats were euthanized. 
The cyclic adenosine 3’, 5’-monophosphate (cAMP) concentration in the duodenal mucosa was 
measured using an enzyme-linked immunosorbent assay kit according to the manufacturer’s 
instructions (Sigma-Aldrich, United States).

Western blotting
Total proteins of the duodenal mucosa and IEC-6 cells were extracted with RIPA lysis buffer (Beyotime, 
China) and analyzed using a BCA protein assay kit (Beyotime, China). The primary antibodies used in 
western blotting were SIRT1 (Cell Signaling Technology, United States), AMPK (Cell Signaling 
Technology, United States), p-AMPK (Cell Signaling Technology, United States), and GAPDH 
(Proteintech, China). The protein bands were visualized using ECL solution (Millipore, United States), 
and band densitometry was assessed with ImageJ software.

Statistical analysis
Quantitative data were expressed as mean ± SD. The intergroups differences were evaluated by the 
Student’s t-test except for blood glucose levels in the OGTT and ipPTT studies, which were analyzed by 
two-way repeated measures ANOVA (mixed model ANOVA) followed by Bonferroni’s multiple 
comparison test. All analyses were performed using SPSS (Version 26). The criterion for statistical 
significance was set at P < 0.05.
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Table 1 Primer sequence

Gene Forward (5’-3’) Reverse (5’-3’)

SIRT1 GGGAACCTCTGCCTCATCTACAT CGCCACCTAACCTATGACACAA

AMPK GAAGATCGGACACTACGTGCT ACTGCCACTTTATGGCCTGTC

FXR CATTACAACGCGCTCACCTG CCCATCTCTCTGCACTTCCT

TGR5 TACTCACAGGGTTGGCACTG CAAAAGTTGGGGGCCAAGTG

SHP TCCGGTCCCCAGCATACTTA GAAAGACTCCAGGCAGTGCT

GAPDH GATTTGGCCGTATCGGAC GAAGACGCCAGTAGACTC

FXR: Farnesoid X receptor; SHP: Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5.

RESULTS
Effects of DJB on body weight and food intake
Body weight and food intake were comparable between the two groups before operation. Due to 
surgical stress, unrestored gastrointestinal function, and decreased food intake, the body weight of both 
groups fell to a minimum point in the first week after surgery. As food intake increased, the body 
weight of both groups gradually recovered to preoperative levels approximately 4 wk after operation. 
As a nonrestrictive surgery, the DJB group exhibited similar body weight and food intake as the sham 
group at all measured time points postoperatively (Figures 1A and B).

DJB rapidly improved glucose homeostasis in diabetic rats
There were no significant differences in FBG levels between the two groups preoperatively. The FBG of 
the DJB group rapidly and significantly declined as early as one week postoperatively and was 
maintained at a relatively stable level. While the FBG of the sham group was not alleviated after 
operation and showed a tendency to deteriorate over time. Compared to the sham group, the DJB group 
exhibited lower FBG at all postoperative time points (Figure 1C).

Consistent with rapidly reduced FBG, the DJB group showed significantly lower blood glucose 
excursion and AUCOGTT during the OGTT studies at 2 and 8 wk postoperatively (Figures 1D-F), 
indicating improved glucose tolerance and increased systemic glucose disposal after DJB. To evaluate 
the impact of DJB on hepatic gluconeogenic capacity, ipPTT was conducted at 2 and 8 wk postoper-
atively. As shown in Figures 1G-I, the DJB group exhibited reduced glucose excursion and AUCipPTT in 
response to intraperitoneal pyruvate challenge, implying that DJB improved hepatic insulin sensitivity 
and decreased hepatic glucose output in diabetic rats early after surgery.

DJB increased systemic and intraduodenal TBAs, and activated duodenal BA signaling
Compared with the sham group, the DJB-operated rats exhibited elevated fasting and postprandial 
serum TBAs at 2 and 8 wk postoperatively (Figure 2A). Altered food and digestive juice flow in the 
gastrointestinal tract also affected luminal TBAs after DJB. As shown in Figure 2B, the DJB group 
displayed elevated intraluminal TBAs in both the descending and horizontal duodenum 8 wk postoper-
atively.

To determine the effects of increased intraduodenal TBAs on duodenal BA signaling, the mRNA 
levels of FXR, TGR5, and small heterodimer partner (SHP) in the duodenal mucosa were evaluated by 
RT-qPCR eight weeks after surgery. The mRNA expression of FXR and its target gene SHP were concur-
rently increased in the duodenal mucosa of the DJB group (Figures 2C and D), indicating that the BAs-
FXR-SHP pathway was activated. As a membrane bound receptor, TGR5 activation leads to cAMP 
accumulation in cells. Although DJB did not enhance TGR5 gene expression in the duodenal mucosa 
(Figures 2C and D), it increased the cAMP content in the horizontal duodenum (Figure 2E). cAMP also 
tended to increase in the descending duodenum of the DJB group despite no statistical significance 
(Figure 2E). These results suggest that the duodenal TGR5 receptor may also be activated after DJB.

DJB increased SIRT1 expression and promoted phosphorylation of AMPK in the duodenal mucosa
The ipPTT studies suggested that hepatic gluconeogenesis was reduced after DJB. Elevated duodenal 
SIRT1 and p-AMPK are associated with suppressed hepatic glucose output via the gut-brain-liver neural 
loop[13,14]. Therefore, to elucidate the underlying mechanism of improved hepatic insulin sensitivity 
and glucose homeostasis after DJB, duodenal SIRT1 and p-AMPK expression were investigated by 
western blotting eight weeks after surgery. As shown in Figure 3, DJB increased SIRT1 expression and 
promoted phosphorylation of AMPK in both the descending and horizontal parts of the duodenum.
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Figure 1 Effects of duodenal-jejunal bypass on metabolic parameters. A: Body weight of rats; B: Food intake of rats; C: Fasting blood glucose of rats; 
D: Oral glucose tolerance test (OGTT) at 2 wk after operation; E: OGTT at 8 wk after operation; F: Area under the curve (AUC) of OGTT at 2 and 8 wk after operation; 
G: Intraperitoneal pyruvate tolerance test (ipPTT) at 2 wk after operation; H: ipPTT at 8 wk after operation; I: AUCipPTT at 2 and 8 wk after operation. cP < 0.001 
duodenal-jejunal bypass (DJB) vs sham group by the Student’s t-test or post-hoc Bonferroni’s multiple comparison test. dP < 0.001, DJB vs sham group by mixed 
model ANOVA. AUCOGTT: Area under the curve of oral glucose tolerance test; AUCipPTT: Area under the curve of intraperitoneal pyruvate tolerance test; OGTT: Oral 
glucose tolerance test; ipPTT: Intraperitoneal pyruvate tolerance test; DJB: Duodenal-jejunal bypass.

FXR and TGR5 activation increased SIRT1 expression and promoted phosphorylation of AMPK in 
IEC-6 cells
To verify whether increased SIRT1 and p-AMPK could be attributed to activated BA signaling in the 
duodenal mucosa, we treated rat small intestine epithelial IEC-6 cells with FXR and TGR5 agonists, 
respectively. Upon FXR activation by GW4064, the mRNA expression of FXR, SHP, and SIRT1 were all 
dramatically upregulated in IEC-6 cells (Figure 4A). Although INT-777 stimulation did not induce TGR5 
transcription, it promoted the mRNA expression of SIRT1 (Figure 4B). In line with the increased mRNA 
expression, the protein levels of SIRT1 were also significantly elevated upon the activation of both BAs 
receptors (Figures 4C, D, F and G). Although FXR and TGR5 agonists did not increase the gene and 
protein expression of AMPK, they both promoted AMPK phosphorylation in IEC-6 cells (Figures 4C, E, 
F and H). These results indicate that the activated BA signaling pathway contributes to the upregulation 
of SIRT1 and the phosphorylation of AMPK.

DISCUSSION
In this study, we performed DJB and sham surgeries on diabetic rats induced by HFD and STZ, and 
demonstrated that DJB elevated intraduodenal TBAs, activated the BA signaling pathway and 
upregulated SIRT1 expression in the duodenal mucosa. By using specific BA receptor agonists, we 
proved that FXR and TGR5 activation increased SIRT1 expression and promoted phosphorylation of 
AMPK in rat small intestine epithelial cells, indicating that increased intraluminal BAs and activation of 
BA receptors contributed to the increased duodenal SIRT1 after DJB.

SIRT1 is an evolutionarily conserved NAD+-dependent deacetylase that belongs to the Sirtuins 
family (SIRT1-SIRT7)[22]. SIRT1 acts as a key metabolic sensor in the liver, skeletal muscles, adipose 
tissues, pancreatic islets, and other metabolic tissues. It plays an important role in various aging-related 



Han HF et al. Effects of DJB on duodenal SIRT1

WJG https://www.wjgnet.com 4344 August 21, 2022 Volume 28 Issue 31

Figure 2 Duodenal-jejunal bypass increased serum and intraduodenal total bile acids and activated bile acids signaling in the duodenal 
mucosa. A: Fasting and postprandial serum total bile acids (TBAs) at 2 and 8 wk after operation; B: Intraluminal TBAs in the descending and horizontal duodenum 
at 8 wk after operation; C and D: Expression of key genes involved in BA signaling pathway in the mucosa of descending and horizontal duodenum; E: Cyclic 
adenosine 3’,5’-monophosphate concentration in the duodenal mucosa. aP < 0.05, bP < 0.01, cP < 0.001 duodenal-jejunal bypass vs sham group. DJB: Duodenal-
jejunal bypass; TBAs: Total bile acids; FXR: Farnesoid X receptor; SHP: Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5; cAMP: Cyclic 
adenosine 3’,5’-monophosphate.

diseases, including insulin resistance, diabetes, obesity, hepatic steatosis, and cardiovascular diseases
[22,23]. Liver-specific deletion of SIRT1 impairs hepatic and systemic insulin sensitivity in mice[24]. 
Muscular SIRT1 levels are decreased in patients with T2DM and HFD-induced insulin-resistant rats, 
and overexpression of SIRT1 in skeletal muscle improves muscular insulin sensitivity[25,26]. Adipose 
tissue-specific ablation of SIRT1 results in increased fat deposition, impaired glucose tolerance and 
insulin sensitivity in mice[27]. SIRT1 activation protects the function and morphology of residual 
pancreatic β-cells and induces β-cell regeneration from progenitor cells, thus improving glucose 
homeostasis[28].

Sleeve gastrectomy (SG) upregulates hepatic SIRT1 and dramatically ameliorates hepatic steatosis in 
HFD-fed obese mice[29]. RYGB activates the AMPK/SIRT1/PGC-1α pathway in the skeletal muscle of 
diabetic Zucker fatty rats, which contributes to diabetes remission[30]. Laparoscopic bariatric surgery 
increases SIRT1 levels in the peripheral blood of patients with obesity and T2DM, which is higher in the 
effective than in the ineffective group[31]. The effects of bariatric surgeries on duodenal SIRT1 
expression have not been investigated previously. Duodenal SIRT1 is a novel therapeutic target for 
insulin resistance and diabetes. HFD-fed insulin-resistant rats exhibit significantly downregulated SIRT1 
in the duodenal mucosa, and duodenum-specific knockdown of SIRT1 is sufficient to induce hepatic 
insulin resistance in normal chow-fed rats[14]. Our study is the first to demonstrate that DJB promotes 
SIRT1 expression in the duodenal mucosa. As duodenal SIRT1 activation further inhibits HGP and 
improves hepatic insulin sensitivity by triggering the gut-hypothalamus-liver neural network[14], we 
postulate that increased duodenal SIRT1 at least partly accounts for the improved hepatic insulin 
resistance and glucose homeostasis after DJB.

As an indispensable energy sensor, SIRT1 expression is closely related to energy status and environ-
mental stress[32]. The SIRT1 transcription is usually activated during fasting, which transforms the 
metabolic status from gluconeogenesis to fat mobilization and fatty acid oxidation[32]. Chen et al[33] 
demonstrated that calorie restriction (CR) increased both pancreatic and hepatic SIRT1 expression in 
rats. Additionally, Civitarese et al[34] reported that CR for 6 mo promoted muscular SIRT1 expression in 
healthy overweight individuals. In mammalian cells, acute nutrient deprivation increases SIRT1 
transcription by activating the Forkhead transcription factor Foxo3a[35]. Although food intake is not 
reduced after DJB, the duodenum is hindered from contact with ingested food, which might result in a 
duodenum-specific CR status, thus further inducing duodenal SIRT1 expression. Furthermore, gastric 
acids are not expelled into the duodenum after DJB, which increases the pH of duodenal content. The 
deacetylation activity of SIRT1 is pH-dependent, and higher pH attenuates the inhibition of SIRT1 by 
nicotinamide[36].
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Figure 3 Duodenal-jejunal bypass increased SIRT1 expression and promoted phosphorylation of AMPK in the duodenal mucosa. A: 
Western blot images of SIRT1, phosphorylated AMPK (p-AMPK), and total AMPK (t-AMPK) in the descending duodenum; B and C: The relative intensity of SIRT1 
and p-AMPK/t-AMPK in the descending duodenum; D: Western blot images of SIRT1, p-AMPK, and t-AMPK in the horizontal duodenum; E and F: The relative 
intensity of SIRT1 and p-AMPK/t-AMPK in the horizontal duodenum. aP < 0.05, bP < 0.01, cP < 0.001 duodenal-jejunal bypass vs sham group. p-AMPK: 
Phosphorylated AMPK; t-AMPK: Total AMPK; DJB: Duodenal-jejunal bypass.

Increased intraduodenal BAs might be another key contributor to elevated duodenal SIRT1 after DJB. 
It is well documented that circulating BAs are increased after numerous metabolic surgeries, including 
DJB, SG, and RYGB[3,37,38]. By using genetically modified animal models, it has been proven that both 
FXR and TGR5 are required for the metabolic benefits of SG[39,40]. As demonstrated by our study, DJB 
not only elevated serum TBAs, but also significantly increased intraduodenal TBAs. Similarly, Ueno et al
[41] demonstrated that DJB increased conjugated BAs in the bypassed jejunum just distal to the ligament 
of Treitz. Furthermore, we observed higher SHP mRNA and cAMP concentrations in the duodenal 
mucosa of DJB-operated rats, indicating that FXR and TGR5 signaling were activated after DJB. Whether 
causality exists between activated BA signaling and increased SIRT1 in enterocytes has not been invest-
igated.

Numerous studies have suggested that BAs serve as upstream signaling molecules for SIRT1 in 
various tissues. FXR activation upregulates SIRT1 expression by promoting the transcription of SHP and 
repressing the transcription of p53 and miR34a in the livers of normal mice[19]. In diabetic db/db mice, 
TGR5 activation increases both the mRNA and protein levels of SIRT1 in the kidneys[42]. Similarly, 
TGR5 activation upregulates SIRT1 expression in the brains of Sprague Dawley rats[20]. These studies 
suggest that activation of duodenal FXR and/or TGR5 might account for the increased duodenal SIRT1 
after DJB. To verify our hypothesis, we used GW4064 and INT-777 to activate FXR and TGR5 in IEC-6 
cells and showed that both agonists increased SIRT1 expression in enterocytes. We also found that 
GW4064 increased FXR gene expression in IEC-6 cells in accordance with the elevated FXR mRNA in 
the duodenal mucosa after DJB. Similar changes in FXR mRNA were also observed in mouse mesangial 
cells after GW4064 stimulation[43].

In addition, we demonstrated that DJB promoted phosphorylation of AMPK in the duodenal mucosa, 
which might also contribute to improved glucose homeostasis after DJB, as duodenal AMPK activation 
improves hepatic insulin sensitivity and inhibits hepatic glucose output via the gut-hypothalamus-liver 
neural axis[13]. Jiao et al[4] reported that DJB promoted phosphorylation of AMPK in both the liver and 
skeletal muscle, which contributed to the restoration of normoglycemia after surgery. Likewise, SG 
enhances AMPK phosphorylation in both the liver and monocytes[44]. Similarly, RYGB exhibits anti-
diabetic properties via AMPK activation in the liver and Kupffer cells[45]. Actually, as two important 
energy sensors in cells, AMPK and SIRT1 mutually regulate each other, share many common target 
molecules, and have similar effects on diverse processes such as glucose and energy metabolism[46]. 
Our study suggests that activated duodenal AMPK might also be attributed to elevated duodenal BAs 
because both FXR and TGR5 activation promoted phosphorylation of AMPK in IEC-6 cells.

There are some limitations in our study. First, we only investigated changes in TBAs in the 
duodenum after DJB. There are numerous components in the BA pool, and different components may 
exert different metabolic effects. Second, our study did not provide sufficient information on whether 
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Figure 4 Activation of farnesoid X receptor and Takeda G-protein-coupled receptor 5 increased SIRT1 and promoted phosphorylation of 
AMPK in rat small intestine epithelial IEC-6 cells. A and B: Effects of farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor 5 (TGR5) 
activation on SIRT1, AMPK, and key genes involved in BA signaling pathway; C: Western blot images of SIRT1, phosphorylated AMPK (p-AMPK), and total AMPK (t-
AMPK) in IEC-6 cells after FXR activation; D and E: The relative intensity of SIRT1 and p-AMPK/t-AMPK in IEC-6 cells after FXR activation. F: Western blot images of 
SIRT1, p-AMPK, and t-AMPK in IEC-6 cells after TGR5 activation; G and H: The relative intensity of SIRT1 and p-AMPK/t-AMPK in IEC-6 cells after TGR5 activation. 
aP < 0.05, bP < 0.01, cP < 0.001 GW4064 or INT-777 vs control group. p-AMPK: Phosphorylated AMPK; t-AMPK: Total AMPK; FXR: Farnesoid X receptor; SHP: 
Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5.

duodenal SIRT1 is indispensable for DJB-induced diabetic control, therefore, duodenum-specific SIRT1 
loss- and gain-of-function animal models would be necessary for future studies.

CONCLUSION
DJB upregulates SIRT1 expression in the duodenal mucosa, which may partly account for surgery-
induced diabetic control. Increased intraduodenal TBA levels and activated duodenal BA signaling 
pathway may contribute to the upregulation of duodenal SIRT1 after DJB.

ARTICLE HIGHLIGHTS
Research background
Duodenal-jejunal bypass (DJB) induces rapid and significant amelioration of type 2 diabetes mellitus in 
various diabetic rat models, while the mechanisms have not been fully elucidated. Duodenal SIRT1 
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regulates hepatic glucose production and hepatic insulin sensitivity through a gut-brain-liver axis, and 
activation of bile acid (BA) receptors promotes SIRT1 expression in many tissues. This study aimed at 
uncovering the roles of duodenal BAs and SIRT1 in the diabetic control after DJB.

Research motivation
To expand and deepen our understanding on the mechanisms underlying diabetes control after DJB, 
and to provide new ideas and targets for the non-surgical treatment of diabetes in the future.

Research objectives
To investigate the effects of DJB on the duodenal BA signaling pathway and SIRT1 expression in a 
diabetic rat model, and further reveal the roles of BAs in modulating SIRT1 expression in enterocytes.

Research methods
DJB and sham surgeries were performed on rats with diabetes induced by high-fat diet and low-dose 
streptozotocin. The effects of surgeries on metabolic parameters were compared accordingly. The 
intraduodenal BA concentration, the key genes of BA signaling pathway and SIRT1 in the duodenal 
mucosa were evaluated 8 wk postoperatively. Rat small intestine epithelial IEC-6 cells were treated with 
GW4064 and INT-777 to verify the effects of BA receptor activation on SIRT1 expression in enterocytes.

Research results
DJB rapidly and dramatically improved glucose homeostasis in the diabetic rats independently of body 
weight and food intake. DJB increased both systemic and intraduodenal total BAs, activated the BA 
signaling pathway and promoted SIRT1 expression in the duodenum mucosa. Activation of BA 
receptors including farnesoid X receptor and Takeda G-protein-coupled receptor 5 increased the mRNA 
and protein expression of SIRT1 in IEC-6 cells.

Research conclusions
DJB increases intraduodenal BA levels and activates the duodenal BA signaling pathway, which may 
further contribute to the improved hepatic insulin resistance and glucose homeostasis by upregulating 
SIRT1 expression in the duodenal mucosa.

Research perspectives
Our findings provide evidence that BA-mediated upregulation of SIRT1 in the duodenum contributes to 
the diabetic control after DJB. This study also implicates that duodenal BAs and SIRT1 might be 
potential targets for improving hepatic insulin sensitivity and systemic glucose homeostasis, which lays 
the groundwork for developing duodenal BA and SIRT1-specific treatments to alleviate diabetes.
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Abstract
BACKGROUND 
Hepatic alveolar echinococcosis (AE) is most commonly found in retrohepatic 
inferior vena cava (RHIVC). Ex vivo liver resection and autotransplantation 
(ELRA) can better realize the radical resection of end-stage hepatic AE with 
severely compromised hepatocaval confluences, and reconstruction of the affected 
vessels. Currently, there is a scarcity of information regarding RHIVC recon-
struction in ELRA.

AIM 
To propose reasonable RHICV reconstruction strategies for ex vivo liver resection 
and autotransplantation.

METHODS 
We retrospectively summarized the clinical data of 114 patients diagnosed with 
hepatic AE who treated by ELRA in our department. A total of 114 patients were 
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divided into three groups according to the different reconstruction methods of RHIVC: Group A 
with original RHIVC being repaired and reconstructed (n = 64), group B with RHIVC being 
replaced (n = 43), and group C with RHIVC being resected without reconstruction (n = 7). The 
clinical data of patients, including the operation time, anhepatic phase, intraoperative blood loss, 
complications and postoperative hospital stay, were analyzed and the patients were routinely 
followed up. The normally distributed continuous variables were expressed as means ± SD, 
whereas the abnormally distributed ones were expressed as median and analyzed by analysis of 
variance. Survival curve was plotted by the Kaplan-Meier method.

RESULTS 
All patients were routinely followed up for a median duration of 52 (range, 12-125) mo. The 30 d 
mortality rate was 7.0% (8/114) and 7 patients died within 90 d. Among all subjects, the inferior 
vena cava (IVC)-related complication rates were 17.5% (11/63) in group A and 16.3% (7/43) in 
group B. IVC stenosis was found in 12 patients (10.5%), whereas thrombus was formed in 6 
patients (5.3%). Twenty-two patients had grade III or higher complications, with the complication 
rates being 17.2%, 16.3%, and 57.1% in the three groups. The average postoperative hospital stay in 
the three groups was 32.3 ± 19.8, 26.7 ± 18.2, and 51.3 ± 29.4 d (P = 0.03), respectively.

CONCLUSION 
ELRA can be considered a safe and feasible option for end-stage hepatic AE patients with RHIVC 
infiltration. The RHIVC reconstruction methods should be selected appropriately depending on 
the defect degree of AE lesions in IVC lumen. The RHIVC resection without any reconstruction 
method should be considered with caution.

Key Words: Ex vivo liver resection; Alveolar echinococcosis; Inferior vena cava; Vascular reconstruction; 
Liver transplantation; Artificial vessel

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We retrospectively summarized and analyzed the clinical data of 114 patients diagnosed with 
hepatic alveolar echinococcosis (AE) treated by ex vivo liver resection and autotransplantation (ELRA) in 
our department between August 2010 and December 2020. This study is the first and largest cohort to 
specifically compare the different inferior vena cava (IVC) reconstruction methods in ELRA. We present a 
more quantitative IVC reconstruction strategy for end-stage hepatic AE patients with retrohepatic IVC 
infiltration based on the outcomes of this study and our experience.

Citation: Maimaitinijiati Y, AJi T, Jiang TM, Ran B, Shao YM, Zhang RQ, Guo Q, Wang ML, Wen H. Approaches 
to reconstruction of inferior vena cava by ex vivo liver resection and autotransplantation in 114 patients with 
hepatic alveolar echinococcosis. World J Gastroenterol 2022; 28(31): 4351-4362
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4351.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4351

INTRODUCTION
Echinococcosis is an infectious zoonotic parasitic disease[1,2]. Notably, 90% of the global burden of this 
disease occurs in China, and echinococcosis has been a major public health problem in the Northwestern 
area of China[3,4]. Hepatic alveolar echinococcosis (AE) has been considered invasive growth and 
systematic metastasis[5,6], but its insidious onset and slow progression usually contribute to the 
delayed diagnosis. The mortality rate within 10 years after diagnosis is over 90% if the lesion is 
inadequately or not treated[7-9]. To date, radical surgery combined with albendazole treatment has 
been considered the best option for AE patients[10,11]. However, it is difficult to perform radical 
hepatectomy in vivo when AE lesion invades the hepatocaval confluence[12]. Generally, only 35%-40% 
of patients can be treated with conventional radical resection[7]. Fortunately, ex vivo liver resection and 
autotransplantation (ELRA) can better realize the radical resection of end-stage hepatic AE with 
severely compromised outflow tract, and reconstruction of the affected vessels[13].

Retrohepatic inferior vena cava (RHIVC) is often severely invaded by AE lesions, and resection of the 
invaded duct segment often presents a variety of irregular shapes, resulting in different inferior vena 
cava (IVC) reconstruction methods and the complex process. Proper RHIVC reconstruction may 
simplify graft liver implantation, which is a key element to postoperative recovery. To the best of our 
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knowledge, there have been few studies on the reconstruction of IVC in ELRA worldwide[14,15], and no 
clear consensus has been reached on the optimal strategy. This research reported our experience with 
114 hepatic AE patients using different IVC reconstruction methods in ELRA. This is the study with the 
largest sample size to date, which provides a quantitative strategy of IVC reconstruction for end-stage 
hepatic AE patients with RHIVC infiltration.

MATERIALS AND METHODS
Patients
A total of 114 patients with end-stage hepatic AE who received ELRA at the First Affiliated Hospital of 
Xinjiang Medical University between August 2010 and December 2020 were retrospectively analyzed. 
All patients were divided into three groups: Group A was the repaired and reconstructed group (n = 64) 
that sought reconstruction of the original RHIVC by self-suture or vascular patch, group B was the 
RHIVC replacement group (n = 43) that completely replaced the RHIVC with substitute vessels, and 
group C was the RHIVC resection without reconstruction group (n = 7) that excised the invaded RHIVC 
segment without reconstruction (Table 1).

Medical ethical approval
This study was approved by the Ethics Committee of First Affiliated Hospital of Xinjiang Medical 
University and conducted in accordance with the Helsinki Declaration[16]. Written and signed 
informed consent was obtained from all patients or their legal custodians.

Preoperative assessment 
All subjects underwent comprehensive preoperative evaluation, including abdominal computed 
tomography angiography (CTA) and hepatic magnetic resonance imaging, to assess the location of the 
lesion, the extent of vessel and bile duct involvement. For patients whose CTA results suggested RHIVC 
severe stenosis or occlusion, IVC digital subtraction angiography was also performed. The predicted 
autograft liver mass (GLM) was detected by a three-dimensional reconstruction system.

Surgical procedures
More details of the ELRA procedures are reported in our previous study[13]. Here, we focused on the 
reconstruction of IVC. First, we ligated and resected the IVC between the upward side of the confluence 
of three hepatic veins and the site at 1 cm above the confluence of renal vein, and removed it together 
with the liver. Then the RHIVC was reconstructed in vitro individually depending on the defect of 
lumen wall after radical resection of AE lesion. When the defect was less than 120° of the lumen circum-
ference, it was considered that directly suturing the defect of wall did not affect vascular tension or 
patency, and thus self-suture repair was performed. When the defect was more than 120° of the circum-
ference, we repaired the lumen defect with vascular patches such as ligamentum teres hepatis and 
internal jugular veins, because direct suturing might lead to stenosis in this case. Moreover, the RHIVC 
was replaced in patients with extensive defect and being unable to obtain adequate vascular patches. 
The hepatic veins of autograft liver were anastomosed with an alternative vessel. In this case, the 
position and angle of anastomosis were relatively freely controlled, which facilitated the increased 
reflux of hepatic outflow and further improved the recovery of autograft liver function (Figure 1).

Uniquely, for some patients in this study, the preoperative CTA and IVC venography showed that 
the RHIVC segment was completely occluded, and suitably compensated by the collateral branches. 
During the operation, we further verified whether the RHIVC was completely occluded and whether 
the collateral circulation was sufficient. Finally, for the 7 patients, the AE infiltrated segment of IVC was 
resected without any reconstruction, the proximal end of IVC was anastomosed with autogenous 
hepatic vein, and the distal end was closed directly (Figure 1).

Postoperative management and follow-up
After surgery, all patients received systemic anticoagulant therapy. Low-molecular-weight heparin was 
used in the 1st week, and prothrombin time (PT) and international normalized ratio (INR) were closely 
observed. In the 2nd week, oral tablets were substituted, and patients in group A and group C were 
recommended to withdraw these drugs 1 mo later when the PT and INR returned to normal levels. 
Patients in group B, however, needed to continue the medication for a long term and closely observe the 
coagulation index regularly. Each patient was regularly followed up, and serological tests, liver function 
tests and CTA scans were performed every 3-6 mo after discharge. Postoperative complications were 
assessed according to the Clavein-Dindo classification system[17]. All patients were administered with 
albendazole (10 mg/kg/d) routinely for 2 years[18].

Statistical analyses
The statistical software IBM SPSS 22.0 (IBM Corp, Armonk, NY, United States) was used for data 
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Table 1 Clinical data of 114 alveolar echinococcosis patients treated by ex vivo liver resection and autotransplantation

Characteristics Group A, n = 64 Group B, n = 43 Group C, n = 7 Total, n = 114 P value

Sex 0.12

Male 24 21 5 50

Female 40 22 2 64

Age in yr 36.9 ± 12.3 36.9 ± 10.5 30.8 ± 14.1 36.2 ± 11.8 0.29

Hepatitis B (+) 3 3 1 7 0.37

Intervention history 0.84

No 30 27 5 62

Hepatectomy 11 9 1 21

PTCD or ERCP 17 7 1 25

Albendazole history 16 11 0 27 0.31

Extrahepatic lesion 0.44

No 51 30 6 87

Lung 10 9 1 20

Kidney 1 1 1 3

Atrium 0 1 0 1

Brain 4 2 0 6

Bone 0 1 0 1

ERCP: Endoscopic retrograde cholangio-pancreatography; PTCD: Percutaneous transhepatic cholangial drainage.

analysis. The normally distributed continuous variables were expressed as means ± SD, whereas the 
abnormally distributed ones were expressed as medians and analyzed by analysis of variance. Survival 
curve was plotted by the Kaplan–Meier method. P < 0.05 was considered statistically significant.

RESULTS
Patient characteristics
Altogether 114 patients were treated by ELRA, including 50 males (43.9%) and 64 females (56.1%), with 
an average age of 36.2 ± 11.8 (range, 15-64) years. Preoperative PTCD or ERCP was performed in 25 
patients to reduce the bilirubin levels and biliary obstructions. There were 21 patients with a previous 
history of hepatectomy. Albendazole therapy was administered to 27 patients. The average GLM was 
828.3 ± 250.8 g. There were no significant differences in basic clinical data among the three groups (P > 
0.05; Table 1).

Intraoperative outcomes
Intraoperative reassessment confirmed that AE lesions invaded the RHIVC in all patients, and RHIVC 
repair or reconstruction was needed. Among them, the self-suture repairing was performed in 52 
patients with a defective RHIVC lumen less than 120° of circumference after R0 resection. The lumen 
defect was repaired with autologous vascular patches in 12 patients whose defect was 120°-180° of wall 
circumference. Meanwhile, 43 patients had defect exceeding 180° of circumference with extensive range 
and difficulty in reestablishing with autogenous patches. For these cases, the RHIVC was replaced with 
artificial vascular grafts (n = 38) or allogeneic vascular (n = 5). In another 7 patients, preoperative 
imaging examination indicated that the RHIVC segment was occluded and a collateral circulation 
network was formed. During the operation, stable systemic hemodynamics with no obvious intestinal 
congestion was found after the IVC was ligated. Finally, the RHIVC was resected without 
reconstruction (Figure 2). The average operation time was 16.7 ± 2.9 h for group A, 15.5 ± 3.1 h for group 
B, and 16.9 ± 4.1 h for group C (P = 0.56), and the average anhepatic phase was 418.4 ± 108.3, 383.9 ± 
117.0, and 337.4 ± 108.7 min in groups A, B and C (P = 0.41; Table 2).
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Table 2 Intraoperative outcomes for 114 alveolar echinococcosis patients

Group A, n = 64 Group B, n = 43 Group C, n = 7 Total, n = 
114

P 
value

Operative time in h 16.7 ± 2.9 15.5 ± 3.2 16.9 ± 4.2 16.3 ± 3.1 0.56

Anhepatic phase in min 418.4 ± 108.3 383.9 ± 117.0 337.4 ± 108.7 394.0 ± 
114.5

0.41

Blood loss in mL 1100 (400-15000) 1000 (400-8000) 2400 (800-14000) 1000 (400-
15000)

0.07

Blood transfusion in U 5.8 ± 4.3 5.9 ± 3.9 14.8 ± 9.9 6.4 ± 6.2 0.90

Postoperative hospital 
stays in d

32.3 ± 19.8 26.7 ± 18.2 51.3 ± 29.4 36.4 ± 21.7 0.03

GLM in g 783.9 ± 233.5 908.6 ± 262.0 740.0 ± 235.6 828.3 ± 
250.8

0.14

GLM/SLM, % 65.5 ± 18.9 74.1 ± 20.5 64.1 ± 17.8 68.6 ± 19.8 0.25

Materials (n) Self-suture (52); Ligamentum teres hepatis (11); 
Internal jugular vein (1)

Artificial vascular (38); 
Allogeneic vascular (5)

Without 
reconstruction

GLM: Graft liver mass; SLM: Standard liver mass.

Figure 1 Schematic diagrams of retrohepatic inferior vena cava reconstruction methods. A-C: Hepatic alveolar echinococcosis (AE) lesion invades 
the hepatocaval confluence; D: Retrohepatic inferior vena cava (RHIVC) is invaded by the AE lesion (yellow arrow); E: RHIVC is extensive invaded (yellow arrow); F: 
RHIVC completely occluded (yellow arrow), and compensation by the collateral branches (black arrow); G: Self-repairing reconstruction method, showed vascular 
patch repair (red arrow) and self-suture repair (yellow arrow); H: RHIVC replacement method, showed the RHIVC after replacement (red arrow); I: RHIVC resection 
without reconstruction method, showed IVC anastomoses with graft liver hepatic vein (yellow arrow) and adrenal vein (red arrow), the collateral circulation branches 
after operation (black arrow).

Postoperative and follow-up outcomes
All patients were followed up with a median duration of 52 (range, 12-125) mo, except for 1 patient who 
was lost to follow-up at 6 mo after the operation. No intraoperative death occurred. The 30 d mortality 
rate was 7.0% (8/114) and another 7 patients died within 90 d (15/114). Among all subjects, the IVC-
related complication rates were 17.5% (11/63) in group A and 16.3% (7/43) in group B. IVC stenosis was 
found in 12 patients (10.5%), and thrombus was formed in 6 patients (5.3%). Twenty-two patients 
experienced grade III or higher complications according to the Clavin-Dindo classification system, and 
the complication rates were 17.2%, 16.3% and 57.1%, in the three groups (Table 3). The average 
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Table 3 Follow-up outcomes for 114 alveolar echinococcosis patients treated by ex vivo liver resection and autotransplantation

Group A, n = 64 Group B, n = 43 Group C, n = 7 Total

Complications

Clavien-Dindo Grade IIb or lower 27 (42.2%) 19 (44.2%) 3 (42.9%) 49 (43.0%)

Clavien-Dindo Grade IIIa or higher 11 (17.2%) 7 (16.3%) 4 (57.1%) 22 (19.3%)

IVC related complications

IVC thrombosis 1 (1.6%) 5 (11.6%) 0 6 (5.3%)

IVC stenosis 10 (15.6%) 2 (4.7%) 0 12 (10.5%)

Liver related complications

Biliary leakage 9 (14.1%) 7(16.3%) 3 (42.9%) 19 (16.7%)

Budd-chiari syndrome 1(1.6%) 1(2.33%) 0 2 (1.8%)

Hepatic dysfunction 8 (12.5%) 3(7.0%) 1 (14.3%) 12 (10.5%)

Pleural effusion 19 10 0 29

Ascites 8 6 3 17

Renal failure 3 0 0 3

Bone marrow suppression 0 0 1 1

Abdominal infection 2 2 1 5

IVC: Inferior vena cava.

postoperative hospital stay was 32.3 ± 19.8 d for group A, 26.7 ± 18.2 d for group B and 51.3 ± 29.4 d for 
group C (P = 0.03). Obviously, patients in group B obviously required a shorter postoperative hospital 
stay than the other two groups.

Kaplan-Meier survival analysis curve and log-rank test were used to observe the postoperative 
survival for the three groups based on the follow-up results. The survival rates of group A and group B 
were quite close, whereas that of group C was lower, but the differences were not statistically significant 
(P = 0.81). The early periods after surgery, especially in the 1st month, witnessed the high mortality rate 
(Figure 3).

DISCUSSION
Hepatic AE is also known as “parasitic cancer,” which is ascribed to its tumor-like characteristics with 
infiltration of vessels or biliary structures and distant metastasis[19]. The insidious onset and slow 
progression of AE usually contribute to the delayed diagnosis, and hepatic veins and RHIVC are often 
invaded by the time when treatment is sought in more than half of the patients, thus depriving them of 
the opportunity for traditional surgical resection[20,21]. In 1986, the Liver Transplantation Center of 
Bezancon Hospital in France was the first to report allogeneic liver transplantation (ALT) for an end-
stage hepatic AE patient[22]. Since then, more successful clinical cases and treatment experience with 
liver transplantation for end-stage hepatic AE have been reported worldwide[23-26]. However, a 
shortage of donor livers and a significant recurrence rate have limited the further development of ALT 
for hepatic AE[24,27]. In 2010, our center first applied ELRA to manage a patient with end-stage hepatic 
AE[28]. Compared with ALT, this technique requires no graft donor or immunosuppressive treatment, 
and is more affordable[29,30]. In particular, it is more suitable for patients with severe invasion of 
RHIVC and intrahepatic veins whose are unresectable by traditional surgical methods. Notably, the 
corresponding reconstruction of autograft liver RHIVC remains the most challenging step in the ELRA 
procedures, since no uniform fixed pattern is available and individual design is required. To date, very 
few studies have investigated the reconstruction of IVC in ELRA worldwide (Table 4), and no clear 
consensus has been reached on the optimal reconstruction strategy. In this study, we analyzed the 
largest series of end-stage hepatic AE cases with seriously infringed RHIVC who received ELRA 
treatment, and discussed the safety and effectiveness of three different IVC reconstruction methods.

Reconstruction options for the RHIVC are assessed individually from preoperative evaluation and 
intraoperative reassessment of vascular defect. In our center, the repairing and reconstruction method 
was used when the defect in the RHIVC was less than 180° of the lumen circumference after radical 
resection of the lesion. The average operation time and anhepatic phase of this pattern were relatively 
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Table 4 Literature summary of inferior vena cava reconstruction in ex vivo liver resection and autotransplantation

Ref. Number of cases IVC reconstructed Reconstructed type Follow up time in 
mo Effect of reconstruction

Wen et al[28], 2011 1 No - - -

Hwang et al[34], 2012 6 No - - -

Lei et al[15], 2015 1 Yes III 12 Satisfied

Wen et al[29], 2016 15 No - - -

Shen et al[14], 2018 45 Yes I and II 22 Satisfied

Aji et al[13], 2018 69 No - - -

Du et al[37], 2019 8 Yes III 23 Satisfied

Ran et al[32], 2019 1 Yes III - -

Kong et al[38], 2019 2 No - - -

Yang et al[39], 2020 5 Yes III 18 Unsatisfied

Zhang et al[40], 2020 1 Yes II 6 Satisfied

Ran et al[41], 2021 7 Yes III 64 Unsatisfied

Jiang et al[33], 2021 6 Yes I 17.5 Satisfied

IVC: Inferior vena cava. Reconstructed type: I: Retrohepatic inferior vena cava (RHIVC) self-repairing reconstruction; II: RHIVC replacement; III: RHIVC 
resection without reconstruction; -: There is no related description.

Figure 2 Intraoperative procedures. A: The infiltrated retrohepatic inferior vena cava (RHIVC); B: The large defect of RHIVC after radical resection; C: The 
RHIVC with self-suture repairing; D: The original RHIVC anastomoses with hepatic vein; E: The artificial blood vessel anastomoses with graft liver hepatic vein; F: 
The suprahepatic IVC anastomoses with left hepatic vein; G: The autologous RHIVC after reconstruction; H: Artificial RHIVC; I: Anastomotic stoma of suprahepatic 
IVC and hepatic vein.

longer than the other two methods, which was attributed to the diversity and complexity of this 
approach. RHIVC stenosis occurred in 10 patients, but only 1 developed lower limb edema, and the 
symptoms disappeared after balloon dilation. Meanwhile, no clinical symptoms were found in the other 
9 patients. It seemed that IVC stenosis after surgery might be related to the longer cold ischemia time 
and tunica intimal injury during the reconstruction process. In this regard, strict management of the 
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Figure 3 Kaplan-Meier survival analysis curve. 

reconstruction time and shortening the cold ischemia phase as much as possible are the key factors for 
preventing IVC stenosis[31]. Based on previous reports[32,33] and our experience, the ligamentum teres 
hepatis is applied most often as a vascular patch, due to its convenience and strong plasticity. 
Postoperative patency and prognosis of these patients are satisfactory, suggesting that reconstruction 
with autogenous materials may be the optimal choice for RHIVC, although the process is complex and 
demanding.

Generally, replacement of the RHIVC is indicated for patients those with a large defect after resection 
that cannot be repaired by suture or patch. In the present study, 38 patients had the RHIVC replaced 
with artificial vessels, and 5 were treated with the cryopreserved allogeneic vascular donated after 
citizen death (DCD). Due to the shortage of resources, rejection, high preservation requirements and 
time restrictions, DCD vessels are not the first choice for substitute material. In our center, the expanded 
polytetrafluoroethylene artificial vessel (Sokang Corp, Shanghai, China)[34] is generally preferred. 
RHIVC replacement with artificial vascular is not only convenient, but also effectively shortens the 
anhepatic phase and operation time. On the other hand, artificial vessels are associated with potential 
risk, including venous thrombosis, artificial vascular malformation, and distortion or stenosis of 
anastomoses caused by postoperative liver hyperplasia. In our research, thrombosis of artificial vessels 
occurred in 5 patients, among them, 2 died of liver failure due to simultaneous thrombosis of the IVC 
and portal vein. Another 3 patients developed lower limb or scrotal edema, and the symptoms 
recovered after symptomatic treatments, including thrombolysis and anticoagulation. In addition, 
stenosis of anastomoses was found in 2 patients. As there may not be any clinical means for decreasing 
the incidence of graft thrombosis and stenosis apart from anti-coagulation and anti-infective treatment, 
we recommend that replacement of RHIVC with artificial materials should be avoided when it can be 
reestablished with autogenous materials.

Hepatic AE behaves like a slow-growing “warm cancer,” and occlusion and severe stenosis of the 
IVC is a chronic process, which provides sufficient time for the establishment of collateral circulation. 
The obstructed blood flow can induce expansion of lumbar vein plexus, azygos vein and hemiazygos 
vein on both sides of the spine, as well as the formation of a functional collateral circulation network[32] 
Although the extent of vascular invasion is a vital indicator for the choice of reconstruction method, it 
remains controversial whether the IVC should be reconstructed for patients with adequate collateral 
circulation. Blair et al[35] proposed that, for low-grade retroperitoneal sarcoma, resection without 
reconstruction was performed after the establishment of collateral circulation. In addition, Hardwigse et 
al[36] also reported IVC resection without reconstruction in 6 patients with hepatic carcinoma. Unlike 
malignant tumors, the parasite grows relatively slow, which provides enough time for the organism to 
form collateral circulation. Among our subjects, 7 received RHIVC resection without reconstruction, 
since a sufficient collateral path was formed, but the outcomes were unsatisfactory. To be specific, 
postoperative complications occurred in all 7 patients, and their survival rate was only 71.1%. One 
patient died of liver failure on the 14th day after operation, and another one died of multiple organ 
failure caused by severe abdominal infection on the 38th day after operation. There is little previous 
information available concerning resection without reconstruction of the RHIVC in ELRA (Table 4). 
Before this study, Du et al[37] reported 8 patients receiving IVC resection without reconstruction, thus 
supporting this approach from the most reported cases at that time. In their subjects, 1 patient died of 
upper gastrointestinal bleeding, and 3 developed lower extremity or scrotal edema. Comparatively, the 
complication rate and postoperative hospital stay in our study were relatively high, which might be 
related to the immature collateral circulation or pathway destruction by excessive traction of 
diaphragm. It cannot be determined whether these poor outcomes are related to not providing 
reconstruction, and more studies are needed for further elucidation. To be sure, a comprehensive 
preoperative evaluation system and a meticulous intraoperative procedure are essential to the success of 
this method.
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Figure 4 Strategy for retrohepatic inferior vena cava reconstruction in ex vivo liver resection and autotransplantation. CTA: Computed 
tomography angiography; D represents the defect of retrohepatic inferior vena cava lumen after resection; DSA: Digital subtraction angiography; RHIVC: Retrohepatic 
inferior vena cava.

Surgical planning based on a reasonable strategy can improve the success rate of operation and 
reduce related complications. In this study, although adverse outcomes were not entirely avoided, the 
postoperative complications and prognosis were acceptable, showing that our approaches were 
relatively safe and effective on end-stage hepatic AE with infiltrating outflow vessels of the liver. Based 
on the outcome of the present study and our experience, the following strategies are recommended for 
IVC reconstruction in hepatic AE patients treated by ELRA: (1) When the wall defect of the IVC after 
radical resection is less than 120° of the lumen circumference, the self-suture method can be used; (2) If 
the defect is 120°-180° of circumference, repair with autogenous vascular patches is the optimal choice; 
(3) When the defect has exceeded 180° of circumference and is difficult to repair by autologous patches, 
the RHIVC should be replaced. However, the strict anticoagulation therapy must be provided postoper-
atively; and (4) The RHIVC resection without reconstruction approaches are suitable when the IVC is 
completely blocked and the collateral circulation is fully formed (Figure 4). Although this study reports 
a retrospective single-center experience, it is also the largest cohort to specifically compare the different 
IVC reconstruction methods in ELRA, which can serve as a reference for IVC reconstruction in liver 
transplantation.

CONCLUSION
In short, ELRA can be considered a safe and feasible option for the end-stage hepatic AE patients with 
RHIVC infiltration. The RHIVC reconstruction approaches should be selected appropriately according 
to the lumen defect degree after radical resection. It should be emphasized that RHIVC resection 
without reconstruction should be considered with caution, and RHIVC reestablishment may be more 
beneficial for patients with poor compensation. Regrettably, the strategy does not consider the length of 
the wall defect, since it is related to the location, angle, elasticity and tension of the vessel, all of which 
are hard to be quantified without a larger dataset of cases. Therefore, prospective, multicenter studies 
with long-term follow-up are necessary to further evaluate and improve the strategy presented here.

ARTICLE HIGHLIGHTS
Research background
Ex vivo liver resection and auto-transplantation (ELRA) can better realize the radical resection of end-
stage hepatic alveolar echinococcosis (AE) with severely compromised hepatocaval confluences, and the 
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reconstruction of the affected vessels.

Research motivation
There are no clear consensus has been reached on the strategy for retrohepatic inferior vena cava 
(RHIVC) reconstruction in ELRA.

Research objectives
To provide a strategy of RHIVC reconstruction for end-stage hepatic AE patients with hepatocaval 
confluence infiltration.

Research methods
The clinical data of 114 patients, including the operation time, anhepatic phase, intraoperative blood 
loss, complications and postoperative hospital stay, were analyzed and the patients were routinely 
followed up.

Research results
We found a lower survival rate in group C (resection without reconstruction method) than in groups A 
(self-suture repairing method) and B (replacement method). Also, the complications rate was higher in 
group C.

Research conclusions
The RHIVC reconstruction methods should be selected appropriately depending on the defect degree of 
AE lesions in IVC lumen.

Research perspectives
Our strategies can serve as a reference for IVC reconstruction in liver transplantation.
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Abstract
BACKGROUND 
The biological behavior of carcinoma of the esophagogastric junction (CEGJ) is 
different from that of gastric or esophageal cancer. Differentiating squamous cell 
carcinoma of the esophagogastric junction (SCCEG) from adenocarcinoma of the 
esophagogastric junction (AEG) can indicate Siewert stage and whether the 
surgical route for patients with CEGJ is transthoracic or transabdominal, as well 
as aid in determining the extent of lymph node dissection. With the development 
of neoadjuvant therapy, preoperative determination of pathological type can help 
in the selection of neoadjuvant radiotherapy and chemotherapy regimens.

AIM 
To establish and evaluate computed tomography (CT)-based multiscale and 
multiphase radiomics models to distinguish SCCEG and AEG preoperatively.

METHODS 
We retrospectively analyzed the preoperative contrasted-enhanced CT imaging 
data of single-center patients with pathologically confirmed SCCEG (n = 130) and 
AEG (n = 130). The data were divided into either a training (n = 182) or a test 
group (n = 78) at a ratio of 7:3. A total of 1409 radiomics features were separately 
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extracted from two dimensional (2D) or three dimensional (3D) regions of interest in arterial and 
venous phases. Intra-/inter-observer consistency analysis, correlation analysis, univariate analysis, 
least absolute shrinkage and selection operator regression, and backward stepwise logical 
regression were applied for feature selection. Totally, six logistic regression models were 
established based on 2D and 3D multi-phase features. The receiver operating characteristic curve 
analysis, the continuous net reclassification improvement (NRI), and the integrated discrimination 
improvement (IDI) were used for assessing model discrimination performance. Calibration and 
decision curves were used to assess the calibration and clinical usefulness of the model, 
respectively.

RESULTS 
The 2D-venous model (5 features, AUC: 0.849) performed better than 2D-arterial (5 features, AUC: 
0.808). The 2D-arterial-venous combined model could further enhance the performance (AUC: 
0.869). The 3D-venous model (7 features, AUC: 0.877) performed better than 3D-arterial (10 
features, AUC: 0.876). And the 3D-arterial-venous combined model (AUC: 0.904) outperformed 
other single-phase-based models. The venous model showed a positive improvement compared 
with the arterial model (NRI > 0, IDI > 0), and the 3D-venous and combined models showed a 
significant positive improvement compared with the 2D-venous and combined models (P < 0.05). 
Decision curve analysis showed that combined 3D-arterial-venous model and 3D-venous model 
had a higher net clinical benefit within the same threshold probability range in the test group.

CONCLUSION 
The combined arterial-venous CT radiomics model based on 3D segmentation can improve the 
performance in differentiating EGJ squamous cell carcinoma from adenocarcinoma.

Key Words: Esophagogastric junction; Squamous cell carcinoma; Adenocarcinoma; X-ray computed 
tomography; Radiomics

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, multiscale and multiphase computed tomography (CT)-based radiomics models 
were constructed and evaluated to discriminate squamous cell carcinoma and adenocarcinoma of the 
esophagogastric junction (CEGJ) before operation. The results demonstrated that the combination of 
multiphase 3D CT radiomics features could improve the differentiation performance than 2D CT 
radiomics or single-phase-based radiomics. Therefore, radiomics method could help open up a new field 
for noninvasive diagnosis and personalized management of CEGJ.

Citation: Du KP, Huang WP, Liu SY, Chen YJ, Li LM, Liu XN, Han YJ, Zhou Y, Liu CC, Gao JB. Application of 
computed tomography-based radiomics in differential diagnosis of adenocarcinoma and squamous cell carcinoma 
at the esophagogastric junction. World J Gastroenterol 2022; 28(31): 4363-4375
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4363.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4363

INTRODUCTION
Carcinoma of the esophagogastric junction (CEGJ) is defined as a carcinoma whose center is located 
within 5 cm above and below the esophagogastric anatomical junction and crosses the esophagogastric 
junction (EGJ). Due to the short and narrow EGJ site and the up-and-down invasive nature of the CEGJ, 
its biological behavior is different from that of gastric or esophageal cancer[1-3]. The Siewert staging, 
which is widely accepted in academia, classifies CEGJ into types I, II, and III based on the distance 
between the tumor center and the EGJ[4]. Because of the infiltrative growth pattern of the tumor, the 
distance between the tumor center and the EGJ in CEGJ is difficult to measure accurately, and Siewert 
staging is often not easy to determine directly. Squamous cell carcinoma of the esophagogastric junction 
(SCCEG) has different clinicopathological features from adenocarcinoma of the esophagogastric 
junction (AEG). Based on the results from previous research, mediastinal lymph node metastases are 
more likely to occur in SCCEG above the EGJ, whereas metastases from the AEG under the EGJ 
probably appear in the abdomen[5,6]. Differentiating SCCEG from AEG can indicate Siewert stage and 
whether the surgical route for patients with CEGJ is transthoracic or transabdominal, as well as aid in 
determining the extent of lymph node dissection. With the development of neoadjuvant therapy, 
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preoperative determination of pathological type can help in the selection of neoadjuvant radiotherapy 
and chemotherapy regimens.

Clinically, medical imaging plays a supporting role in pathological classification and tumor staging. 
Conventional computed tomography (CT), magnetic resonance imaging, and positron emission 
tomography rely primarily on the visual assessment of the imaging physician and have limitations in 
early identification of the pathological type of CEGJ. Although histological biopsies are commonly used 
in clinical practice, some patients have contraindications or low tolerance, and the biopsy sample is 
limited to the mucosal surface, which may provide an inadequate assessment of the entire tumor status
[7]. Therefore, it is important to explore a reliable, practical, and non-invasive preoperative histological 
staging method for CEGJ, which is clinically important for neoadjuvant radiotherapy, surgical approach 
selection, and lymph node dissection in CEGJ patients. Radiomics technique uses a combined medical-
industrial approach to transform traditional images into digital quantitative features, which has 
potential for digging the potential biological characteristics and heterogeneity of tumor images and has 
been widely and non-invasively used in the diagnosis, differential diagnosis, and disease evaluation[8-
12]. Radiomics technique has also been studied in the differential diagnosis of squamous lung cancer 
and adenocarcinoma[13,14]. However, it is still unclear whether radiomics features extracted from CT 
images would be useful in predicting pathological type in patients with CEGJ.

Both of two-dimensional (2D) cross section or three-dimensional (3D) volume in CT images could be 
delineated for radiomics feature extraction. The reported radiomics-based gastric cancer studies have 
either utilized 2D or 3D segmentation[12,15]. However, it remains unclear whether to apply 2D or 3D 
regions of interest (ROIs) for pathological typing. The selection of 2D or 3D ROIs for outlining can 
influence radiomics feature values, feature stability, feature screening, and discriminative model 
performance[16-18]. And the controversy still exists for the performance of diagnosis or prognosis 
between 2D and 3D radiomics in tumor[16-18].

Therefore, in the current study, we aimed to construct and evaluate the multiscale and multiphase 
CT-based radiomics to discriminate SCCEG and AEG. The developed CT-based models might provide 
assistance in the personalized and precise treatment of clinical CEGJ patients, especially in the selection 
of surgical approach and determination of the extent of lymph node dissection.

MATERIALS AND METHODS
Patient selection
With institutional review board approval (ethical approval number: 2021-ky-1070-002) and waiver of the 
written informed consent, we retrospectively collected patients with SCCEG confirmed by gastroscopy 
and surgical pathology at the First Affiliated Hospital of Zhengzhou University from January 2010 to 
June 2021. The patient enrollment criteria included: (1) CT-enhanced abdominal examination within 30 
d before surgery; (2) Complete clinicopathological data available; (3) The lesion covers at least 3 slices on 
CT cross section, and the maximum plane diameter is not less than 2 cm; and (4) No neoadjuvant 
chemoradiotherapy prior to CT examination. The exclusion criteria included: (1) Patient's history of 
other malignant tumors in combination; (2) Poor CT image quality or lack of raw DICOM data; and (3) 
Combined heart, lung, and other important organ dysfunction which could not allow CT examination to 
be performed. Finally, 130 patients with SCCEG were included, including 87 males and 43 females, aged 
38-89 (65.72 ± 8.84) years, with a disease duration of 5 d to 4 years and main symptoms of dysphagia, 
obstructive sensation of eating, and abdominal pain. Another 130 patients with AEG who were matched 
with the SCCEG patients were also recruited, including 93 males and 37 females, aged 31-83 (62.95 ± 
9.91) years.

CT image acquisition
Informed consent forms were signed before all patients underwent contrast-enhanced CT scans. CT 
scans were acquired using a 64-row CT scanner (GE Healthcare, Discovery CT 750 HD, United States) or 
256-row CT scanner (GE Healthcare, Revolution CT, United States). Preparation for the examination: 
fasting for more than 8 h before the examination, intramuscular injection of scopolamine 10-20 mg 15-20 
min before the examination to reduce gastrointestinal motility (Hangzhou Minsheng Pharmaceutical PG 
Roup Co., Ltd. Specifications: 10 mg/mL), and perform breath-holding exercises. Drink 800-1 000 mL of 
warm water 10 to 15 min before the examination. Scanning parameters: tube voltage 120 kV, tube 
current using automatic milliampere second technology, pitch 1.375/1.1; field of view (FOV) of 500 mm; 
512 mm x 512 mm matrix, scan thickness 0.625mm to 5 mm, scan spacing 0.625mm to 5mm. Scan area: at 
least encompasses the lower esophagus to the lower border of both kidneys. Enhancement scan: 90-100 
mL of non-ionic contrast agent was injected through the elbow vein using a high-pressure syringe (GE 
Medical Systems, iopromide, 370 mg/mL).

Image processing and segmentation
The arterial- and venous-phase CT images were isotropically resampled with a voxel size of 1 mm × 1 
mm × 1 mm by using the trilinear interpolation in the Artificial Intelligence Kit software (A.K, version: 
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3.3.0.R, GE Healthcare, United States), in order to minimize the effect of different scanning protocols or 
equipment on quantitative inhomogeneity of histological features[19]. 2D ROIs were outlined along the 
largest cross-sectional area in the axial plane of CT images. After delineating the tumor cross-sectional 
area slice-by- slice in the axial plane, 3D ROIs were finally merged into volume of interest (VOI) (Figures 
1 and 2). Care should be taken to avoid the gastric cavity and stomach contents, fatty tissue around the 
stomach wall, and blood vessels when segmenting. The 2D ROI or 3D VOI delineation was conducted 
by a radiologist (Chen YJ, 6 years of experience in imaging diagnosis). In order to ensure the reliability 
and reproducibility of the radiomics features, 30 patients were randomly selected to be segmented in a 
2D and 3D manner. For inter-observer agreement analysis, when the radiologist (Chen YJ) conducted 
the first-time whole-dataset segmentation, another radiologist (Huang WP, 7 years of experience in 
imaging diagnosis) delineated the selected 30 patients at the same period. For intra-observer agreement 
analysis, the radiologist (Chen YJ) repeatedly conducted the segmentation 1 mo after the first-time 
delineation.

Radiomics feature extraction
The 2D or 3D radiomics features were extracted with open-source Python package Pyradiomics[20]. 
There were respectively 1409 radiomics features extracted from 2D or 3D ROIs in the arterial or venous 
phase. The original images and the transformed images based on different filters were mainly used for 
feature extraction. A total of 107 features were extracted from the original images, including 18 intensity 
statistical and 14 shape-based features. There were 75 textural features extracted from Gray Level 
Cooccurrence Matrix (GLCM), Gray Level Run Length Matrix (GLRLM), Gray Level Size Zone Matrix 
(GLSZM), Gray Level Dependence Matrix (GLDM), and Neighboring Gray Tone Difference Matrix 
(NGTDM). In addition, the same number of first-order grayscale statistical features and texture features 
were extracted based on different transformed images. A total of 744 features were extracted based on 
wavelet decomposition images with eight filter channels, 279 features were extracted based on 
Laplacian of Gaussian (LoG) transform images (sigma parameters selected as 1.0 mm, 3.0 mm, and 5.0 
mm), and 279 features were extracted based on Local Binary Pattern (LBP) filtered images (2nd order 
spherical harmonic function, spherical neighborhood operator with radius 1.0 and fine fraction 1)[20]. 
The features were extracted by discretizing the CT values within the ROIs based on a fixed interval 
width (bin width = 25 HU). The 2D and 3D radiomics features extracted from the randomly selected 
patients were used to calculate the intra-/inter-class correlation coefficients (ICCs). 2D or 3D features 
with intra- and inter-observer ICC values simultaneously greater than 0.75 were retained, which meant 
that the features with good repeatability were involved in the further analysis[18,21].

Feature selection and model construction
The 260 cases of data were divided into a training group and an internal test group by randomly 
stratified sampling at a ratio of 7:3. The training group was mainly used for preprocessing parameter 
determination, and feature screening and modeling, and the same treatment process, parameters, and 
model were applied to the test group for internal test. The same method was used for feature prepro-
cessing and feature screening in the arterial and venous phase training samples, and independent 
arterial and venous radiomics models were established. The feature selection and final modeling 
procedure were performed as follows. The features were first preprocessed by excluding features with 
variance < 1.0, filling missing values with the median and Z-score normalization, and excluding 
collinear features with a cut-off value of correlation coefficients larger than 0.7. Then the Mann-Whitney 
U-test or t-test was used to select features with a significant difference between two classes (P < 0.05). 
The least absolute shrinkage and selection operator (LASSO) logistic regression (minimum binomial 
deviance) with 10-fold cross validation was conducted to avoid overfitting and the features with non-
zero coefficients were retained[22]. Finally, the retained features were inputted into backward stepwise 
logistic regression with the minimum Akaike Information Criterion (AIC) to develop the regression 
radiomics model. The “Radscore” of each patient was calculated according to the formula (Radscore = 
β0 + ∑βixi, β0 is a constant term and βi is the regression coefficient of the feature xi).

Four independent radiomics models were constructed, including: 2D arterial-phase model 
(RadscoreAP_2D), 2D venous-phase model (RadscoreVP_2D), 3D arterial-phase model (RadscoreAP_3D), and 3D 
venous-phase model (RadscoreVP_3D). Two combined models were derived based on the established 
independent model Radscore according to the regression formula (Radscore = β0 + ∑βixi, β0 is a constant 
term and βi is the logistic regression coefficient of the model score xi). And the 2D arterial-venous 
combined model 3 (RadscoreAP_VP_2D) and 3D arterial-venous combined model (RadscoreAP_VP_3D) were 
established.

Evaluation of model predictive performance
The performance of the models was evaluated by using receiver operating characteristic curve (ROC) 
analysis to obtain the area under the ROC curve (AUC). The sensitivity, accuracy, negative predictive 
value, and positive predictive value were calculated based on the cut-off values corresponding to the 
maximum Youden index to evaluate the discrimination performance of the models. The cut-off values 
of the training group were applied to the test group to obtain their corresponding ROC parameters in 
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Figure 1 A 43-year-old man with squamous cell carcinoma of the esophagogastric junction. A: Axial computed tomography image in venous 
phase; B: Schematic diagram of 2D region of interest (ROI) segmentation on ITK-SNAP software; C: Schematic diagram of 3D ROI segmentation on ITK-SNAP 
software; D: Postoperative pathological image confirming squamous cell carcinoma of the esophagogastric junction (HE staining, × 200).

the test group. The calibration curve analysis and the Hosmer-Lemeshow test were used for evaluating 
model calibration and the goodness of fit (P > 0.05 indicates a good model fit). Delong’s test was used to 
compare the AUC between paired models. Continuous net reclassification improvement (NRI) and 
integrated discrimination improvement (IDI) were used to assess ability of the models in improving the 
classification effectiveness[18]. The decision curve analysis (DCA) was used to assess the net clinical 
benefit or clinical utility of each model at different threshold probabilities.

Statistical analysis
R software (version 3.6.3, http://www.r-project.org) was applied for statistical analyses in the current 
study. Radiomics features and Radscore are continuous variables, and data normality was tested using 
kurtosis and skewness values, and comparisons between two groups were made using independent 
samples t-test (for data with a normal distribution) or Mann-Whitney U test (for data not following a 
normal distribution). Categorical variables were tested by chi-square test or Fisher's exact test. A two-
sided P < 0.05 was considered statistically significant. The optimism of the prediction accuracy of the 
model was validated using 1000-times Bootstrap in the training group. The following R packages were 
applied: “icc” for intra-/inter-class correlation coefficient; “glmnet” for logistic regression; “pROC” for 
ROC analysis; “rmda” for DCA; calibration function in the “rms” package for calibration analysis, and 
the “PredictABEL” package for NRI and IDI analysis.

RESULTS
Feature screening and model construction
Arterial phase model based on 2D ROI: A total of 175 radiomics features (ICCs > 0.75) were retained 
among 1409 features. There were 61 and 6 features retained rafter variance and correlation analysis, 
respectively. Among 6 features screened by univariate analysis and 10-fold cross validation LASSO 
regression (Figure 3A and B), 5 were further selected by stepwise logistic regression analysis. The 
RadscoreAP_2D is summarized in Supplementary Figure 1. The results of ICCs for individual features are 
shown in Supplementary Table 1 and the multivariable logistic regression results of features involved in 
the model are summarized in Supplementary Table 2. ROC curves for single 2D arterial features to 
identify SCCEG and AEG are shown in Supplementary Figure 2A and The 2D arterial model radiomics 
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Figure 2 A 56-year-old man with adenocarcinoma of the esophagogastric junction. A: Axial computed tomography image in venous phase; B: 
Schematic diagram of 2D region of interest (ROI) segmentation on ITK-SNAP software; C: Schematic diagram of 3D ROI segmentation on ITK-SNAP software; D: 
Postoperative pathological image confirming adenocarcinoma of the esophagogastric junction (HE staining, × 200).

features and the differences of Rad-scoreAP_2D in the training and test groups are shown in 
Supplementary Table 3.

Venous phase model based on 2D ROI: A total of 275 radiomics features (ICCs > 0.75) were retained 
among 1409 features. There were 124 and 12 features kept after variance and correlation analysis, 
respectively. Among 6 features screened by univariate analysis and 10-fold cross validation LASSO 
regression (Figure 3C and D), 5 were kept by stepwise logistic regression analysis. The RadscoreVP_2D is 
summarized in Supplementary Figure 3. The results of ICCs for individual features are shown in 
Supplementary Table 4 and the multivariable logistic regression results of features involved in the 
model are summarized in Supplementary Table 5. ROC curves for single 2D venous features to identify 
SCCEG and AEG are illustrated in Supplementary Figure 2C and The 2D venous model radiomics 
features and the differences of Rad-scoreVP_2D in the training and test groups are shown in Supple-
mentary Table 6.

Arterial phase model based on 3D ROI: A total of 714 radiomics features (ICCs > 0.75) were retained 
among 1409 features. There were 358 and 27 features kept after variance and correlation analysis, 
respectively. Among 15 features screened by univariate analysis and 10-fold cross validation LASSO 
regression (Figure 3E and F), 10 were kept by stepwise logistic regression analysis. The RadscoreAP_3D is 
summarized in Supplementary Figure 4. The ICCs for individual features are shown in Supple-
mentary Table 7 and the multivariable logistic regression results of features involved in the model are 
summarized in Supplementary Table 8. ROC curves for single 3D arterial features to identify SCCEG 
and AEG are shown in Supplementary Figure 2E and the 3D arterial model radiomics features and the 
differences of Rad-scoreAP_3D in the training and test groups are summarized in Supple-mentary Table 9.

Venous phase model based on 3D ROI: A total of 774 radiomics features (ICCs>0.75) were retained 
among 1409 features. There were 355 and 23 features kept after variance and correlation analysis, 
respectively. Among 8 features screened by univariate analysis and 10-fold cross validation LASSO 
regression (Figure 3G and H), 7 were kept by stepwise logistic regression analysis, and the RadscoreVP_3D 

is summarized in Supplementary Figure 5. The ICCs result for individual features are shown in 
Supplementary Table 10 and the multivariable logistic regression results of features involved in the 
model are summarized in Supplementary Table 11. ROC curves for single 3D venous features to 
identify SCCEG and AEG are shown in Supplementary Figure 2G and The 3D venous model radiomics 
features and the differences of Rad-scoreVP_3D in the training and test groups are summarized in 
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Figure 3 Least absolute shrinkage and selection operator logistic regression feature screening graphs. The radiomics feature screening using 
the least absolute shrinkage and selection operator regression was performed to select the optimal model parameter λ using 10-fold cross-validation. A, C, E, and G: 
Graphs of binomial deviation of 2D-arterial model, 2D-venous model, 3D-arterial model, and 3D-venous model with parameter λ, respectively. The dashed lines 
indicate the selected optimal log(λ) values and the location of one standard error; B, D, F, and H: Graphs of variation of the radiomics characteristic coefficients with 
log(λ) for 2D-arterial model, 2D-venous model, 3D-arterial model, and 3D-venous model, respectively. The dotted line indicates the location of the selected optimal 
log(λ) value.

Supplementary Table 12.

2D arterial-venous combined model 
By combining RadscoreAP_2D and RadscoreVP_2D, the 2D arterial-venous combined model was derived and 
the RadscorAP_VP_2D is described in Supplementary Figure 6.

3D arterial-venous combined model 
By combining RadscoreAP_3D and RadscoreVP_3D, the 3D arterial-venous combined model was derived and 
the RadscorAP_VP_3D is summarized in Supplementary Figure 7.

In this study, a total of 10 candidate radiomics feature parameters were screened out in 2D arterial 
and venous phase images, mostly first-order features and texture features extracted based on Log 
transformed or wavelet transformed images, and the main categories included 4 first-order features, 2 
GLRLM features, 2 GLSZM features, 1 GLDM feature, and 1 NGTDM feature. More features were 
screened out in the 3D arterial phase and venous phase images—17 in total, and the main categories 
included 6 first-order features, 4 GLDM features, 4 NGTDM features, 1 GLRLM feature, 1 GLSZM 
feature, and 1 GLCM feature.

Radiomics model performance
The AUC, specificity, sensitivity, accuracy, positive predictive value, and negative predictive value of 
the 6 models developed in this study to discriminate SCCEG from AEG in the training and test groups 

https://f6publishing.blob.core.windows.net/f35e36f1-5a7b-4410-9178-eb69120279ff/WJG-28-4363-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f35e36f1-5a7b-4410-9178-eb69120279ff/WJG-28-4363-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f35e36f1-5a7b-4410-9178-eb69120279ff/WJG-28-4363-supplementary-material.pdf
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are summarized in Table 1, and the ROC curves are shown in Figure 4. The model optimism was 
assessed by 1000-times bootstrap as shown in Table 2. It indicated that the 2D-arterial, 2D-venous, 3D-
arterial, and 3D-venous model presented a degree of optimism less than 0.1 during repeated sampling. 
The Delong test results in the training and test groups are shown in Supplementary Table 13. All the 2D 
models had an AUC greater than 0.800 in the test group, except for the arterial model, which had an 
AUC of 0.752 in the test group. The AUC values of the venous model were higher than those of the 
arterial model (0.849 vs 0.808 and 0.831 vs 0.752) in both the training and test groups. All the 3D models 
had a higher AUC in the venous model than in the arterial model. In the combined models, both the 3D 
and 2D models were higher than their independent phase model both in the training and test groups. 
When comparing the performance between 2D and 3D models, the results showed that no matter for the 
independent phase model or the multi-phase-combined model, 3D models performed with a higher 
AUC than 2D models. Among all the models, the 3D-arterial-venous combined model had the highest 
AUC values of 0.904 and 0.901 in the training and test groups, respectively. As some statistical 
significance was not obvious during the Delong test, continuous NRI and IDI analyses were performed 
to evaluate the ability of each model for improving the classification and the results are shown in 
Supplementary Table 14. In both the training and test groups, the venous model demonstrated a 
positive improvement in discrimination over the arterial model (NRI > 0, IDI > 0), the 3D-venous model 
demonstrated a significant positive improvement in discrimination over the 2D-venous model (P < 
0.05), both in the 3D model and in the 2D model, the combined model demonstrated a significant 
positive improvement in discrimination over the arterial model (P < 0.05); the 3D combined model 
reflected a significant positive improvement in discrimination compared with the 2D combined model (
P < 0.05). In addition, the calibration curve (Figure 5) and the results of the Hosmer-Lemeshow test 
(Supplementary Table 15) indicate that the six models had good calibration. The clinical utility of the 
model was confirmed by the decision curve (Figure 6), in which the 3D-arterial-venous combined model 
and the 3D-venous model had higher net benefits in the test group within a threshold probability 
interval of 0.3-1.

DISCUSSION
In the current study, the multiscale and multiphase CT-based radiomics method was used to preoper-
atively discriminate SCCEG and AEG. The results showed that the combination of multiphase 3D CT 
radiomics features could improve the differentiation performance. Therefore, radiomics method could 
help open up a new field for noninvasive diagnosis and personalized management of CEGJ. 
Histopathology biopsy is a commonly used clinical method, and these radiomics features are considered 
to be complementary to histology biopsy but not a complete substitute for histopathology at this time. 
Repeat biopsy or endoscopic ultrasound deeper biopsies should be recommended if upper endoscopic 
biopsies are inconclusive or if it conflicts with the results suggested by radiomics features. Radiomics 
can provide an adequate reference if the patient has contraindications and low tolerance to endoscopic 
biopsy.

Previous studies have focused on the quantitative parameters of spectral CT. Zhou et al[23] found that 
the normalized iodine concentration, the K40-70 keV, and the effective atomic number in the arterial phase 
could identify SCCEG and AEG; the AUC values were 0.720, 0.730, and 0.706, respectively. Radiomics 
uses mathematically describable imaging features to comprehensively analyze tumor heterogeneity[24], 
and has not been validated for identifying SCCEG from AEG. Therefore, we tried to use radiomics 
features to identify the pathological type of CEGJ by comprehensively considering the effectiveness of 
different phases and segmentation method. In this study, more features were screened out in the 3D 
models of different phases than in the 2D models, which is related to the fact that the 3D ROIs contain 
the lesion as a whole and the extracted features have a larger distribution. The results showed that the 
efficacy of the venous features was higher than that of the arterial features in identifying SCCEG from 
AEG. Pathologically, squamous carcinoma grows faster and tends to grow in a swelling superposition 
with denser tissue structure, while adenocarcinoma mostly grows in an appendicular pattern with 
looser tissue structure[25]. With the prolongation of scanning time, the contrast agent continuously 
penetrates into the interstitial space of tumor cells, and more textural features appear in the venous 
phase, which better reflects the heterogeneous characteristics of squamous carcinoma. Tumor vascular-
ization is a kind of biological behavior that reconstructs nutrition connection and promotes tumor 
development. Pathologic types, tumor origin, and structure of the microvasculature affect the 
enhancement pattern and radiomics-based parameters.

We found that among the features retained in the venous model, Dependence variance (GLDM) and 
Large dependence high gray level emphasis (GLDM) had larger weight in the 3D and 2D models, 
respectively. GLDM mainly describes the degree of dependence between voxel gray levels, and the 
SCCEG group reflects the high “Dependence variance” of 3D gray levels and the “Large dependence 
high gray level emphasis” of 2D gray levels, which reflects the large gray level heterogeneity of 
squamous cancer tissue in 3D features and the high gray level distribution in 2D features from texture 
features. The uneven distribution of tumor vessels in squamous carcinoma lesions is prone to tumor cell 

https://f6publishing.blob.core.windows.net/f35e36f1-5a7b-4410-9178-eb69120279ff/WJG-28-4363-supplementary-material.pdf
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Table 1 Model performance for differentiating squamous cell carcinoma of the esophagogastric junction and adenocarcinoma of the 
esophagogastric junction in the training and validation groups

2D-ROI models 3D-ROI models

Model Artery Venous Artery + venous Artery Venous Artery + venous
Training group

AUC 0.808 0.849 0.869 0.876 0.877 0.904

95%CI 0.744-0.872 0.792-0.905 0.818-0.920 0.827-0.926 0.827-0.927 0.861-0.947

Threshold 0.095 -0.101 -0.370 -0.149 -0.352 0.043

Specificity 0.802 0.758 0.681 0.813 0.780 0.879

Sensitivity 0.736 0.802 0.890 0.824 0.857 0.802

Accuracy 0.769 0.780 0.786 0.819 0.819 0.841

NPV 0.753 0.793 0.861 0.822 0.845 0.816

PPV 0.788 0.768 0.736 0.815 0.796 0.869

Validation group

AUC 0.752 0.831 0.845 0.824 0.879 0.901

95%CI 0.640-0.864 0.742-0.921 0.763-0.928 0.732-0.917 0.798-0.960 0.830-0.973

Threshold 0.095 -0.101 -0.370 -0.149 -0.352 0.043

Specificity 0.795 0.692 0.718 0.769 0.667 0.821

Sensitivity 0.641 0.769 0.769 0.744 0.872 0.795

Accuracy 0.718 0.731 0.744 0.756 0.769 0.808

NPV 0.689 0.750 0.757 0.750 0.839 0.800

PPV 0.758 0.714 0.732 0.763 0.723 0.816

ROI: Region of interest; AUC: Area under the curve; NPV: Negative predictive value; PPV: Positive predictive value.

Table 2 Model optimism estimation by 1000-times bootstrap in the training group

Index Model Apparent AUC1 AUC Bootstrap-test2 (mean, 95%CI) Optimism

1 2D-arterial model 0.808 0.770 (0.767-0.772) 0.050

2 2D-venous model 0.849 0.820 (0.817-0.822) 0.036

3 3D-arterial model 0.876 0.815 (0.812-0.880) 0.080

4 3D-venous model 0.877 0.833 (0.830-0.835) 0.056

1The area under the curve of predictive model developed in the whole training dataset.
2The averaged model performance in the “out-of-bag” test set after 1000-times bootstrap. AUC: Area under the curve.

degeneration and necrosis, and it is speculated that the grayscale distribution of squamous carcinoma 
lesions has some complexity in different transformed images. In addition, features prevalent in the 
arterial and venous models are Busyness (NGTDM), Dependence variance (GLDM), first order 
grayscale features. NGTDM features can also represent a certain degree of grayscale distribution 
inhomogeneity. NGTDM describes the difference between adjacent grayscale values and average 
grayscale values within the quantized distance of the adjacent grayscale difference matrix, and the 
squamous carcinoma exhibits a high “Busyness”, representing rapid intensity changes between pixels 
and their neighbors and reflecting the heterogeneous nature of the tissue. In addition, the first-order 
statistical gray value features calculated based on different dimensions and different phases of images 
were selected into each model simultaneously, indicating that the images of the SCCEG group in 
different phases and dimensions have lower gray values, which may be attributed to the histopatho-
logical inhomogeneity of microvessels within squamous carcinoma, less blood supply than adenocar-
cinoma, and lower gray statistical values in squamous carcinoma than adenocarcinoma.
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Figure 4 Receiver operating characteristic curves of different models to identify squamous cell carcinoma and adenocarcinoma of the 
esophagogastric junction. A: Training group; B: Test group.

Figure 5 Calibration curves of 2D-arterial model, 2D-venous model, 3D-arterial model, 3D-venous model, 2D arterial-venous combined 
model, and 3D arterial-venous combined model to identify squamous cell carcinoma of the esophagogastric junction and 
adenocarcinoma of the esophagogastric junction. A: Training group; B: Test group.

For both of 2D and 3D models, the AUC difference was statistically significant between the arterial-
venous combined model and the independent arterial model, while not significant between the arterial-
venous combined model and the independent venous model. It suggested that the venous phase might 
contribute more predictive information compared with the arterial phase. Combining the NRI and IDI 
index results, the venous model showed a positive improvement in discrimination compared to the 
arterial model, and the 3D model showed a significant positive improvement in discrimination 
compared to the 2D model as well.

Most previous radiomics studies varied in the utilization of 2D or 3D segmentation. However, 
different delineation methods may result in different feature values and predictive performance. The 
study of different dimensional outlining approaches and the corresponding model performance can 
guide radiomics practice in related disease areas. Zhao et al[15] developed a dual-energy CT–based 
nomogram for noninvasive identification of the status of HER2 expression in gastric cancer, and both 2D 
and 3D radiomics nomograms performed well. Huang et al[18] found that the efficacy of the 3D model 
was superior to the 2D model when they developed 2D and 3D radiomics models to predict the aggress-
iveness of pancreatic solid pseudopapillary tumors. This study showed that in the discrimination of 
SCCEG and AEG, the use of 3D radiomics-based on CT images will be beneficial to improve the 
discrimination, but the time required for 3D segmentation was significantly longer than that of 2D, so it 
is also necessary to consider the improvement and optimization of automatic 3D lesion segmentation.

This study still has some limitations. First, the lesion morphology of CEGJ is not fixed, and manual 
segmentation methods are required. While the lesion travels along the gastric and esophageal walls in a 
tortuous manner, the consistency and stability of the annotation will affect the efficacy of the model. In 
this study, features with ICCs > 0.75 were used for subsequent analysis, which ensured the robustness 
of the radiomics features to some extent. More candidate semi-automatic or automatic segmentation 
algorithms would be welcomed to improve clinical efficiency. Second, our study was previously 
reported to include data on squamous cell carcinoma of the cardia or distal esophagus, but it is still a 
single-center retrospective study with a small sample size, especially for SCCEG, which inevitably 
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Figure 6 Decision curves for 2D-arterial model, 2D venous model, 3D-arterial model, 3D venous model, 2D arterial-venous combined 
model, and 3D arterial-venous combined model. A: Training group; B: Test group. The black horizontal line indicates no lesions as squamous cell 
carcinoma (NONE) and the grey line indicates all lesions as squamous cell carcinoma (ALL). The colored lines of each model respectively illustrate the net benefit 
brought to each patient. The closer the decision curves to the black and gray curves, the similar the clinical decision net benefit of the model compared with “treat 
ALL” or “treat NONE” decision. When comparing different models, the higher the model curve within the same threshold probability, the higher the clinical net benefit 
resulting from the model.

generates selectivity bias when paired with a larger number of AEGs. Future multicenter, prospective, 
large sample studies are needed to further improve and validate the diagnostic efficacy and general-
ization ability of the model. In addition, the main purpose of the current study was to evaluate the 
usefulness of 2D- or 3D-based radiomics methods and clinical data or laboratory test indicators were not 
included. There is much room for improvement of model reliability, which will be further collected in 
future studies in order to obtain a more comprehensive understanding.

CONCLUSION
In conclusion, multi-scale and multi-phase radiomics models based on CT imaging data were developed 
and validated for differentiating SCCEG from AEG before the operation in our study. The 3D radiomics 
model combining arterial and venous phase images showed encouraging performance than the corres-
ponding 2D model. These models require further validation as decision support tools to guide clinical 
practice and develop individualized treatment plans for CEGJ patients. Currently, histopathological 
biopsy is still the common method of diagnosis.

ARTICLE HIGHLIGHTS
Research background
Differentiating squamous cell carcinoma of the esophagogastric junction (SCCEG) from adenocarcinoma 
of the esophagogastric junction (AEG) can indicate Siewert stage and whether the surgical route for 
patients with carcinoma of the esophagogastric junction (CEGJ) is transthoracic or transabdominal, as 
well as aid in determining the extent of lymph node dissection. With the development of neoadjuvant 
therapy, preoperative determination of pathological type can help in the selection of neoadjuvant 
radiotherapy and chemotherapy regimens.

Research motivation
Radiomics technique uses a combined medical-industrial approach to transform traditional images into 
digital quantitative features, which has potential for digging the potential biological characteristics and 
heterogeneity of tumor images and has been widely and non-invasively used in the diagnosis, differ-
ential diagnosis, and disease evaluation. However, to the best of our knowledge, there is no literature 
that has evaluated whether a radiomics signature derived from computed tomography (CT) images 
would be useful in predicting pathological type in patients with CEGJ.

Research objectives
In the current study, we proposed a CT radiomics-based classification method by considering the 
performance of 3D or 2D segmentation and multiple CT imaging phases to discriminate SCCEG and 
AEG.
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Research methods
We retrospectively analyzed the preoperative contrasted-enhanced CT imaging data of single-center 
patients with pathologically confirmed SCCEG (n = 130) and AEG (n = 130). One thousand four 
hundred and nine radiomics features were separately extracted from 2D or 3D regions of interest in 
arterial and venous phases. Totally, 6 logistic regression models were established based on 2D and 3D 
multi-phase features.

Research results
The venous model showed a positive improvement compared with the arterial model (NRI > 0, IDI > 0), 
and the 3D-venous and combined models showed a significant positive improvement compared with 
the 2D-venous and combined models (P < 0.05). Decision curve analysis showed that the combined 3D-
arterial-venous model and 3D-venous model had a higher net clinical benefit within the same threshold 
probability range in the test group.

Research conclusions
The combined arterial-venous CT radiomics model based on 3D segmentation can improve the 
performance in differentiating EGJ squamous cell carcinoma from adenocarcinoma.

Research perspectives
These models require further validation as decision support tools to guide clinical practice and develop 
individualized treatment plans for CEGJ patients.
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Abstract
BACKGROUND 
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy 
with a rising incidence worldwide. The prognosis of HCC patients after radical 
resection remains poor. Radiomics is a novel machine learning method that 
extracts quantitative features from medical images and provides predictive 
information of cancer, which can assist with cancer diagnosis, therapeutic 
decision-making and prognosis improvement.

AIM 
To develop and validate a contrast-enhanced computed tomography-based radio-
mics model for predicting the overall survival (OS) of HCC patients after radical 
hepatectomy.

METHODS 
A total of 150 HCC patients were randomly divided into a training cohort (n = 
107) and a validation cohort (n = 43). Radiomics features were extracted from the 
entire tumour lesion. The least absolute shrinkage and selection operator 
algorithm was applied for the selection of radiomics features and the construction 
of the radiomics signature. Univariate and multivariate Cox regression analyses 
were used to identify the independent prognostic factors and develop the pred-
ictive nomogram, incorporating clinicopathological characteristics and the 
radiomics signature. The accuracy of the nomogram was assessed with the 
concordance index, receiver operating characteristic (ROC) curve and calibration 
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curve. The clinical utility was evaluated by decision curve analysis (DCA). Kaplan–Meier method-
ology was used to compare the survival between the low- and high-risk subgroups.

RESULTS 
In total, seven radiomics features were selected to construct the radiomics signature. According to 
the results of univariate and multivariate Cox regression analyses, alpha-fetoprotein (AFP), 
neutrophil-to-lymphocyte ratio (NLR) and radiomics signature were included to build the 
nomogram. The C-indices of the nomogram in the training and validation cohorts were 0.736 and 
0.774, respectively. ROC curve analysis for predicting 1-, 3-, and 5-year OS confirmed satisfactory 
accuracy [training cohort, area under the curve (AUC) = 0.850, 0.791 and 0.823, respectively; 
validation cohort, AUC = 0.905, 0.884 and 0.911, respectively]. The calibration curve analysis 
indicated a good agreement between the nomogram-prediction and actual survival. DCA curves 
suggested that the nomogram had more benefit than traditional staging system models. 
Kaplan–Meier survival analysis indicated that patients in the low-risk group had longer OS and 
disease-free survival (all P < 0.0001).

CONCLUSION 
The nomogram containing the radiomics signature, NLR and AFP is a reliable tool for predicting 
the OS of HCC patients.

Key Words: Hepatocellular carcinoma; Radiomics; Contrast-enhanced computed tomography; Survival 
prediction

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The prognosis of hepatocellular carcinoma (HCC) patients remains poor even after radical 
resection. Therefore, a precise and reliable tool to predict the prognosis of HCC patients is urgently 
needed. We established a predictive model incorporating radiomics features extracted from preoperative 
contrast-enhanced computed tomography images, alpha-fetoprotein and neutrophil-to-lymphocyte ratio to 
predict the overall survival of patients with HCC, and the model was visualized via a nomogram. The 
nomogram showed good accuracy for survival prediction.
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INTRODUCTION
Primary liver cancer is the sixth most common malignancy and the third leading cause of cancer-related 
mortality in the world. Hepatocellular carcinoma (HCC) accounts for 75%-85% of primary liver cancers
[1]. Presently, the main therapies for HCC include surgical resection, local ablation, interventional 
embolization and liver transplantation. For HCC patients with early-stage disease, hepatectomy and 
liver transplantation are the mainstay curative treatments. Due to the insidious onset and lack of evident 
clinical symptoms in the early stage, patients with HCC are often diagnosed at an advanced stage. Even 
after surgical resection, the prognosis of HCC patients remains poor due to postoperative recurrence 
and metastasis. It has been reported that the recurrence rate within 5 years reaches 60%[2].

Alpha-fetoprotein (AFP) has been widely applied as a biomarker of HCC for diagnosis, monitoring 
treatment response, assessing prognosis and detecting early recurrence. However, the specificity of AFP 
for diagnosing HCC is 99%-100%, but the sensitivity is only 20% to 45%[3]. Moreover, nearly 31% of 
patients with HCC are AFP negative[4]. Therefore, AFP still has limitations as a biomarker of HCC. It 
has been reported that the tumour microenvironment is closely related to the initiation and progression 
of HCC[5]. Recent studies have shown that a high density of tumour-infiltrating lymphocytes is 
associated with favourable outcomes[6]. The neutrophil-to-lymphocyte ratio (NLR) was reported to be 
an independent prognostic factor for patients with HCC[7,8].

Radiomics is a new method of medical image analysis that uses a series of data-mining algorithms or 
statistical analysis tools for the high-throughput extraction of quantitative metric features[9,10] to obtain 
prognostic and predictive information for clinical decision support. It has been recognized that 
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intratumor heterogeneity is often associated with tumour subtyping and can significantly impact 
prognosis and response to treatment[11,12]. Traditional radiological analysis is mainly based on naked-
eye observation, which primarily focuses on tumour size and anatomical location but ignores 
intratumor heterogeneity. Radiomics features are able to provide a comprehensive overview of 
intratumor heterogeneity in a noninvasive manner[13]. Several recent studies indicate that radiomics 
features may potentially be a useful diagnostic and prognostic biomarker in liver cancer and other 
tumour types[14-16].

Due to the insufficiency of accurateness and objectiveness for prognostic markers in the prognostic 
evaluation of HCC patients, a precise and reliable tool to predict the prognosis of HCC patients is 
urgently needed. In the present study, we aimed to develop and validate a model based on contrast-
enhanced computed tomography (CECT) images and clinical-pathologic characteristics to predict the 
overall survival (OS) of HCC patients.

MATERIALS AND METHODS
This study was composed of the following steps: (1) Patient recruitment and data collection; (2) CECT 
image acquisition, tumour segmentation, region of interest (ROI) selection, radiomics feature extraction 
and radiomics signature construction; (3) The radiomics signature and clinical-pathologic characteristics 
were combined to build a predictive model and visualized via a nomogram; and (4) Evaluation of the 
predictive model using receiver operating characteristic (ROC) curves, calibration curves, decision curve 
analysis (DCA) and Kaplan–Meier curves.

Patients
This retrospective study was approved by the research ethics committee of the Affiliated Hospital of 
Guilin Medical University and conducted in accordance with the Declaration of Helsinki. Informed 
consent was obtained from all patients.

A total of 208 HCC patients who underwent radical resection at the Affiliated Hospital of Guilin 
Medical University with pathologically confirmed HCC were recruited from January 2014 to September 
2017. Among them, 150 individuals fulfilled the inclusion and exclusion criteria (Figure 1). Radical 
resection was defined as a completed resection of the tumour mass with pathologically confirmed 
negative margins and no residual tumour or new lesion observed in two observations at an interval of 
no less than 4 wk. All tumour tissue samples were diagnosed by at least two experienced pathologists 
independently. All patients underwent CECT scans and haematological examinations before surgery. 
The 150 enrolled HCC patients were randomly divided into a training cohort (n = 107) and a validation 
cohort (n = 43) at a ratio of 2.5:1. Demographic and clinical-pathologic data were collected from medical 
records, including age, sex, alanine aminotransferase, AFP, American Joint Committee on Cancer tumor, 
node and metastasis (TNM) stage, Barcelona clinic liver cancer (BCLC) stage, hepatitis B surface antigen 
(HBsAg) and NLR.

Each patient was followed up via outpatient review. Routine postoperative examinations, including 
routine blood tests, liver function tests, renal function tests, serum AFP levels and abdominal ultrasono-
graphy, were performed every 2 mo after surgery within 2 years and then every 6 mo thereafter. A 
CECT scan was recommended if the examination results were abnormal or tumour recurrence was 
suspected. For patients who did not attend the follow-up visit, follow-up information was obtained by 
phone. OS was defined as the time from surgery to death or the last follow-up date, while disease-free 
survival (DFS) was defined as the time from surgery to tumour first intrahepatic and/or extrahepatic 
recurrence, death, or the last follow-up date.

CECT scan protocols and image preprocessing
Abdominal CECT scans were performed with two scanners: A Lightspeed VCT XT (GE Healthcare, 
United States) and an Optima CT660 (GE Healthcare, United States). The scanner was operated in cine 
mode, and the parameters were as follows: tube voltage of 120 kV, automatic tube current modulation 
with noise index of 8, tube rotation speed of 600 ms, pitch of 0.985:1, collimator of 0.625 mm. Iopromide 
(Ultravist 300, Bayer-Schering Pharma, Germany) was given intravenously in a volume of 1.5 mL/kg at 
a rate of 4 mL/s via the antecubital vein. The slice thickness and interval of the arterial and portal 
venous phase images was 5 mm. All images were reconstructed into images with a 1.25 mm slice 
thickness and 1.25 mm interval. All data were transferred to an advanced workstation (AW 4.7).

All CECT images in this study met the criteria delineated by the American Association for the Study 
of Liver Disease guidelines[17]. CECT images were exported in digital imaging and communication in 
medicine (DICOM) format from the picture archiving and communication system database. All DICOM 
images were converted to neuroimaging informatics technology initiative format by the SimpleITK 
package (version 1.2.0) of Python software (version 3.7).
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Figure 1 Flowchart of the patient selection process. HCC: Hepatocellular carcinoma; CECT: Contrast-enhanced computed tomography.

Radiomics analysis and radiomics signature construction
Tumour segmentation was performed by 3D Slicer software (version 4.11.20210226). ROIs were drawn 
on each layer of the tumour in the horizontal plane from the upper boundary to the lower boundary. 
Tumour lesions were semiautomatically outlined on all arterial phase and portal venous phase images, 
and manual corrections were implemented whenever necessary. The images were reviewed 
independently by two blinded radiologists with 7 and 8 years of experience, and a third radiologist 
resolved any discrepancies. For patients with multiple tumours, only the largest tumour was selected.

CECT image normalization and radiomics feature extraction were conducted by the Pyradiomics 
package (version 3.0.3) of Python software. The radiomics features extracted from ROIs included first 
order features, shape features (2D and 3D), gray level co-occurrence matrix features, gray level size zone 
matrix features, gray level run length matrix features, gray level dependence matrix features and 
neighbouring gray tone difference matrix features. Due to the large number of features, dimensionality 
reduction was essential. The least absolute shrinkage and selection operator (LASSO) algorithm with a 
10-fold cross-validation approach was used to reduce the data dimension in the training cohort. 
Afterwards, the radiomics score, which was defined as the radiomics signature, was generated by 
linearly combining the selected radiomics features and their weighted coefficients. The workflow of 
radiomics analysis and radiomics signature construction is shown in Figure 2A. Afterwards, the 
concordance index (C-index) and ROC curve analysis were used to estimate the predictive value of the 
radiomics signature for 1-, 3- and 5-year OS.

Selection of the optimal cut-off value for NLR
According to our previous study[18], the optimal cut-off value for NLR in predicting the prognosis of 
HCC patients after curative resection was 2.31, which had both maximum sensitivity and specificity 
[area under the curve (AUC) = 0.723, 95%CI: 0.664–0.777].

Statistical analysis
Normality of distributions was tested by the Shapiro–Wilk test. Clinical-pathologic characteristics were 
compared by Student’s t test and are presented as the mean ± SD for continuous variables conforming to 
a normal distribution. Nonnormally distributed continuous variables were compared using the 
Wilcoxon signed rank test and are presented as the median with interquartile range. Categorical 
variables were compared using the Pearson χ2 test. Univariate and multivariate regression analyses 
were performed in the training cohort using the Cox proportional hazards model to identify the 
independent predictors for nomogram construction. The rms and regplot packages were used to 
establish a nomogram and calibration curve. The ROC curve analysis was performed using the 
timeROC package. The C-index, ROC curve and calibration curve were used to assess the accuracy of 
the nomogram. The Kaplan–Meier method and log-rank test were conducted to compare the different 
survival rates between the low- and high-risk subgroups in different cohorts. We built two predictive 
models based on BCLC and TNM staging systems. Patients were categorized into stage 0, stage A, stage 
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Figure 2 Workflow of model construction and validation. A: Contrast-enhanced computed tomography image acquisition, tumour segmentation, region of 
interest selection, radiomics feature extraction and radiomics signature construction; B: Combination of the radiomics signature and clinical-pathologic characteristics 
to build the predictive model, the model was visualized via nomogram; C: Evaluation of the predictive model by using receiver operating characteristic curves, 
calibration curves, decision curve analysis curves and Kaplan–Meier curves. CECT: Contrast-enhanced computed tomography; ROI: Region of interest; AFP: Alpha 
fetoprotein; NLR: Neutrophil-to-lymphocyte ratio; OS: Overall survival; ROC: Receiver operating characteristic; AUC: Area under the curve; DCA: Decision curve 
analysis; BCLC: Barcelona Clinic Liver Cancer.

B and stage C according to BCLC staging system; grade I, grade II, grade III and grade IV according to 
TNM staging system. DCA was conducted to compare the abovementioned two traditional staging 
systems with the nomogram. All statistical analyses were performed using SPSS software (version 24.0) 
or R software (version 4.1.2) and accepted as significant at P < 0.05.

RESULTS
Demographic and clinicopathological characteristics
A total of 150 HCC patients were enrolled in this study according to inclusion and exclusion criteria, 
with an average age of 49.9 years (range, 20-75 years), and 130 patients were male. A total of 136 
patients were diagnosed with cirrhosis, while 137 patients were classified as Child–Pugh class A. A total 
of 124 patients were positive for HBsAg. Patients were randomly divided into a training cohort (n = 107) 
and a validation cohort (n = 43). The demographic and clinical-pathologic characteristics are 
summarized in Table 1. There were no significant differences in variables between the two cohorts.

Radiomics signature construction
In total, 1926 radiomics features were extracted from the ROIs. Based on the training cohort, radiomics 
features were reduced to 7 survival-related features by using the LASSO algorithm. The name of the 
selected features and the formula of the radiomics score are shown in Supplementary Table 1. The C-
indices of the radiomics signature for predicting OS in the training and validation cohorts were 0.689 
(95%CI: 0.626–0.751) and 0.746 (95%CI: 0.650–0.842), respectively. The ROC curves of the radiomics 
signature for predicting 1-, 3- and 5-year OS are shown in Figure 3 (AUC = 0.648, 0.753 and 0.807, 
respectively, in the training cohort; AUC = 0.921, 0.840 and 0.891, respectively, in the validation cohort).

Development and validation of the predictive nomogram
Based on the univariate regression analysis (Table 2), four variables with P < 0.05 were enrolled in the 
multivariate regression analysis. The results of multivariate regression analysis are displayed as forest 
plots (Figure 4). AFP [hazard ratio (HR), 1.8; 95%CI: 1.06–3.1, P = 0.03], NLR (HR, 2.5; 95%CI: 1.45–4.3, P 
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Table 1 The demographic and clinical-pathologic characteristics of patients

Variables Training cohort (n = 107) Validation cohort (n = 43) P value

Age, yr (mean ± SD) 49.77 ± 10.57 50.35 ± 11.43 0.766

Sex (male/female) 94/13 36/7 0.501

Alcohol abuse (present/absent) 44/63 19/24 0.731

Tumor number (multiple/single) 22/85 10/33 0.716

Tumor diameter, cm (> 5/≤ 5) 69/38 24/19 0.322

MVI (present/absent) 46/61 17/26 0.698

Cirrhosis (present/absent) 100/7 36/7 0.123

TNM stage (I-II/III-IV) 54/53 18/25 0.340

BCLC stage (0-A/B-C) 61/46 20/23 0.243

WBC, × 109/L (median, IQR) 6.05 (5.00-7.3) 6.11 (5.04-8.04) 0.290

Platelets, × 109/L (mean ± SD) 190.75 ± 71.91 202.02 ± 79.32 0.401

LYMPH, × 109/L (median, IQR) 1.63 (1.19-1.94) 1.74 (1.35-2.04) 0.229

NEUT, × 109/L (median, IQR) 3.75 (2.68-4.07) 3.90 (2.85-5.17) 0.385

DB, μmol/L (median, IQR) 5.20 (4.20-5.81) 4.85 (3.68-5.56) 0.077

TB, μmol/L (median, IQR) 12.50 (9.43-15.91) 13.38 (8.93-17.11) 0.840

ALB, g/L (mean ± SD) 38.42 ± 4.30 36.87 ± 5.49 0.069

GLB, g/L (median, IQR) 31.80 (28.80-35.28) 32.22 (29.80-35.44) 0.480

GGT, U/L (mean ± SD) 115.26 ± 136.68 105.49 ± 82.44 0.662

ALT, U/L (median, IQR) 31.00 (21.24-44.14) 27.60 (17.46-42.88) 0.306

AST, U/L (median, IQR) 34.50 (26.55-51.51) 35.40 (25.55-46.02) 0.891

AFP, ng/mL (> 200/≤ 200) 50/57 23/20 0.454

HBsAg (positive/negative) 91/16 33/10 0.225

NLR (> 2.31/≤ 2.31) 50/57 21/22 0.815

IQR: Interquartile range; MVI: Microvascular invasion; TNM: Tumor, node and metastasis; BCLC: Barcelona clinic liver cancer; WBC: White blood cell 
count; LYMPH: Lymphocyte count; NEUT: Neutrophil count; DB: Direct bilirubin; TB: Total bilirubin; ALB: Albumin; GLB: Globulin; GGT: Gamma-
glutamyl transpeptidase; ALT: Alanine transaminase; AST: Aspartate transaminase; AFP: Alpha fetoprotein; HBsAg: Hepatitis B surface antigen; NLR: 
Neutrophil-to-lymphocyte ratio.

< 0.001) and radiomics signature (HR, 3.7; 95%CI: 1.25–10.7, P = 0.018) were identified as independent 
predictors of OS. The abovementioned three variables were included to develop the predictive model 
and visualized via a nomogram (Figure 2B). The C-indices of the nomogram in the training and 
validation cohorts were 0.736 (95%CI: 0.681–0.791) and 0.774 (95%CI: 0.697–0.851), respectively. The 
AUC values of 1-, 3-, and 5-year OS were 0.850, 0.791 and 0.823, respectively, in the training cohort 
(Figure 5A) and 0.905, 0.884 and 0.911, respectively, in the validation cohort (Figure 5B). The calibration 
curves of the nomogram demonstrated good agreement between the predicted and actual survival 
probabilities (Figure 5C and D).

Evaluation of clinical practicality and risk stratification ability
DCA curves showed that the nomogram received more net benefit than the BCLC staging system model 
and TNM staging system model in predicting 3- and 5-year OS at reasonable threshold probability 
(Figure 6).

To further explore the risk stratification ability of the nomogram, we calculated the total points of the 
nomogram for each patient. The total points conformed to a normal distribution in the training and 
validation cohorts. Patients were categorized into low- and high-risk subgroups based on whether the 
total points of the patient were lower (training cohort ≤ 89.8; validation cohort ≤ 66.0) or higher (training 
cohort > 89.8; validation cohort > 66.0) than the median points of each cohort. Kaplan–Meier curves 
indicated that patients in the low-risk subgroup had significantly longer OS and DFS, with all P < 0.001 
(Figure 7).
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Table 2 Univariate Cox regression analysis in the training cohort

Univariate Cox regression analysis
Variables

HR 95%CI P value

Age, yr 0.993 0.971-1.016 0.545

Sex (male vs female) 0.789 0.376-1.657 0.532

Alcohol abuse (present vs absent) 1.133 0.692-1.854 0.620

Tumor number (multiple vs single) 1.060 0.594-1.892 0.843

Tumor diameter, cm (> 5 vs ≤ 5) 1.147 0.681-1.934 0.606

MVI (present vs absent) 1.506 0.921-2.461 0.102

Cirrhosis (present vs absent) 1.112 0.404-3.063 0.837

DB, μmol/L (> 6.8 vs ≤ 6.8) 1.551 0.766-3.140 0.223

ALB, g/L (> 35 vs ≤ 35) 0.677 0.388-1.181 0.169

GGT, U/L (> 50 vs ≤ 50) 1.482 0.879-2.499 0.140

ALT, U/L (> 40 vs ≤ 40) 1.671 1.002-2.787 0.049

AFP, ng/mL (> 200 vs ≤ 200) 2.202 1.340-3.619 0.002

HBsAg (positive vs negative) 1.013 0.516-1.991 0.969

NLR (> 2.31 vs ≤ 2.31) 3.160 1.901-5.251 < 0.001

Radiomics signature 10.315 3.829-27.786 < 0.001

HR: Hazard ratio; MVI: Microvascular invasion; DB: Direct bilirubin; ALB: Albumin; GGT: Gamma-glutamyl transpeptidase; ALT: Alanine transaminase; 
AFP: Alpha fetoprotein; HBsAg: Hepatitis B surface antigen; NLR: Neutrophil-to-lymphocyte ratio.

Figure 3 Receiver operating characteristic curves of the radiomics signature for predicting 1-, 3- and 5-year overall survival in the 
training and validation cohorts. A: Training cohort; B: Validation cohort. OS: Overall survival; AUC: Area under the curve.

DISCUSSION
In this study, we developed a nomogram for predicting the survival of HCC patients after radical 
hepatectomy. Seven radiomics features were selected from 1926 radiomics features, and then integrated 
into a single radiomics signature to comprehensively estimate CECT images. We included AFP, NLR 
and radiomics signature to build the predictive nomogram. The C-indices of the nomogram in the 
training cohort and validation cohort were 0.736 and 0.774, respectively. The AUCs and the calibration 
curve indicated satisfactory accuracy in both the training and validation cohorts (AUC of 1-, 3- and 5-
year survival = 0.850, 0.791, 0.823 and 0.905, 0.884, 0.911, respectively). The high AUCs of the nomogram 
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Figure 4 Forest plot of variables with multivariate regression analysis in the training cohort. Variables with a P value < 0.05 were considered 
significantly associated with the overall survival of hepatocellular carcinoma patients. ALT: Alanine transaminase; AFP: Alpha fetoprotein; NLR: Neutrophil-to-
lymphocyte ratio; HR: Hazard ratio.

indicate a high accuracy in predicting OS. In DCA, comparing the traditional staging system with our 
nomogram with respect to predictive ability and clinical practicality, the predictive nomogram was 
superior to the traditional staging system (BCLC and TNM staging system) in predicting 3- and 5-year 
survival.

To our knowledge, our radiomics-based model that contains NLR and AFP to predict survival in 
patients with HCC is entirely novel. A few previous studies[19,20] have investigated the capability of 
radiomics analysis in predicting the prognosis of HCC patients, and these studies analysed the largest 
cross-sectional area, whereas entire-tumour analysis was conducted in this study, which can provide 
more comprehensive information and more effective evaluation of the tumour. Thus, compared with 
previous studies, radiomics analysis in this study may achieve better performance. Various models 
combining radiomics features with clinical-pathologic factors to predict prognosis have been developed. 
Nevertheless, very few studies have enrolled radiomics features and NLR as variables to build a 
prognostic prediction model for HCC patients. Wang et al[21] established an magnetic resonance 
imaging-based radiomics model incorporating a few clinical factors for predicting the 5-year survival of 
patients with HCC after radical surgery. The mean AUC in the validation cohort was 0.7578 (95%CI: 
0.7056–0.8100).

As precision medicine has developed, accurate prediction of patient prognosis is the principal 
component of individualized therapy and improving patient prognosis. It has been reported that 
intratumor heterogeneity is common in a variety of tumours and correlated with clinical outcomes[22]. 
However, information about intratumor heterogeneity obtained from routine clinical examinations is 
limited. Radiomics analysis refers to computer-aided data mining of quantitative high-throughput 
imaging features extracted from medical images[9,10], and it has been reported that radiomics features 
have potential prognostic value in liver cancer[14], lung cancer[15] and breast cancer[16]. Compared 
with the interpretation of traditional radiology, radiomics could provide comprehensive information 
regarding intratumor heterogeneity that may be unable to be obtained by the naked eye of radiologists. 
To a certain extent, radiomics overcomes these limitations of traditional radiology. As a biomarker 
associated with HCC, AFP has been widely used for early diagnosis and monitoring of HCC. AFP was 
considered an independent risk factor for postoperative survival; moreover, patients with low serum 
AFP levels had longer OS after radical resection. However, AFP still has some limitations in the 
prognosis prediction of HCC. Prior studies have reported that AFP has no ability to predict prognosis in 
small HCC (diameter ≤ 3 cm)[23]. Immune cells such as neutrophils, macrophages and lymphocytes 
within the tumour microenvironment have been confirmed to affect tumour development and 
progression[24]. There is evidence suggesting that lymphocytes can inhibit tumour proliferation, 
invasion, and metastasis by enhancing immune surveillance[25]. Moreover, tumour-infiltrating 
lymphocytes were associated with better outcomes in a variety of tumours, probably linked to tumour 
infiltration, antitumor activity, lymphocyte induction and inhibition of angiogenesis[26]. One study 
indicated that neutrophils promote tumour invasion[27]. Neutrophils can inhibit the proliferation of 
lymphocytes and induce lymphocyte apoptosis[28]. Patients with an elevated NLR level have relative 
neutrophilia and lymphocytopenia. Therefore, a high NLR indicates a poor prognosis, and this has been 
confirmed in numerous cancers, including gastric cancer[29], colorectal cancer[30] and pancreatic cancer
[31]. To date, there is growing attention to the potential of NLR to be a prognostic biomarker in patients 
with HCC[32,33]. The NLR is a modality of measuring systemic inflammation that is relatively 
inexpensive and conveniently obtained from routine preoperative blood tests. In our previous study, the 
optimal cut-off value of NLR was determined to be 2.31 for predicting the prognosis of patients with 
HCC, and this was confirmed by not only our previous retrospective trial but also other prospective 
clinical trials[32]. In summary, NLR is a potential independent predictor for HCC.
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Figure 5 Accuracy of the nomogram for predicting 1-, 3- and 5-year OS in the training and validation cohorts was evaluated by receiver 
operating characteristic curves and calibration curves. A and B: Receiver operating characteristic curves of the nomogram in the training cohort (A) and 
validation cohort (B); C and D: Calibration curves of the nomogram in the training cohort (C) and validation cohort (D). In the calibration curve, the nomogram-
predicted survival probability is represented on the x-axis, and the actual outcome of overall survival is represented on the y-axis. A closer fit of the coloured lines to 
the ideal grey line indicates better accuracy in predicting OS. OS: Overall survival; AUC: Area under the curve.

As a standardized and noninvasive imaging modality, CECT is widely utilized for diagnosis, staging, 
clinical decision-making and treatment response monitoring across numerous cancer types. An 
advantage of radiomics analysis is that it was performed on existing CECT images as a routine 
preoperative examination for patients with malignant tumours. Moreover, the variables included in this 
nomogram were easily acquired from routine blood examinations.

All CECT images were reconstructed with a slice thickness of 1.25 mm, and a previous report showed 
that slice thickness does not considerably influence the stability of the parameters[34].

The current study has several limitations. First, this study was a single-centre retrospective study. 
Insufficient data heterogeneity could be a major limitation of single-centre studies. Therefore, more 
patients from other centres are needed to further validate the reliability and clinical applicability of this 
prognostic model. Second, HCC is considered to be related to various aetiological factors, including 
alcohol, aflatoxin, hepatitis B virus and hepatitis C virus. Different aetiologies might result in different 
outcomes in HCC. Hepatitis B virus was the main aetiology of HCC in the present study. Thus, future 
studies are required to validate the efficacy and accuracy of this predictive model in HCC with different 
aetiologies. Third, the different contrast agents or the different injection speeds may affect the quanti-
fication of radiomic features[35] and thus affect the accuracy of the model. To overcome this limitation, 
multi-institutional validation and cross-validation are required in the future. Fourth, regions of interest 
were outlined semiautomatically and corrected manually when necessary. Hence, a certain degree of 
selection bias of the ROIs might be created by the different observers. This is a challenging problem for 
radiomics analysis to eliminate or reduce biases. Fifth, the correlation between radiomics features and 
biological behaviour remains unknown. Recently, radio-genomics has become an emerging area that 
integrates radiomics and genomics. Radio-genomics is the discipline that studies the relationship 
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Figure 6 Decision curve analysis was performed in all hepatocellular carcinoma patients to evaluate the clinical practicality of the 
nomogram for predicting 3- and 5-year overall survival compared with the Barcelona clinic liver cancer staging system model and tumor, 
node and metastasis staging system model. A and B: Decision curve analysis of the nomogram, Barcelona clinic liver cancer staging system model and 
tumor, node and metastasis staging system model in predicting 3- (A) and 5-year (B) OS. In the decision curve, the threshold probability is represented on the x-axis, 
and the net benefit is represented on the y-axis. A higher curve indicates a greater net benefit at any given threshold probability. The decision curve showed that the 
nomogram adds more net benefit than traditional staging system models. BCLC: Barcelona clinic liver cancer; TNM: Tumor, node and metastasis.

Figure 7 Risk stratification ability of the nomogram was estimated by the Kaplan–Meier method and log-rank test in the training and 
validation cohorts. A and B: Kaplan–Meier curves between the low- and high-risk subgroups of overall survival in the training cohort (A) and validation cohort (B); 
C and D: Kaplan–Meier curves between the low- and high-risk subgroups of disease-free survival in the training cohort (C) and validation cohort (D). Patients with 
hepatocellular carcinoma in the training and validation cohorts were divided into low- and high-risk subgroups according to whether the total points of each patient 
were lower or higher than the median points of each cohort.



Deng PZ et al. Radiomics model for HCC survival prediction

WJG https://www.wjgnet.com 4386 August 21, 2022 Volume 28 Issue 31

between image phenotypes and genomics, which may contribute to precision medicine development
[36]. Further research is still required to determine the potential correlation between radiomics and 
genomics in HCC. In future studies, we will incorporate genomic characteristics associated with HCC 
prognosis to construct a more comprehensive radio-genomics predictive model.

CONCLUSION
In conclusion, the nomogram combining the radiomics signature, NLR and AFP may contribute to 
postoperative outcome prediction and clinical treatment decision-making for HCC patients.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) is the most common primary liver malignancy. The prognosis of HCC 
patients remains poor. Radiomics is an artificial intelligent-based method for obtaining prognostic and 
predictive information which may contribute to clinical outcomes improvement.

Research motivation
Currently, a few studies have analysed the largest cross-sectional area of HCC tumour. In this study, we 
have analysed the entire-tumour to build a more comprehensive prognostic prediction model with 
clinical characteristics. We aimed to develop a radiomics model for predicting the overall survival of 
HCC patients after hepatectomy.

Research objectives
In this study, we aimed to develop a radiomics model based on contrast-enhanced computed tomo-
graphy (CECT) images for predicting the overall survival of HCC patients after radical hepatectomy.

Research methods
A total of 150 HCC patients were enrolled and randomly divided into a training cohort (n = 107) and a 
validation cohort (n = 43) at ratio 2.5:1. Radiomics features were extracted from the CECT images. In 
training cohort, the least absolute shrinkage and selection operator algorithm was applied for radiomics 
features selection and radiomics signature construction. Univariate and multivariate Cox regression 
analyses were used to develop the predictive model. The accuracy of the model was assessed with the 
concordance index, receiver operating characteristic curve and calibration curve. The clinical practicality 
was evaluated by decision curve analysis. The survival between the low- and high-risk subgroups was 
compared using Kaplan–Meier methodology.

Research results
In total, seven radiomics features were selected to construct the radiomics signature. Alpha-fetoprotein, 
neutrophil-to-lymphocyte ratio and radiomics signature were identified as independent risk predictors 
to build the predictive model. The C-indices of the model in the training and validation cohorts were 
0.736 and 0.774, respectively. In receiver operating characteristic curve for predicting 1-, 3-, and 5-year 
overall survival, area under the curve (AUC) = 0.850, 0.791 and 0.823, respectively in training cohort; 
AUC = 0.905, 0.884 and 0.911, respectively in validation cohort. The calibration curve analysis indicated 
a good agreement between the model-prediction and actual survival. Decision curve analysis suggested 
that the predictive model had more benefit than traditional staging system models. In Kaplan–Meier 
survival analysis, patients in the low-risk group had longer overall survival and disease-free survival.

Research conclusions
The predictive model is a reliable tool for predicting the overall survival of HCC patients after radical 
hepatectomy.

Research perspectives
More precise and reliable tool to predict the prognosis of HCC patients is urgently needed. Radiomics is 
a new method for obtaining prognostic and predictive information. In this study, we aimed to develop a 
predictive model based on CECT images and clinical-pathologic characteristics to predict the overall 
survival of HCC patients.
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Abstract
BACKGROUND 
Hepatitis B virus (HBV) nucleos(t)ide analog (NA) therapy reduces liver disease but requires 
prolonged therapy to achieve hepatitis B surface antigen (HBsAg) loss. There is limited North 
American real-world data using non-invasive tools for fibrosis assessment and few have compared 
1st generation NA or lamivudine (LAM) to tenofovir disoproxil fumarate (TDF).

AIM 
To assess impact of NA on virological response and fibrosis regression using liver stiffness 
measurement (LSM) (i.e., FibroScan®).

METHODS 
Retrospective, observational cohort study from the Canadian HBV Network. Data collected 
included demographics, NA, HBV DNA, alanine aminotransferase (ALT), and LSM. Patients were 
HBV monoinfected patients, treatment naïve, and received 1 NA with minimum 1 year follow-up.

RESULTS 
In 465 (median 49 years, 37% female, 35% hepatitis B e antigen+ at baseline, 84% Asian, 6% White, 
and 9% Black). Percentage of 64 (n = 299) received TDF and 166 were LAM-treated with similar 
median duration of 3.9 and 3.7 years, respectively. The mean baseline LSM was 11.2 kPa (TDF) vs 
8.3 kPa (LAM) (P = 0.003). At 5-year follow-up, the mean LSM was 7.0 kPa in TDF vs 6.7 kPa in 
LAM (P = 0.83). There was a significant difference in fibrosis regression between groups (i.e., mean 
-4.2 kPa change in TDF and -1.6 kPa in LAM, P < 0.05). The last available data on treatment 
showed that all had normal ALT, but more TDF patients were virologically suppressed (< 10 
IU/mL) (n = 170/190, 89%) vs LAM-treated (n = 35/58, 60%) (P < 0.05). None cleared HBsAg.

CONCLUSION 
In this real-world North American study, approximately 5 years of NA achieves liver fibrosis 
regression rarely leads to HBsAg loss.

Key Words: Nucleos(t)ide analog therapy; Functional cure; Hepatitis B virus surface antigen loss; Fibrosis 
regression; Liver stiffness measurement; Transient elastography

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In summary in this real-world diverse cohort study of chronic hepatitis B patients in Canada, 
long-term nucleo(s)ide analog (either 1st or 2nd generation) therapy suppresses hepatitis B virus DNA and 
improves hepatic inflammation and liver fibrosis, as determined by non-invasive testing (i.e., transient 
elastography). In patients treated for up to 5 years, none achieved hepatitis B surface antigen loss 
(functional cure), highlighting the need for improved therapeutic strategies to reduce the life-long burden 
of antiviral therapy.

Citation: Ramji A, Doucette K, Cooper C, Minuk GY, Ma M, Wong A, Wong D, Tam E, Conway B, Truong D, 
Wong P, Barrett L, Ko HH, Haylock-Jacobs S, Patel N, Kaplan GG, Fung S, Coffin CS. Nationwide retrospective 
study of hepatitis B virological response and liver stiffness improvement in 465 patients on nucleos(t)ide analogue. 
World J Gastroenterol 2022; 28(31): 4390-4398
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4390.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4390

INTRODUCTION
Hepatitis B virus (HBV) nucleos(t)ide analog (NA) therapy is associated with fibrosis regression, 
reduced risk of hepatocellular carcinoma (HCC) and improved clinical outcomes[1]. The ultimate goal 
of HBV therapy is hepatitis B surface antigen (HBsAg) loss and considered a functional cure enabling 
treatment cessation, but rarely achieved with current NA. Without HBsAg clearance, stopping treatment 
may lead to severe viral and biochemical flares. Studies of European patients reported HBsAg loss in 
20% patients after stopping long-term NA therapy. HBsAg loss among Asian virally suppressed 
patients was very low (< 5%) suggesting there are important differences among different groups of 
patients in terms of off-treatment response[2,3]. The approved 2nd generation NA, i.e., entecavir (ETV), 
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tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide (TAF) potently reduce serum viral load 
(HBV DNA) but they rarely achieve a functional cure despite prolonged therapy[4]. Studies in large 
Asian cohorts have compared the effect of NA with a low genetic barrier to drug resistance (i.e., 
lamivudine, LAM) to higher potency (i.e., ETV, TDF/TAF) NA on liver fibrosis regression and viral 
response[5]. A single centre Asian study of 124 patients treated with anti-HBV NA documented HBV 
DNA suppression but all had persistently detectable HBsAg, and none achieved intrahepatic viral 
marker reduction (i.e., HBV covalently closed circular (ccc) DNA)[5]. A large retrospective Korean study 
showed lower risk of death or transplantation with ETV compared to LAM but no difference in HCC 
risk[6]. A recent global study involving 299 centers in 24 countries investigated outcomes after 10 years 
of follow-up of clinical trial patients treated with ETV or alternative NA[2]. The data revealed that 5305 
Chinese ETV recipients maintained virological response with lower risk of HBV-related serious adverse 
events including HCC. However, approximately 17% of the cohort, and similar rate in other cohorts, 
continued to identify HBV-related liver disease progression[5,7]. Liver disease complications have also 
been reported in a Korean study of 440 cirrhotic patients (mostly genotype C) after 5 years of ETV 
therapy, with a 15% rate of liver disease decompensation in those with > 90% treatment adherence and 
41% decompensation in patients with < 90% adherence[8].

There is limited real-world data evaluating the clinical impact of 1st vs 2nd generation long-term NA 
therapy in North American chronic hepatitis B (CHB) patients. These patients maybe characterised by 
greater diversity and genotype heterogeneity based on a diverse regions of origin. Disparities in access 
to HBV NA is a global issue. Similarly, in Canada, NA reimbursement criteria vary by provincial or 
territorial jurisdiction[9]. Until recently, antivirals with a high barrier to resistance such as TDF and ETV 
were not funded as first line therapies for CHB in two large population provincial health jurisdictions [
i.e., British Columbia (BC) and Ontario (ON)][9]. In particular, there were historic differences in 
reimbursement criteria with LAM utilized as first line in BC and ON, and TDF historically (before 2018) 
only reimbursed for persons with advanced fibrosis and/or decompensated cirrhosis. In BC and ON, 
HBV patients could access TDF if they failed LAM, developed resistance or very rarely, had intolerance 
to LAM. In this retrospective, multi-centre cohort study of 465 CHB patients followed in 8 provinces 
across Canada, we aim to assess HBV viral response, biochemical remission, liver fibrosis regression 
and HBsAg sero-clearance after treatment with median 4 years of either a 1st or 2nd line NA therapy.

MATERIALS AND METHODS
This was a retrospective observational cohort study, utilizing the Canadian Hepatitis B Network cohort 
data from January 1st, 2012-December 1st, 2019. Participating clinics provided data from electronic 
and/or paper charts. De-identified information was entered into a registry REDCap® database housed at 
the University of Calgary (U of C) under an approved U of C Conjoint Ethics Research Board (CHREB) 
protocol (Ethics ID # REB16-0041), and appropriate legal data sharing agreements[10]. Study subjects 
provided written informed consent to participate, or were included with a waiver of consent, according 
to local REB approval. Data extracted included demographics (age, sex, ethnicity), antiviral regimens, 
HBV DNA, hepatitis B e antigen (HBeAg), alanine aminotransferase (ALT) and liver stiffness 
measurement (LSM) prior to and during therapy. Inclusion: Adult patients >18 years, with known 
chronic HBV (i.e., HBsAg persistence > 6 mo duration), HBV monoinfected, treatment naïve at baseline, 
and were on only a single antiviral agent for the study duration. Exclusion: Participants were excluded 
if they had received previous HBV therapy, had a liver transplant or were co-infected with other 
hepatotropic viruses (e.g., HCV and HDV) or with HIV. ETV treated patients were also excluded for 
direct comparison of only two antiviral drugs. Persons who had their antiviral regiment switched 
(includes LAM-resistant patients switching to TDF) were also excluded. All patients had a minimum of 
12 mo follow-up from treatment initiation, with at least annual HBV DNA evaluation using commercial 
assays (i.e., sensitivity 20 IU/mL or 50 copies/mL, Abbott and/or < 20 IU/mL, Roche) and serial LSM 
performed using FibroScan® (Echosens, Paris, Fr). Liver fibrosis, based on Metavir staging, was classified 
as F0-F1 (< 7.3 kPa), F2-F3 (7.3-9.5 kPa) and F4 or cirrhosis (> 9.5 kPa)[11]. CHB management and 
treatment monitoring was directed by the center physician(s) and based on the Canadian consensus 
guidelines[12].

Statistical analyses
For all analyses, patients with missing data were excluded. Continuous data were summarized with the 
mean, 95% confidence interval (CI) and count (n). For comparisons between treatment groups (LAM vs 
TDF) at a given time point, two-tailed t test was used. Repeated measures analysis of variance 
(ANOVA) with post hoc test was used to compare continuous variables at different time points for each 
treatment group. Categorical data were summarized as proportion using mean % (n/n known). Fisher’s 
exact test was used for comparison between dichotomous data. A linear mixed model was used to 
identify change over time in a multivariable linear mixed regression analysis. A P value of less than 0.05 
was considered to be statistically significant. Statistical analyses were performed using SAS/STAT® 

software, IBM SPSS Statistics 27.0.1.0 and/or GraphPad Prism 9.0.
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RESULTS
Characteristics of the study population
The study population included 465 patients who were treatment naïve at baseline. The mean age was 49 
(SD 12.9) years, 37% were female, and 35% were HBeAg (+) at baseline. Most were Asian (84%, n = 345) 
(albeit from different East and/or South-East Asian) countries, 9% Black (n = 37), and 6% White (n = 25). 
Patients either received TDF (n = 299, 65%) or LAM (n = 166, 35%) therapies with similar median 
treatment duration of 3.9 and 3.7 years, respectively. There was no difference between treatment groups 
in sex or ethnicity. However, TDF treated individuals were more likely to be HBeAg positive (Table 1). 
Historically, patients from one provincial health jurisdiction (i.e., British Columbia), only had access to 
TDF as first line therapy if they had cirrhosis. Thus, a greater proportion of persons in the TDF group 
also had advanced fibrosis (> stage F3/4) at baseline, compared to LAM (Table 1).

Summary of follow-up evaluation and outcomes
The mean baseline LSM prior to treatment was greater in TDF treated recipients (11.2 kPa, 95%CI: 9.9-
12.4) than in those receiving LAM (8.3 kPa, 95%CI: 7.2-9.5) (Table 1). At baseline, serum HBV DNA and 
ALT levels were similar in both groups (Table 1). Compared to baseline, only TDF treated group 
achieved significant HBV DNA decline at 5 years follow up (p=0.0011) compared to LAM treated group 
(P = 0.37) (Figure 1A).

By year 5, 194/299 (64.9%) TDF patients had undetectable HBV DNA (< 10 IU/mL) than 88/166 
(53.0%) LAM patients (P = 0.012, Chi-square test, Supplementary Table 1). Furthermore, a higher 
proportion of TDF treated patients had suppressed HBV DNA (< 10 IU/mL) (n = 170/190, 89%) vs 
LAM-treated (n = 35/58, 60%) (P < 0.05), but none achieved functional cure (HBsAg loss) at the end of 
the study period.

Both treatment groups had decline in ALT from baseline to 5-year follow-up (P = 0.014 for LAM and 
P < 0.0001 for TDF) (Figure 1B). As well, ALT normalization was achieved for both treatment groups by 
1-year follow-up. More specifically, by year 5, 167/299 (55.9%) TDF patients achieved ALT normal-
ization compared to 74/166 (44.6%) LAM patients (P = 0.020, Chi square test, Supplementary Table 2).

In patients with available serial long-term LSM data, NA treatment also led to improvement in liver 
inflammation and fibrosis regression with lower mean LSM at 5-year follow-up (7.0 kPa, 95%CI:5.8-8.2 
for TDF and 6.7 kPa, 95%CI: 4.9-8.6 for LAM treated patients). Multivariable linear mixed regression 
with a linear mixed model showed a significant difference in fibrosis regression between antiviral 
treatment groups. Mean fibrosis regression was greater in TDF treated patients with -4.2 kPa change 
compared to -1.6 kPa in LAM recipients from baseline, P < 0.05 (Figure 2).

As well, by 4-year follow-up, LSM improved by ≥ 1 stage in 92/299 (20.8%) TDF patients compared to 
29/166 (17.5%) LAM patients (P = 0.002, Chi square test).

Of the 26 HBeAg positive patients that received LAM treatment, 6 patients became HBeAg negative 
(23.1%). Of the 99 HBeAg positive patients that received TDF treatment, 27 patients (27.3%) achieved 
HBeAg loss. No data was available on LAM resistance however all patients enrolled in the study were 
on a single NA agent. It is standard clinical practice to switch to TDF in individuals who developed 
LAM resistance (and criteria for public formulary drug reimbursement in some provinces). Genotype 
data was not available in most patients.

DISCUSSION
In this multi-centre, retrospective real-world Canadian study, we assessed clinical outcomes in CHB 
patients receiving long-term NA therapy. Both 1st generation (LAM) and higher potency antivirals (TDF) 
reduces HBV DNA and improves liver inflammation and fibrosis based on serial LSM evaluation even 
after ALT normalization. This study highlights the effectiveness of both antiviral drugs in inducing 
fibrosis regression in a diverse HBV patient cohort. However, up to 5-year follow-up period no CHB 
patients achieved HBsAg loss or functional cure. A clinically relevant proportion of patients continued 
to show low-level viremia, especially if treated with LAM. Persons with LAM- resistance switched to 
TDF were not included to avoid bias of 2 different regimens. Data on antiviral resistance testing is not 
available, and it is likely these patients would have been switched to TDF in both BC and ON 
pharmacare reimbursement criteria. The clinical implications of low-level viremia, especially association 
with residual HCC risk is unclear and requires further study[13,14].

Many studies including randomized clinical trials, observational cohorts and meta-analyses 
demonstrate that NA treatment improves clinical outcomes for persons living with chronic hepatitis B
[1]. Observational studies from clinical databases also reflect real-world practice and complement 
clinical trials[15,16]. Single centre real-world Canadian studies have observed reduced HCC risk[17]. 
The majority of observational studies conducted on long-term NA therapy outcomes were done in HBV-
endemic countries with a particular focus on Asia. Canada is non-endemic for HBV but due to high 
rates of immigration from many endemic regions, CHB remains an important health issue and affects a 
diverse, multi-ethnic population as persons have from multiple regions and encompasses 40 countries 

https://f6publishing.blob.core.windows.net/776100a4-bac2-402c-a3fc-e200fe770ad8/WJG-28-4390-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/776100a4-bac2-402c-a3fc-e200fe770ad8/WJG-28-4390-supplementary-material.pdf
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Table 1 Summary of baseline characteristics of 465 study patients who were treated with either lamivudine or tenofovir disoproxil 
fumurate enrolled in the Canadian hepatitis B virus network

LAM treated (n = 166) TDF treated (n = 299) P value

Age (yr) 51.6 (49.7-53.6) 47.2 (45.7-48.6) < 0.001c

Male sex 58.4% (97/166) 64.9% (194/299) 0.194

Ethnicity (LAM 88%, n = 147/166 known, TDF, 88% n = 266/299 known)

Asian 85.0% (125/147) 82.7% (220/266) 0.582

Black/African/Caribbean 5.4% (8/147) 10.9% (29/266) 0.072

White 6.8% (10/147) 5.6% (15/266) 0.669

Other 2.7% (4/147) 0.4% (1/266) 0.056

Laboratory

HBeAg positive 24.1% (26/108) 39.9% (99/248) 0.004b

HBV DNA (log10 IU/mL) 7.5 (6.7-7.7) n = 149 7.6 (7.5-7.8) n = 269 0.260

ALT (IU/mL) 74.3 (62.0-86.7) n = 139 87.8 (76.8-98.7) n = 264 0.225

Mean ALT × ULN 2.7 (2.1-3.3) n = 139 3.7 (2.9-4.4) n = 264 0.077

Fibrosis (baseline)

Mean Baseline Fibrosis (kPa) 8.3 (7.2-9.5) n = 100 11.2 (9.9-12.4) n = 184 0.003b

F0-F1 Fibrosis (< 7.3 kPa) 53% (53/100) 37.5% (69/184) 0.013a

F2-F3 Fibrosis (7.3-9.5 kPa) 25% (25/100) 16.9% (31/184) 0.119

F4 Fibrosis (> 9.5 kPa) 22% (22/100) 45.7% (84/184) < 0.001c

aP < 0.05.
bP < 0.01.
cP < 0.001.
Continuous data are shown as mean (95% CI, n known). Categorical data are shown as mean % (n/n known). For continuous data, a two-tailed t test was 
used. Whereas Fisher’s exact test was used for categorical data. LAM: Lamivudine; TDF: Tenofovir disoproxil fumarate; HBV: Hepatitis B virus; ALT: 
Alanine aminotransferase; HBeAg: Hepatitis B e antigen; ULN: Upper limit of normal.

Figure 1 Comparison of clinical outcomes in 465 chronic hepatitis B patients receiving 1st generation (lamivudine or LAM, solid bar) vs 2
nd generation (tenofovir disoproxil fumarate or TDF, dotted bar) hepatitis B virus nucleos(t)ide analog therapy from baseline (pre-
treatment) followed for up to 5 years. A: Hepatitis B virus DNA decline (log10 IU/mL); B: Mean alanine aminotransferase (IU/mL) decline from baseline after 
starting lamivudine or tenofovir disoproxil fumarate. Mean with error bars representing standard deviation is plotted. LAM: Lamivudine; TDF: Tenofovir disoproxil 
fumarate; HBV: Hepatitis B virus; ALT: Alanine aminotransferase.

as based on Canadian HBV Network Data. Compared to other published real-world studies, the data is 
also relevant/applicable in a single-payer universal health care system with equal access care albeit 
differences in medication re-imbursement providing for the unique aspect of this study. The Canadian 
health care system does provide some financial assistance to cover the cost of antiviral therapy, and 
other associated costs (i.e., physician visits, hospitalization, laboratory monitoring, diagnostic imaging 
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Figure 2 Comparison of lamivudine vs tenofovir disoproxil fumarate on liver stiffness measurement over time. A: Liver stiffness measurement 
change from baseline (before treatment) and while on treatment; mean with error bars representing standard deviation is plotted; B and C: Comparison of fibrosis 
severity at baseline, 1-2 years, and 3-4 years post-treatment for lamivudine (B) and for tenofovir disoproxil fumarate (C). F0-F1 (yellow), F2-F3 (red), and F4 (purple). 
LSM: Liver stiffness measurement; LAM: Lamivudine; TDF: Tenofovir disoproxil fumarate.

etc.) is reimbursed by provincial health care plans.
Our study is similar to previous published work that highlights the benefits of antiviral treatment in 

improving liver fibrosis. A systemic review and meta-analysis including 34 published studies of treated 
and untreated CHB patients also found low rates of NA-induced HBsAg seroclearance, highlighting the 
need for improved curative therapies[18]. In fact, HBsAg seroclearance generally occurred in untreated 
individuals with less active disease[18], and is consistent with retrospective data from the Canadian 
HBV Network of CHB patients comparing outcomes in individuals that remained HBsAg positive vs 
those with HBsAg loss[19].

The current study is limited by retrospective data and missing data at all defined time-points, 
including serial lab and LSMs, and highlights the limitation of real-world studies (i.e., missed 
appointments, adherence and incomplete clinician documentation or reporting). We also excluded 
patients treated with the other approved 2nd generation NA (i.e., ETV) for purposes of the study analysis 
to compare a single 1st vs 2nd generation NA therapy. Moreover, although our cohort was multi-ethnic 
most patients were Asian, albeit individuals were born in many different east and south-east Asian 
countries. Additionally, there was missing ethnicity data on 52 patients (11%). Overall, this data 
represents immigration from up to 40 countries, based on Canadian HBV Network Data. The 2016 
Canadian census reported the top Asian countries of birth for recent immigrants are Philippines, India, 
China, Iran, Pakistan, Syria and South Korea and Syria (www.statcan.gc.ca). There is increasing data on 
LSM for assessment of liver inflammation and HBV-related fibrosis, although transient elastography is 
not widely available in resource limited countries compared to other non-invasive fibrosis markers such 
as aspartate aminotransferase to platelet ratio index (APRI) and Fibrosis4 (FIB4) calculator[20]. It is 
noteworthy that our analysis represents the largest North American study conducted to date on long-
term follow-up with NA therapy utilizing this novel technology.

CONCLUSION
In summary in this real-world diverse cohort study of chronic hepatitis B patients in Canada, long-term 
nucleo(s)ide analog (either 1st or 2nd generation) therapy suppresses HBV DNA and improves hepatic 
inflammation and liver fibrosis, as determined by non-invasive testing (i.e., transient elastography). In 
patients treated for up to 5 years, none achieved HBsAg loss (functional cure), highlighting the need for 
improved therapeutic strategies to reduce the life-long burden of antiviral therapy.

ARTICLE HIGHLIGHTS
Research background
Therapy of hepatitis B virus (HBV) with nucleos(t)ide analogues (NA) can be associated with fibrosis 
regression. There are both low and high potency agents approved for therapy and access to these 
therapies maybe variable. There is limited real-world data comparing these agents on their effect to 
result in fibrosis regression and long term outcomes.

Research motivation
Although high-potency agents are considered the standard of care, there has been variable access to 
these agents and indeed ongoing use of these agents in 1st world countries to include Canada. It is thus 

http://www.statcan.gc.ca
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important to provide evidence in outcomes to include fibrosis regression between the high and low 
potency NA’s. This study may impact the use of these agents in the future, and allow consideration for 
switching from low to high potency agents if possible.

Research objectives
To assess HBV viral response, biochemical remission, liver fibrosis regression and hepatitis B surface 
antigen (HBsAg) sero-clearance after treatment with either a 1st or 2nd line NA therapy. These objectives 
were realized and the future impact would be the consideration of utilizing 1st vs 2nd line NA’s. Further, 
other outcome measure to include HBsAg loss and development of hepatocellular carcinoma (HCC) 
may be considered.

Research methods
We performed a retrospective observational cohort study utilizing a National network in HBV. Novel 
aspects that allowed this study is the utilization of a National Network which was able to capture 
differences in NA utilization based on regional differences of reimbursement. The strength of this study 
lies in the diversity that the Canadian HBV Network provides. The utilization of liver stiffness by 
transient elastography in a North American cohort for this objective is also unique.

Research results
As per differences in utilization, a larger proportion of patients with advanced fibrosis were initiated 
with tenofovir disoproxil fumarate (TDF) compared to LAM. At the end of the study period there were 
similar stages of fibrosis between the 2 groups. There was an increased fibrosis regression in those 
treated with a high potency compared to a low-potency NA. More patients in the TDF group also 
achieved virological suppression, though alanine amino transferase (ALT) normalization was similar.

Research conclusions
In this diverse cohort treatment with low and high potency NA’s achieves high rates of viral 
suppression, ALT normalization and a large proportion achieve fibrosis regression. The strength of 
national collaboration within a network is exemplified in this study in particular taking advantages of 
diversity within an overall similar medical system. These differences within a Network can be a 
powerful tool to answer research questions and can reduce a number of biases inherent when 
comparing populations/studies between countries or regions.

Research perspectives
The future direction would include potential for long-term outcomes with differential NA usage to 
include HBsAg loss or seroconversion and any differences in development of HCC albeit in a 
population with differences in stage of fibrosis at baseline. This study population and Network provides 
a unique perspective to answer this question.
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Abstract
BACKGROUND 
Microvascular invasion (MVI) of small hepatocellular carcinoma (sHCC) (≤ 3.0 
cm) is an independent prognostic factor for poor progression-free and overall 
survival. Radiomics can help extract imaging information associated with tumor 
pathophysiology.
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AIM 
To develop and validate radiomics scores and a nomogram of gadolinium ethoxybenzyl-diethyl-
enetriamine pentaacetic acid (Gd-EOB-DTPA)-enhanced magnetic resonance imaging (MRI) for 
preoperative prediction of MVI in sHCC.

METHODS 
In total, 415 patients were diagnosed with sHCC by postoperative pathology. A total of 221 
patients were retrospectively included from our hospital. In addition, we recruited 94 and 100 
participants as independent external validation sets from two other hospitals. Radiomics models of 
Gd-EOB-DTPA-enhanced MRI and diffusion-weighted imaging (DWI) were constructed and 
validated using machine learning. As presented in the radiomics nomogram, a prediction model 
was developed using multivariable logistic regression analysis, which included radiomics scores, 
radiologic features, and clinical features, such as the alpha-fetoprotein (AFP) level. The calibration, 
decision-making curve, and clinical usefulness of the radiomics nomogram were analyzed. The 
radiomic nomogram was validated using independent external cohort data. The areas under the 
receiver operating curve (AUC) were used to assess the predictive capability.

RESULTS 
Pathological examination confirmed MVI in 64 (28.9%), 22 (23.4%), and 16 (16.0%) of the 221, 94, 
and 100 patients, respectively. AFP, tumor size, non-smooth tumor margin, incomplete capsule, 
and peritumoral hypointensity in hepatobiliary phase (HBP) images had poor diagnostic value for 
MVI of sHCC. Quantitative radiomic features (1409) of MRI scans) were extracted. The classifier of 
logistic regression (LR) was the best machine learning method, and the radiomics scores of HBP 
and DWI had great diagnostic efficiency for the prediction of MVI in both the testing set (hospital 
A) and validation set (hospital B, C). The AUC of HBP was 0.979, 0.970, and 0.803, respectively, 
and the AUC of DWI was 0.971, 0.816, and 0.801 (P < 0.05), respectively. Good calibration and 
discrimination of the radiomics and clinical combined nomogram model were exhibited in the 
testing and two external validation cohorts (C-index of HBP and DWI were 0.971, 0.912, 0.808, and 
0.970, 0.843, 0.869, respectively). The clinical usefulness of the nomogram was further confirmed 
using decision curve analysis.

CONCLUSION 
AFP and conventional Gd-EOB-DTPA-enhanced MRI features have poor diagnostic accuracies for 
MVI in patients with sHCC. Machine learning with an LR classifier yielded the best radiomics 
score for HBP and DWI. The radiomics nomogram developed as a noninvasive preoperative 
prediction method showed favorable predictive accuracy for evaluating MVI in sHCC.

Key Words: Magnetic resonance imaging; Hepatocellular carcinoma; Radiomics; Nomogram
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and overall survival. However, no studies have been published on the preoperative prediction of the MVI 
of sHCC. This multi-center study was developed and validated radiomics scores and nomogram of 
gadoxetic acid-enhanced magnetic resonance imaging (EOB-MRI) for the preoperative prediction of MVI 
in sHCC. The results demonstrated that AFP and conventional EOB-MRI features have poor diagnostic 
accuracy for MVI in patients with sHCC. The radiomics scores of HBP and diffusion-weighted imaging 
can improve the ability to predict MVI. As a noninvasive preoperative prediction method, the radiomics 
nomogram presented in this study showed a favorable predictive accuracy in evaluating MVI of sHCC, 
which may help reassess the clinical therapeutic regimen for patients with sHCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related death and ranks 
sixth in terms of incident cases worldwide[1]. HCC is an important public health problem worldwide, 
and the death rate has increased over the past few years[2,3]. The cut-off size to define small HCC 
(sHCC) has been adopted as 3.0 cm[4]. Although the prognosis of sHCC is better than other types of 
HCC, the higher postoperative recurrence rate results in poor long-term outcomes after resection of 
sHCC[5]. Previous studies have confirmed that tumor size, higher tumor stage, worse histological 
differentiation, and the presence of microvascular invasion (MVI) are significant risk factors for short-
term recurrence of HCC[6-8]. In particular, the incidence of MVI, which is an independent poor 
prognostic factor for progression-free survival and overall survival of patients with sHCC, is generally 
about 20% in sHCC[9]. The presence or absence of MVI also suggests the need for different therapeutic 
options for HCC. Research has indicated that transcatheter arterial chemoembolization combined with 
intensity-modulated radiotherapy and sorafenib showed obvious clinical benefits in HCC patients with 
MVI[10]. Enlarged hepatectomy may be necessary for patients with sHCC and MVI.

Pathological examination of postoperative specimens is the gold standard for the diagnosis of MVI
[11]. However, postoperative specimens exhibit hysteresis, which is not ideal for guiding treatment. In 
addition to being an invasive method, biopsy carries some risks of bleeding or tumor seeding[12]. 
Gadolinium ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) contrast-enhanced liver 
magnetic resonance imaging (MRI) is a noninvasive examination used to diagnose a variety of liver 
diseases[13] and can be used to assess liver function in patients with various stages of liver disease[14]. 
Gd-EOB-DTPA MRI has been used to predict MVI based on tumor size, non-smooth tumor margin, 
incomplete capsule, and peritumoral hypointensity in the hepatobiliary phase[15-18]. However, sHCC 
has a small size, regular margin, complete capsule (or no capsule), and is usually free of peritumoral 
hypointensity. Therefore, it is difficult to predict the MVI of sHCC using traditional GD-EOB-DTPA 
MRI features.

Radiomics is an emerging field that attempts to quantify tumor heterogeneity related to the tumor 
parenchyma and microenvironment, including cellularity, extracellular matrix deposition, angiogenesis, 
necrosis, and fibrosis[19,20]. Machine learning is a scientific method of algorithms and statistical models 
that uses computers to interpret or predict patterns and inferences[21]. In many medical situations, 
medical imaging can be analyzed by machine learning through a series of processes, such as image 
registration, image segmentation, object detection, classification, and outcome prediction[22,23]. 
Automated computer algorithms can be used for quantitative image analysis, which can objectively 
quantify the heterogeneity of an image by measuring the spatial variation in the pixel intensity[24]. 
Radiomics with quantitative analysis provides a potential method for the diagnosis and prognosis of 
cancers[25,26]. Although a few studies have explored the feasibility of using radiomics based on 
computed tomography (CT) or MRI features to predict MVI in HCC[27-29], to our knowledge, previous 
studies have not investigated the prediction of MVI in sHCC. Therefore, this study aimed to explore the 
diagnostic value of liver Gd-EOB-DTPA MRI features in MVI of sHCC and to construct and validate the 
predictive efficacy of radiomics signatures and a nomogram for MVI in sHCC. This study also aimed to 
confirm the best modeling sequences, including images of T1 weighted imaging (T1WI), T2 weighted 
imaging (T2WI), diffusion-weighted imaging (DWI), and post-Gd-EOB-DTPA enhancement images of 
the arterial phase (AP), portal vein phase (PVP), and hepatobiliary phase (HBP), for extracting radiomics 
signatures by machine learning.

MATERIALS AND METHODS
Study cohort
The ethical review board of our institution approved this multi-center and external validation study 
(No. 2019 KY-E-134). This study adhered to the principles of the Declaration of Helsinki and the 
requirement for informed consent was waived. First, we retrospectively searched our institution’s 
(Guangxi Medical University First Affiliated Hospital, Hospital A) departmental electronic database for 
patients with consecutive hospital visits who had undergone upper-abdomen MRI between January 
2016 and June 2020. A total of 221 patients were enrolled who met the following inclusion criteria: (1) 
Patients received Gd-EOB-DTPA enhanced upper-abdomen MRI and small HCC (tumor size ≤ 3.0 cm) 
were diagnosed; (2) no macrovascular tumor invasion on MRI (i.e., no tumor thrombus in the hepatic or 
portal veins); (3) primary HCC were diagnosed by histopathologic examination within two weeks after 
the MRI examination; and (4) MR images were of sufficient image quality. The exclusion criteria of this 
study were: (1) Patients who had undergone previous hepatobiliary surgery or liver-directed therapy (
i.e., transarterial chemoembolization or ablation); and (2) the lesions were diagnosed other than primary 
HCC. Second, we continuously recruited 94 and 100 participants as independent external validation sets 
from two other hospitals (Affiliated Hospital of Guilin Medical University and West China Hospital, 
Hospital B and C) between July 2020 and August 2021 using the same inclusion and exclusion criteria. 
All patients underwent hepatectomy and pathologic assessment within two weeks of the MRI 
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examination. The alpha fetal protein (AFP), Child-Pugh grades (grade A to C), and model for end-stage 
liver disease (MELD) scores were also analyzed and calculated for all patients (Figure 1).

Histopathologic analysis
Two experienced pathologists performed all the histological analyses in our central pathology 
laboratory. The Edmondson-Steiner classification was used to identify the major histological grades of 
HCC. When a tumor within a vascular space was lined by the endothelium, MVI was confirmed to be 
visible only microscopically, and the sites of positive MVI were documented. All disagreements were 
resolved by consensus.

MRI examination
All patients underwent 3.0 T MRI with six sequences of Gd-EOB-DTPA enhancement and DWI 
(Discovery MR750, GE Healthcare, Waukesha, WI, United States; Prisma and MAGNETOM Verio, 
Siemens Healthcare, Erlangen, Germany), including T1WI, T2WI, DWI, and post-injection phases of 
EOB as AP, PVP, and HBP. Detailed descriptions of the imaging acquisition protocols are summarized 
in Supplementary Table 1. For advanced DWI image quality, respiratory triggering, propeller, and 
resolve technical proposals were adopted.

Conventional radiological features analysis
Conventional radiological features were carefully evaluated based on the Liver Imaging Reporting and 
Data System (LI-RADS v2018), which included the tumor size, AP hyperenhancement, blood products 
in mass, capsule, corona enhancement, delayed central enhancement, diffusion restriction, fat or iron in 
mass more than the adjacent liver, fat or iron sparing in a solid mass, mosaic appearance, hepatobiliary 
phase hypointensity, hepatobiliary phase isointensity, and nodule-in-nodule appearance. The following 
MRI features were selected in this study: (1) Tumor size; the maximum diameter was measured on HBP 
axial images; (2) non-smooth tumor margin, which was defined as nodular with extranodular growth or 
multinodular confluence; (3) incomplete capsule, the region where the tumor border with liver tissue 
has no or incomplete capsule on portal venous phase or delayed phase; and (4) peritumoral hypoin-
tensity on HBP, wedge-shaped hypointense located outside of the tumor margin on HBP. After 
independent evaluation by three senior radiologists, discussions were conducted to reach a consensus 
wherever discrepancies occurred.

RADIOMICS SIGNATURES AND REPRODUCIBILITY ANALYSIS
Segmentation of the volume of interests
The Digital Imaging and Communications in Medicine images were transferred to the Big Data 
Intelligent Analysis Cloud Platform (Huiying Medical Technology Co., Ltd., Beijing, China). Two 
experts in liver MRI (senior radiologists with 15 and 25 years of experience) reviewed all images, and a 
radiologist manually segmented all target lesions who were blinded to the clinical information, creating 
a segmented volume of interest (VOI). After completion of the VOIs by a junior radiologist, the VOIs 
were reviewed by a senior radiologist for validation. To minimize the intensity variations caused by 
different scanning equipment and scanning parameters, these MR images were normalized by the 
standard deviation (μ-3σ, μ + 3σ) before feature extraction, and all delineated VOIs were automatically 
analyzed (Figure 2).

As two radiologists measured the radiomics features to assess reproducibility, we calculated the 
intraclass correlation coefficient (ICC). When the ICC was > 0.80, consistency was considered excellent.

Features extraction
We extracted 1409 quantitative imaging features from VOIs using the cloud platform big data intelligent 
analysis (http://radcloud.cn/). The features were categorized into four groups. The first-order 
statistical features were considered as group 1 (including a total of 18 descriptors), which delineated the 
distribution of voxel intensities in the MR images through common and basic metrics. Group 2 included 
shape- and size-based features (containing 14 three-dimensional features) that reflected the shape and 
size of the lesion areas. Group 3 included features of two-order texture, gray-level co-occurrence, and 
gray-level run-length texture matrices that were used to calculate those features, and 75 texture features 
were extracted to quantify the heterogeneity of lesions. The higher-order filter features such as group 4, 
Laplacian, wavelet, logarithmic, and exponential filters were applied to medical images, and then the 
first-order statistics and texture features were extracted based on the filtered image (1302 filter features).

Features selection
The least absolute shrinkage and selection operator (LASSO) was used to decrease irrelevance and 
redundancy. We performed a 10-fold cross-validation to select the optimal feature subset in LASSO 
regression, which was based on binomial deviance minimization criteria from the training cohort with a 

https://f6publishing.blob.core.windows.net/a1f808e6-e641-40bc-80b2-372566ed3305/WJG-28-4399-supplementary-material.pdf
http://radcloud.cn/
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Figure 1 Flow diagram of the study cohort. A total of 415 participants were included in this multi-center study.

maximum iteration of 2000. A variance threshold of 0.8 was used for the selected eigenvalues of the 
variance.

Model development and validation
The retrospective data (Hospital A) were separated from the training and testing datasets using a 
random method with a ratio of 7:3, and external data (Hospitals B and C) as the independent validation 
sets. After feature qualification, based on the selected features, several machine learning classifiers can 
be used for classification analysis, creating models that can separate or predict MVI-positive data. In this 
study, radiomics-based LASSO models (machine learning) were constructed using T1WI, T2WI, DWI, 
AP, PVP, and HBP. We selected K-nearest neighbor (KNN), support vector machine (SVM), extreme 
gradient boosting (XGBoost), random forest (RF), logistic regression (LR), and decision tree (DT) as the 
machine learning classifiers, and the effectiveness of the model was improved using the validation 
method (Figure 2).

Confirmation of radiomics nomogram
R package (version 3.0, http://www.r-project.org/) was used to analyze the radiomics nomogram. 
Multivariate logistic regression analysis was performed to develop a model for predicting MVI, and all 
variables associated with MVI at a significant level were candidates for stepwise multivariate analysis. 
A nomogram was constructed based on the results of the multivariate logistic regression analysis. The 
receiver operating characteristic (ROC) curve was used to calculate the discrimination performance of 
the established models, and the values of the area under the curve (AUC) were compared using the 
Delong non-parametric approach. The calibration of the radiomics model was assessed using calibration 
curves. External data from the independent validation sets (hospitals B and C) were used to test the 
performance of the radiomics model. Finally, we constructed decision curves by calculating the net 
benefits for a range of threshold probabilities.

Statistical analyses
MedCalc 16.2.1 (Ostend, Belgium) and SPSS (version 22.0; Armonk, NY, United States) were used for 
the statistical analyses. The Kolmogorov-Smirnov method was used to identify the normal distribution 
of continuous variables. The differences in categorical and continuous variables were compared using 
the χ2 test, Fisher’s exact test, two-sample t-test, or Mann-Whitney U test, respectively. ROC analyses 
were performed to evaluate the predictive performance of MVI for sHCC. The Youden index was used 
for determining the cut-off values. Then, the AUC, sensitivity, and specicity were calculated, and a Z 

http://www.r-project.org/
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Figure 2 Flow diagram for the radiomics of machine learning. A: Construct radiomics models, the volume of interest was delineated by experienced radiologists and three-dimensional images were formed, extracting quantitative features by 
software; B: Pathologic examination, firstly obtaining specimens of small hepatocellular carcinoma tissue, and then taking pathologic diagnosis for microvascular invasion; C: Data cleaning and dimensions reduction; D: Establishing the model for 
predicting microvascular invasion by machine learning. LR: Logistic regression; KNN: K-Nearest neighbor; SVM: Support vector machine; RF: Random forest.
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test was used to compare the differences between the AUCs. Statistical significance was set at P < 0.05.

RESULTS
Patients and serological examinations
A total of 415 patients with qualified sHCC were enrolled in the final study (Figure 1). In hospitals A, B, 
and C, the mean participant age was 51.2 ± 10.9 (range 29-78) years, 53.04 ± 10.59 (range 28-77) years, 
and 54.01 ± 10.82 (range 28-85) years, respectively. Histological examination confirmed MVI in 64 
(28.9%), 22 (23.4%), and 16 (16.0%) patients. The number of patients with hepatitis B, C and alcoholic 
hepatitis were 162 (73.3%), 21 (9.5%), 29 (13.1%); 71 (75.6%), 10 (10.6%), 8 (8.5%); and 82 (82.0%), 6 
(6.0%), 2 (2.0%), respectively. The numbers of patients with cirrhosis were 173 (78.3%), 69 (73.4%), and 
70 (70%), respectively. The median serum AFP levels were 26.10 (range 0.98-25451.00) ng/mL, 9.34 
(range 1.09-6740.42) ng/mL, and 31.070 (range 0.713-4587.000) ng/mL, respectively. The median serum 
total bilirubin levels were 12.5 (range 2.9-64.6) μmol/L, 17.4 (range 3.6-446.9) μmol/L and 13.2 (range 
4.4-47.2) μmol/L, respectively. The median direct bilirubin levels were 3.9 (range 1.0-17.0) μmol/L, 4.5 
(range 1.0-218.9) μmol/L and 5.50 (range 1.50-26.84) μmol/L, respectively. The MELD scores were 13.9 ± 
4.8 (range 7.0-26.9), 13.8 ± 5.8 (range 6.0-35.5) and 11.8 ± 4.5 (range 5.2-25.6). The number of Child-Pugh 
classes A, B, and C were 205 (93.2%), 13 (5.9%), 2 (0.9%), 81 (86.2%), 12 (12.8%), 1 (1.1%), 86 (86.0%), 13 
(13.0%), and 1 (1.0%), respectively. There were 32 (14.5%), 142 (64.3%), 47 (21.2%); 12 (12.8%), 68 (72.3%), 
14 (14.9%) and 8 (8.0%), 71 (71.0%), 21 (21.0%) cases that were histological grades I, II, and III, 
respectively (Table 1).

Conventional radiological features
In the group comparison of MVI-positive and negative, the AFP and tumor size were 33.91 (range 1.4-
25451.0) and 22.52 (range 0.98-18929.00) (ng/mL) (P = 0.026), 2.34 ± 0.56 and 1.92 ± 0.67 (cm) (P = 0.036) 
in hospital A; 38.97 (range 1.90-6740.40) and 5.43 (range 1.10-2018.79) (ng/mL) (P = 0.01), 2.43 ± 0.57 and 
2.11 ± 0.66 (cm) (P = 0.047) in hospital B; 109.72 (range 0.80-2278.00) and 24.41 (range 0.71-4587.00) 
(ng/mL) (P = 0.032), 2.47 ± 0.43 and 2.21 ± 0.64 (cm) (P = 0.054) in hospital C. In the MVI-positive group, 
the proportion of patients with non-smooth tumor margin, incomplete capsule, and peritumoral 
hypointensity was 39.7% (27/68) (P = 0.019), 40.3% (25/62) (P = 0.02), and 51.5% (17/33) (P = 0.002) in 
hospital A; 52.9% (9/17) (P = 0.003), 59.5% (25/42) (P = 0.062), and 35.7% (5/14) (P = 0.304) in hospital B; 
and 31.3% (10/32) (P = 0.004), 14.6% (6/41) (P = 0.759), and 63.6% (14/22) (P = 0.002) in hospital C 
(Table 2).

For discriminating MVI-positive, in hospital A, B and C the AUC of AFP was 0.597 [95% confidence 
interval (CI):0.528-0.662], 0.683 (95%CI):0.528-0.662] and 0.669 (95%CI:0.568-0.760), respectively; the 
AUC of tumor size was 0.675 (95%CI:0.609-0.736), 0.639 (95%CI:0.553-0.735) and 0.576 (95%CI:0.473-
0.675), respectively; the AUC of non-smooth tumor margin was 0.580 (95%CI:0.512-0.646), 0.649 
(95%CI:0.544-0.745) and 0.682 (95%CI:0.581-0.771), respectively; the AUC of incomplete capsule was 
0.577 (95%CI:0.509-0.643), 0.595 (95%CI:0.489-0.695) and 0.521 (95%CI:0.419-0.622), respectively; the 
AUC of peritumoral hypointensity on HBP was 0.582 (95%CI:0.514-0.648), 0.551 (95%CI:0.445-0.654) and 
0.667 (95%CI:0.565-0.758), respectively (Table 3).

Radiomics signatures
There were 155 and 66 patients with sHCC in the training and test datasets, respectively. The 
proportions of MVI-positive patients were 27.1% and 29%, respectively. There were no significant 
differences in patient characteristics between the training and testing cohorts (P > 0.05). Among the 1409 
radiomics features in each T1WI, T2WI, DWI, AP, PVP, and HBP model, 443, 483, 467, 554, 462, and 453 
features were selected based on a variance threshold of over 0.80. After LASSO analysis, five, 22, 33, 
four, eight, and 30 features were selected for T1WI, T2WI, DWI, AP, PVP, and HBP, respectively.

Robustness analysis results
We found that 70.5% (993/1409) of the features extracted from T1WI images had excellent consistency 
(ICC > 0.8), and all five features selected for modeling had excellent consistency (ICC median, 0.969; 
minimum, 0.877; maximum, 1.000). The features of 51.9% (731/1409) extracted from T2WI images had 
excellent consistency (ICC > 0.8), and most of the 22 features selected for modeling had good 
consistency (ICC median, 0.701; minimum, 0.41; maximum, 0.94). The features of 60.04% (846/1409) 
extracted from DWI images had excellent consistency (ICC > 0.8), and most of the 33 features selected 
for modeling had excellent consistency (ICC median, 0.869; minimum, 0.41; maximum, 0.98). The 
features of 67.8% (956/1409) extracted from AP images had excellent consistency (ICC > 0.8), and the 
ICC of the four features selected for modeling were 0.902, 0.884, 0.734, and 0.891. The features of 62.1% 
(875/1409) extracted from PVP images had excellent consistency (ICC > 0.8), and most of the eight 
features selected for modeling had excellent consistency (ICC median = 0.844, minimum = 0.500, 
maximum = 1.000). The features of 82.5% (1163/1409) extracted from HBP images had excellent 
consistency (ICC > 0.8), and most of the 30 features selected for modeling had excellent consistency (ICC 
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Table 1 Demographics, alpha fetal protein, bilirubin, tumor characteristics, and microvascular infiltration of the patients with small 
hepatocellular carcinoma in data sets of three hospitals

Characteristics Hospital A (n = 221) Hospital B (n = 94) Hospital C (n = 100)

Age (yr) mean ± SD: 51.2 ± 10.9 (range 29-78) mean ± SD: 53.04 ± 10.59 (range 28-77) mean ± SD: 54.01 ± 10.82 (range 28-85)

Male/female 189 (85.5%)/32 (14.5%) 84 (89.4%)/10 (10.6%) 85 (85.5%)/15 (15.0%)

Causes of liver disease

Hepatitis B 162 (73.3%) 71 (75.6%) 82 (82.0%)

Hepatitis C 21 (9.5%) 10 (10.6%) 6 (6.0%)

Alcoholic hepatitis 29 (13.1%) 8 (8.5%) 2 (2.0%)

Others 9 (4.1%) 5 (5.3%) 10 (10.0%)

Cirrhosis

Present 173 (78.3%) 69 (73.4%) 70 (70%)

Absent 48 (21.7%) 25 (26.6%) 30 (30%)

AFP (ng/mL) Median: 26.10 (range 0.98-25451.00) Median: 9.34 (range 1.09-6740.42) Median: 31.070 (range 0.713- 4587.000)

TBiL (μmol/L) Median: 12.5 (range 2.9-64.6) Median: 17.4 (range 3.6-446.9) Median: 13.2 (range 4.4-47.2)

DBiL (μmol/L) Median: 3.9 (range 1.0-17.0) Median: 4.5 (range 1.0-218.9) Median: 5.50 (range 1.50-26.84)

MELD scores mean ± SD: 13.9 ± 4.8 (range 7.0-26.9) mean ± SD: 13.8 ± 5.8 (range 6.0-35.5) mean ± SD: 11.8 ± 4.5 (range 5.2-25.6)

Child-Pugh classes

A 205 (93.2%) 81 (86.2%) 86 (86.0%)

B 13 (5.9%) 12 (12.8%) 13 (13.0%)

C 2 (0.9%) 1 (1.1%) 1 (1.0%)

Edmondson-steiner grade

Grade I 32 (14.5%) 12 (12.8%) 8 (8.0%)

Grade II 142 (64.3%) 68 (72.3%) 71 (71.0%)

Grade III 47 (21.2%) 14 (14.9%) 21 (21.0%)

Tumor size (cm) mean ± SD: 2.04 ± 0.67 (range 0.60-3.00) mean ± SD: 2.17 ± 0.42 (range 0.80-3.00) mean ± SD: 2.20 ± 0.41 (range 0.90-3.00)

MVI

Positive 64 (28.9%) 22 (23.4%) 16 (16.0%)

Negative 157 (71.1%) 72 (76.6%) 84 (84.0%)

TBiL: Total bilirubin; DBiL: Direct bilirubin; MELD: Model for end-stage liver disease; AFP: Alpha-fetoprotein; MVI: Microvascular infiltration.

median, 0.917; minimum, 0.690; maximum, 1.000).

Predictive performance of the machine learning classifiers
The machine learning classifiers used in this study were KNN, LR, MLP, RF, SVM, and DT. In general, 
all classifiers achieved satisfactory performance, with LR being the best machine learning method. To 
predict MVI, T1WI, T2WI, DWI, AP, PVP, and HBP radiomics models were constructed and validated. 
In the testing set, the AUCs were 0.776 (95%CI: 0.611-0.895), 0.813 (95%CI: 0.651-0.922), 0.971 (95%CI: 
0.858-0.999), 0.788 (95%CI: 0.642-0.894), 0.790 (95%CI: 0.630-0.904) and 0.979 (95%CI: 0.911-1.000). In 
validation hospital B, the AUCs were 0.834 (95%CI: 0.742-0.904), 0.825 (95%CI: 0.732-0.896), 0.816 
(95%CI: 0.678-0.876), 0.810 (95%CI: 0.715-0.884), 0.847 (95%CI: 0.758-0.913) and 0.970 (95%CI: 0.912-
0.994). In validation hospital C, the AUCs were 0.766 (95%CI: 0.672-0.844), 0.761 (95%CI: 0.669-0.839), 
0.801 (95%CI: 0.710-0.871), 0.824 (95%CI: 0.737-0.892), 0.833 (95%CI: 0.748-0.898) and 0.803 (95%CI: 0.680-
0.834) (Figure 3, Table 4).

Development and validation of MVI predicting nomogram
The C-indexes of the radiomics and clinic combined nomogram with the model of T1WI, T2WI, DWI, 
AP, PVP and HBP were 0.771 (95%CI: 0.695-0.836), 0.895 (95%CI: 0.834-0.940), 0.990 (95%CI: 0.957-0.999), 
0.774 (95%CI: 0.706-0.833), 0.746 (95%CI: 0.668-0.814) and 0.990 (95%CI: 0.944-0.993) in the training set, 
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Table 2 Age, gender, alpha-fetoprotein and radiologic features of patients with small hepatocellular carcinoma and relationship with 
microvascular infiltration

Hospital A (n = 221) Hospital B (n = 94) Hospital C (n = 100)

Positive Negative P 
value Positive Negative P 

value Positive Negative P 
value

Age (yr) 50.9 ± 10.7 51.3 ± 10.9 0.840 51.7 ± 12.3 53.1 ± 10.1 0.597 53.5 ± 9.1 53.7 ± 11.0 0.958

Gender 0.593 0.443 0.259

Female 8 24 1 9 1 14

Male 56 133 21 63 15 70

AFP (ng/mL) 33.91 (range 
1.40-25451.00)

22.52 (range 1-
18929)

0.026 38.97 (range 
1.90-6740.40)

5.43 (range 
1.10-2018.79)

0.010 109.72 (range 
0.80-2278.00)

24.41 (range 
0.71-4587.00)

0.032

Size (cm) 2.34 ± 0.56 1.92 ± 0.67 0.036 2.43 ± 0.57 2.11 ± 0.66 0.047 2.47 ± 0.43 2.21 ± 0.64 0.054

Nonsmooth tumor 
margin

0.019 0.003 0.004

Absent 37 116 13 64 6 62

Present 27 41 9 8 10 22

Capsule 0.020 0.062 0.756

Absent 39 120 21 55 10 49

Present 25 37 25 17 6 35

Peritumoral 
hypointensity

0.002 0.304 0.007

Absent 47 141 17 63 70 8

Present 17 16 5 9 14 8

Size: Large tumor size; AFP: Alpha-fetoprotein; MVI: Microvascular infiltration.

respectively; 0.846 (95%CI: 0.594-0.883), 0.917 (95%CI: 0.640-0.915), 0.970 (95%CI: 0.843-0.997), 0.794 
(95%CI: 0.615-0.876), 0.831 (95%CI: 0.650-0.916) and 0.971 (95%CI: 0.892-0.999) in the testing set, 
respectively; 0.895 (95%CI: 0.775-0.925), 0.886 (95%CI: 0.746-0.906), 0.843 (95%CI: 0.685-0.881), 0.886 
(95%CI: 0.695-0.899), 0.918 (95%CI: 0.791-0.934) and 0.912 (95%CI: 0.918-0.996) in validation hospital B, 
respectively; 0.830 (95%CI: 0.667-0.850), 0.808 (95%CI: 0.654-0.867), 0.869 (95%CI: 0.694-0.899), 0.874 
(95%CI: 0.674-0.884), 0.870 (95%CI: 0.732-0.887) and 0.808 (95%CI: 0.635-0.892) in validation hospital C, 
respectively (Figure 4, Table 5).

Decision curve analysis showed adequate performance for radiomics nomogram models for 
predicting MVI in sHCC. The proposed radiomics model to predict MVI showed a greater advantage 
than the “clinicoradiological” scheme (P < 0.05). There was no significant difference in predictive 
efficacy between the combination nomogram model and the single radiomics model (P > 0.05) 
(Figure 5).

DISCUSSION
In this multi-center study, we analyzed the clinical and imaging data of 415 patients with sHCC who 
underwent DWI, Gd-EOB-DTPA-enhanced MRI, and hepatectomy. We used a machine learning 
approach to construct radiomics signatures and nomogram models for preoperative prediction of MVI 
and then independently validated the machine learning and nomogram models. Our data showed that 
clinical and common MRI radiological features, including AFP, tumor size, non-smooth tumor margin, 
incomplete capsule, and HBP peritumoral hypointensity, have limited diagnostic value for MVI of 
sHCC. The LR classifier was the best machine learning method, and the radiomics scores of HBP and 
DWI had great diagnostic efficiency for predicting MVI of sHCC. The nomogram model of combined 
radiomics scores, APF, and common MRI features exhibited good calibration and discrimination in the 
training, testing, and independent external validation cohorts.

Gd-EOB-DTPA with a pendant ethoxybenzyl group covalently attached to gadopentetate dimeglu-
mine is a hepatocyte-specific MRI contrast agent that can be taken up by hepatocytes via the organic 
anion transporting polypeptides[30]. Gd-EOB-DTPA, which has dual extracellular and hepatobiliary 
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Table 3 Diagnostic performance of alpha-fetoprotein and radiologic features for assessing microvascular infiltration of small 
hepatocellular carcinoma by receiver operating characteristic curve analysis

AFP Tumor size Nonsmooth tumor margin Incomplete capsule Peritumoral hypointensity

Hospital A

AUC 0.597 0.675 0.580 0.577 0.582

95%CI 0.528-0.662 0.609-0.736 0.512-0.646 0.509-0.643 0.514-0.648

P value 0.024 < 0.001 0.024 0.027 0.007

Sensitivity 34.92 70.31 42.19 39.06 26.56

Specificity 81.82 61.15 73.89 76.43 89.81

Hospital B

AUC 0.683 0.639 0.649 0.595 0.551

95%CI 0.577-0.777 0.553-0.735 0.544-0.745 0.489-0.695 0.445-0.654

P value 0.006 0.035 0.008 0.005 0.304

Sensitivity 63.64 81.82 71.43 95.45 22.73

Specificity 72.06 44.44 88.89 23.61 87.50

Hospital C

AUC 0.669 0.576 0.682 0.521 0.667

95%CI 0.568-0.760 0.473-0.675 0.581-0.771 0.419-0.622 0.565-0.758

P value 0.016 0.213 0.007 0.759 0.014

Sensitivity 87.50 68.75 62.50 62.50 50.00

Specificity 52.38 54.76 73.81 41.67 83.33

DeLong test for comparison of receiver operating characteristic curve. AFP: Alpha-fetoprotein; AUC: Area under the curve; 95%CI: 95% confidence 
interval.

properties that provide structural and functional information on liver lesions, can also provide 
information on nonspecific gadolinium chelates during dynamic enhancement[31,32]. Granito et al[33] 
reported that Gd-EOB-DTPA-enhanced MRI may improve the sensitivity of noninvasive diagnosis of 
small HCC nodules in patients with cirrhosis, and the double hypointensity in the portal/venous and 
HBP can be regarded as an MRI pattern, which is highly suggestive of hypovascular hepatocellular 
carcinoma. This previous study revealed that large tumor size, incomplete capsule, non-smooth tumor 
margin, peritumoral enhancement on AP, and peritumoral hypointensity on HBP could achieve 
predictive AUCs of up to 0.85 for MVI of HCC[34]. However, for small HCC (large tumor size ≤ 3 cm), 
the common MRI radiologic features are smooth tumor margin, complete capsule (or no capsule), and 
no peritumoral hypointensity in HBP. In this study, the results from three hospitals showed that these 
conventional MRI radiologic features had limited value in evaluating MVI for sHCC.

Based on these characteristics, we established a Gd-EOB-DTPA MRI radiomics model using machine 
learning to construct and validate radiomics models for predicting MVI of sHCC. Machine learning has 
demonstrated capabilities to learn and even master complex tasks, making it useful for computer-aided 
diagnosis and decision support systems[21]. Radiomics refers to a technique of high-throughput 
extraction of quantitative imaging features or textures to decode histology and create a high-
dimensional dataset[35]. However, it was thought that the parameters of the MRI scanner would not 
have an obvious influence on the results of radiomics analysis after the images were standardized when 
a previous multi-center study[36] did not demand the same MRI scanners and parameters. However, to 
minimize the possible influence of other factors, a unified MRI scanner and image standardization 
process were used in our study. Furthermore, whole-tumor volume analysis was used to decrease 
sampling bias.

Although previous studies have verified that the radiomics features of CT imaging could predict MVI 
status in patients with HCC preoperatively, it has high diagnostic efficiency, and the AUC can reach 
approximately 0.85[27,37]. In addition, Feng et al[38] evaluated Gd-EOB-DTPA-enhanced MRI 
quantitative features of peri- and intratumoral regions, providing a radiomics model for MVI prediction 
in patients with HCC. In the validation cohort, the AUC, sensitivity, and specificity were 0.83%, 90.00%, 
and 75.00%, respectively. However, none of these studies predicted the MVI for sHCC or provided a 
clinical nomogram. In this study, we extracted radiomics signatures from images of Gd-EOB-DTPA-
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Table 4 Receiver operator characteristic curve analysis of radiomics scores with different sequences of magnetic resonance imaging 
for predict microvascular infiltration of small hepatocellular carcinoma

T1WI T2WI DWI AP PVP HBP

Training set

AUC 0.740 0.878 0.991 0.763 0.739 0.976

95%CI 0.661-0.808 0.814-0.926 0.958-0.999 0.695-0.823 0.661-0.807 0.940-0.991

P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Sensitivity 77.08 82.98 95.74 71.43 56.25 89.83

Specificity 68.00 82.00 96.04 79.37 78.22 99.27

Testing set

AUC 0.776 0.813 0.971 0.788 0.790 0.979

95%CI 0.611-0.895 0.651-0.922 0.858-0.999 0.642-0.894 0.630-0.904 0.911-1.000

P value 0.0004 < 0.001 < 0.001 0.0014 0.0001 < 0.001

Sensitivity 91.67 58.33 100.00 64.29 84.62 100.00

Specificity 57.69 92.00 84.62 93.75 73.08 91.43

Validation Hospital B

AUC 0.834 0.825 0.816 0.810 0.847 0.970

95%CI 0.742-0.904 0.732-0.896 0.678-0.876 0.715-0.884 0.758-0.913 0.912-0.994

P value < 0.001 < 0.001 0.0002 < 0.001 < 0.001 < 0.001

Sensitivity 63.64 95.45 71.43 57.14 54.55 95.45 

Specificity 94.29 57.75 88.89 88.89 98.61 98.57 

Validation Hospital C

AUC 0.766 0.761 0.801 0.824 0.833 0.803

95%CI 0.672-0.844 0.669-0.839 0.710-0.871 0.737-0.892 0.748-0.898 0.680-0.834

P value 0.0001 0.0003 < 0.001 < 0.001 < 0.001 0.007

Sensitivity 80.00 60.00 90.00 86.67 85.71 83.33

Specificity 70.45 89.01 68.89 68.54 72.83 77.67

T1WI: T1 weighted imaging; T2WI: T2 weighted imaging; DWI: Diffusion weighted imaging; AP: Arterial phase; PVP: Portal vein phase; HBP: 
Hepatobiliary phase; AUC: Area under the curve; 95%CI: 95% confidence interval.

enhanced MRI and then built the model using T1WI, T2WI, AP, PVP, and HBP. The results illustrated 
that radiomics has the best modeling in HBP and DWI when the LR and classifier of machine learning 
are utilized, producing great diagnostic efficiency for predicting MVI. Furthermore, the independent 
external validation results confirmed this efficiency. This may be because the post-Gd-EOB-DTPA 
contrast enhancement images provide structural and functional information on HBP lesions. The LR 
algorithm is used to establish a cost function for a classification or regression problem and then solve 
the optimal model iteratively through the optimization method.

Our results also demonstrate that the radiomics characteristics of DWI images can accurately predict 
the MVI of sHCC. DWI is an MRI technology that can reflect the motion of water molecules in vivo and 
can be used to assess tumor cellularity[39]. HCC with MVI is more likely to have higher cellularity and 
poor differentiation than HCC without MVI[40]. Okamura et al[41] suggested that the apparent 
diffusion coefficient (ADC) value is a valuable predictor of poor differentiation and MVI and is 
significantly related to tumor recurrence. Kim et al[42] illustrated that the tumor-to-liver ADC ratio was 
a significant independent parameter for the MVI of sHCC and the degree of lymphocyte infiltration. 
Our research further extracted the radiomics characteristics of the tumor, which were based on DWI 
images that confirmed that the quantitative characteristics of the radiomics had good performance for 
predicting the MVI of sHCC.

A nomogram was built in our study, which converted each regression coefficient proportionally in 
multivariate logistic regression to a 0- to 100-point scale. The effect of features with the absolute value of 
the highest β coefficient was assigned 100 points. The total points of the independent variables were 
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Table 5 Predictive performance of the nomogram prediction model for estimating the risk of microvascular infiltration presence in 
patients with small hepatocellular carcinoma

Training set Testing set Validation Hospital B Validation Hospital C

T1WI

C-index 0.771 0.846 0.895 0.830

95%CI 0.695-0.836 0.594-0.883 0.775-0.925 0.667-0.850

P value < 0.001 0.0014 < 0.001 0.0001

T2WI

C-index 0.895 0.917 0.886 0.808

95%CI 0.834-0.940 0.640-0.915 0.746-0.906 0.654-0.867

P value < 0.001 0.0001 < 0.001 0.0015

DWI

C-index 0.990 0.970 0.843 0.869

95%CI 0.957-0.999 0.843-0.997 0.685-0.881 0.694-0.899

P value < 0.001 < 0.001 0.0001 < 0.001

AP

C-index 0.774 0.794 0.886 0.874

95%CI 0.706-0.833 0.615-0.876 0.695-0.899 0.674-0.884

P value < 0.001 0.0025 < 0.001 < 0.001

PVP

C-index 0.746 0.831 0.918 0.870

95%CI 0.668-0.814 0.650-0.916 0.791-0.934 0.732-0.887

P value < 0.001 < 0.001 < 0.001 < 0.001

HBP

C-index 0.990 0.971 0.912 0.808

95%CI 0.944-0.993 0.892-0.999 0.918-0.996 0.635-0.892

P value < 0.001 < 0.001 < 0.001 0.0081

T1WI: T1 weighted imaging; T2WI: T2 weighted imaging; DWI: Diffusion weighted imaging; AP: Arterial phase; PVP: Portal vein phase; HBP: 
Hepatobiliary phase; 95%CI, 95% confidence interval; C-index: Concordance index.

converted to the predicted probabilities. The concordance index (C-index) was used to predict the 
performance of the nomogram and calibration with 1000 bootstrap samples to decrease the overfitting 
bias[43]. Our study incorporated six factors: radiomics signatures, APF, tumor size, non-smooth tumor 
margin, incomplete capsule, and peritumoral hypointensity. Radiomics combined with the clinico-
radiological factors nomogram model achieved good concordance indices in predicting MVI in the 
training and validation cohorts. In particular, the nomogram with HBP and DWI radiomics model 
showed excellent predictive efficiency in the two external validation datasets, and decision curve 
analysis further confirmed the clinical usefulness of the nomogram.

Nonetheless, this study had several limitations. First, the included patient population in this study 
had an inevitable bias in the inter-center distribution, although the application of radiomics and clinical 
nomogram was ensured by the multi-center nature of this study. To investigate the impact factors of 
bias on the baseline, we analyzed the age, AFP levels, liver function, and tumor size. Further larger-scale 
studies with more balanced subjects are needed to validate our results. Second, given the difficulty of 
collecting scalable medical imaging data for small HCC, many patients with small HCC who underwent 
transarterial chemoembolization or ablation could not be enrolled in the model of radiomics signatures 
and clinical nomogram to predict MVI. Given larger medical imaging datasets, deep networks are 
expected to improve prediction accuracy. Third, due to the lack of prognostic analysis in this study, we 
analyzed the different prognoses of sHCC patients with positive and negative MVI, which were 
predicted using a radiomics nomogram.
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Figure 3 Receiver operating characteristic curve of different radiomics models for diagnosis microvascular invasion in small hepato-
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cellular carcinoma (testing set). A: T1 weighted imaging [area under curve (AUC) was 0.776; 95% confidence interval (CI): 0.611-0.895]; B: T2 weighted 
imaging [AUC, 0.813; 95% confidence interval (CI): 0.651-0.922]; C: Diffusion weighted imaging (AUC, 0.971; 95%CI: 0.858-0.999); D: Arterial phase (AUC, 0.788; 
95%CI: 0.642-0.894); E: Portal vein phase (AUC, 0.790; 95%CI: 0.630-0.904); F: Hepatobiliary phase (AUC, 0.990; 95%CI: 0.911-1.000). T1W1: T1 weighted 
imaging; T2W2: T2 weighted imaging; AUC: Area under curve; DWI: Diffusion weighted imaging; AP: Arterial phase; PVP: Portal vein phase; HBP: Hepatobiliary 
phase.

Figure 4 Nomogram of diffusion weighted imaging radiomics model to predict microvascular invasion in patients with small hepato-
cellular carcinoma. A: The nomogram was developed with radiomics signature and clinicoradiological factors. A vertical line was drawn according to the value of 
radiomics scores to determine the corresponding value of points. Similarly, the points of tumor markers were determined. The total points were the sum of the two 
points above. Finally, a vertical line was made according to the value of the total points to determine the probability of microvascular invasion (MVI); B: Validity of the 
predictive performance of the nomogram in estimating the risk of MVI presence in the training cohort; C: Validity of the predictive performance of the nomogram in 
estimating the risk of MVI presence in the validation cohort. AFP: Alpha-fetoprotein; DWI: Diffusion weighted imaging; Rad_score: Radiomics signatures score.

CONCLUSION
In conclusion, our study revealed that AFP and conventional Gd-EOB-DTPA-enhanced MRI features 
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Figure 5 Decision curve analysis. A and B: Decision curve analysis of the prediction model for training (A) and testing (B) cohort. Y-axis represents the net 
benefit, which is calculated by gaining true positives and deleting false positives. The X-axis is the probability threshold. The curve of the radiomics and combined 
nomogram over the clinical features that integrated AFP and radiological signatures showed the greatest benefit. AFP: Alpha-fetoprotein; Rad_score: Radiomics 
signatures score.

have poor diagnostic accuracies for MVI in sHCC. The radiomic signatures of HBP and DWI can further 
improve the ability to predict MVI. Furthermore, as a noninvasive preoperative prediction method, the 
radiomics nomogram showed favorable predictive accuracy for evaluating MVI in sHCC, which may 
help reassess the clinical therapeutic regimen for patients with sHCC.

ARTICLE HIGHLIGHTS
Research background
Microvascular invasion (MVI) of hepatocellular carcinoma (HCC) is an independent poor prognostic 
factor.

Research motivation
It is difficult to determine MVI of small hepatocellular carcinoma (HCC) (≤ 3.0 cm) by preoperative MRI 
conventional features.

Research objectives
To develop and validate radiomics scores and nomogram of gadolinium ethoxybenzyl diethylen-
etriamine pentaacetic acid (Gd-EOB-DTPA)-enhanced magnetic resonance imaging (MRI) for pre-
operative prediction of MVI in sHCC.

Research methods
Radiomics models of Gd-EOB-DTPA enhanced MRI and diffusion weighted images were constructed 
and validated by machine learning from data sets of three hospitals. A nomogram prediction model was 
developed using multivariable logistic regression analysis which included the radiomics scores, 
radiologic features, and alpha-fetoprotein (AFP) level.

Research results
AFP and MRI conventional features had poor diagnostic value for MVI of small HCC. The nomogram 
model (combined radiomics and clinic features) exhibited good calibration and discrimination in the 
testing and two external validation cohorts (in the two external validation cohorts, C-index was 0.912 
and 0.808, respectively).

Research conclusions
As a noninvasive preoperative prediction method, the MRI radiomics nomogram shows favorable 
predictive accuracy for evaluate MVI in sHCC.
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Research perspectives
This clinical prediction model may help in the selection of treatment options for small HCC.
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Abstract
BACKGROUND 
Autoimmune liver disease (AILD) has been considered a relatively uncommon disease in China, 
epidemiological data for AILD in patients with cirrhosis and acute decompensation (AD) is sparse.

AIM 
To investigate the prevalence, outcome and risk factors for AILD in cirrhotic patients complicated 
with AD in China.

METHODS 
We collected data from patients with cirrhosis and AD from two prospective, multicenter cohorts 
in hepatitis B virus endemic areas. Patients were regularly followed up at the end of 28-d, 90-d and 
365-d, or until death or liver transplantation (LT). The primary outcome in this study was 90-d LT-
free mortality. Acute-on-chronic liver failure (ACLF) was assessed on admission and during 28-d 
hospitalization, according to the diagnostic criteria of the European Association for the Study of 
the Liver (EASL). Risk factors for death were analyzed with logistic regression model.

RESULTS 
In patients with cirrhosis and AD, the overall prevalence of AILD was 9.3% (242/2597). Prevalence 
of ACLF was significantly lower in AILD cases (14%) than those with all etiology groups with 
cirrhosis and AD (22.8%) (P < 0.001). Among 242 enrolled AILD patients, the prevalence rates of 
primary biliary cirrhosis (PBC), autoimmune hepatitis (AIH) and PBC-AIH overlap syndrome 
(PBC/AIH) were 50.8%, 28.5% and 12.0%, respectively. In ACLF patients, the proportions of PBC, 
AIH and PBC/AIH were 41.2%, 29.4% and 20.6%. 28-d and 90-d mortality were 43.8% and 80.0% 
in AILD-related ACLF. The etiology of AILD had no significant impact on 28-d, 90-d or 365-d LT-
free mortality in patients with cirrhosis and AD in both univariate and multivariate analysis. Total 
bilirubin (TB), hepatic encephalopathy (HE) and blood urea nitrogen (BUN) were independent risk 
factors for 90-d LT-free mortality in multivariate analysis. The development of ACLF during 
hospitalization only independently correlated to TB and international normalized ratio.

CONCLUSION 
AILD was not rare in hospitalized patients with cirrhosis and AD in China, among which PBC was 
the most common etiology. 90-d LT-free mortality were independently associated with TB, HE and 
BUN.

Key Words: Prevalence; Autoimmune liver disease; Cirrhosis and acute decompensation; Mortality; Acute-
on-chronic liver failure
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Core Tip: Autoimmune liver disease (AILD) has been regarded as a relatively rare disease in China. Our 
study reported that the overall prevalence of AILD was 9.3% hospitalized patients with cirrhosis and acute 
decompensation, among which primary biliary cirrhosis was the most prevalent type. In AILD patients 
with cirrhosis and acute decompensation, the etiology types of AILD had no significant effect on short-
term mortality, total bilirubin, hepatic encephalopathy (HE) and blood urea nitrogen were independently 
associated with 90-d mortality in multivariate analysis. Strategies are needed to prevent presence of HE 
and closely monitor the changes of liver and renal function in clinical practice. These data will be a crucial 
complement to the public epidemiology research on AILD in Asian-Pacific regions.

Citation: Shen ZX, Wu DD, Xia J, Wang XB, Zheng X, Huang Y, Li BL, Meng ZJ, Gao YH, Qian ZP, Liu F, Lu 
XB, Shang J, Yan HD, Zheng YB, Gu WY, Zhang Y, Wei JY, Tan WT, Hou YX, Zhang Q, Xiong Y, Zou CC, 
Chen J, Huang ZB, Jiang XH, Luo S, Chen YY, Gao N, Liu CY, Yuan W, Mei X, Li J, Li T, Zhou XY, Deng GH, 
Chen JJ, Ma X, Li H. Prevalence and clinical characteristics of autoimmune liver disease in hospitalized patients 
with cirrhosis and acute decompensation in China. World J Gastroenterol 2022; 28(31): 4417-4430
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4417.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4417

INTRODUCTION
Autoimmune liver disease (AILD) includes primary biliary cirrhosis (PBC), autoimmune hepatitis 
(AIH), primary sclerosing cholangitis (PSC) and immunoglobulin G 4-related diseases (IgG4-RD)[1-3]. 
Some patients display clinical manifestations of two different entities based on clinical and histological 
features, which is described as “overlap syndrome”, among which PBC-AIH overlap syndrome 
(PBC/AIH) is the most common[4]. AILD has been considered to be a relatively rare etiology of chronic 
liver disease (CLD) in China where viral hepatitis has a high prevalence. However, recent findings 
indicated that the prevalence of AILD is increasing in the Asia-Pacific region. In Japan, AIH prevalence 
increased from 8.7 to 23.9 per 100000 population from 2004 to 2016[5]. In a city in northern China, PBC 
prevalence rose from 0.5 to 8.0 per 100000 population in the past 10 years[6]. Several studies have 
illustrated the prevalence and clinical characteristics of AILD in general population[7-9]. Few studies 
have been conducted to investigate the nature history of AILD, especially in the late stage of CLD-
cirrhosis and acute decompensation (AD).

The Chinese Acute on Chronic Liver Failure (CATCH-LIFE) study consisted of two prospective, 
multicenter cohorts that enrolled hospitalized patients with CLD of various etiologies, most of whom 
had cirrhosis and complicated with AD. It is nationally representative of hospitalized CLD patients in 
China. In this study, we used the data from the CATCH-LIFE study to investigate the following: (1) The 
prevalence and short-term outcome of AILD in patients with cirrhosis and AD; (2) The impact of AILD 
etiology on mortality; and (3) Risk factors for 90-d mortality in AILD patients with cirrhosis and AD.

MATERIALS AND METHODS
Patients
Data were collected from 2 prospective, observational cohorts of the CATCH-LIFE study which enrolled 
hospitalized patients with CLD and acute events, from January 2015 to December 2016 and July 2018 to 
January 2019, respectively. The rationale and design of the cohorts have been described elsewhere[10,
11]. The medical ethics boards of the Shanghai Renji Hospital, approved the study. Written informed 
consent were obtained from every participant or his or her legal surrogates before enrollment.

Cirrhosis was diagnosed according to a computed tomography/magnetic resonance imaging scan, 
clinical symptoms, laboratory tests and medical history[12]. AD was defined as ascites, variceal 
hemorrhage, hepatic encephalopathy (HE), infection and jaundice within 1 mo[13]. The diagnosis of 
AILD was exclusionary. The following patients were excluded: Coinfections with other viruses 
[hepatitis A virus, hepatitis B virus (HBV), hepatitis C virus and hepatitis E virus], alcoholic liver 
disease, nonalcoholic fatty liver disease, schistosomiasis, metabolic liver diseases, chronic drug-induced 
liver disease, and cryptogenic liver disease.

PBC was defined according to the American Association for the Study of Liver Diseases clinical 
guidance in 2008[14], with at least 2 of the following: (1) Elevated serum alkaline phosphatase (ALP) [> 
1.5 folds the upper limit of normal (ULN)] or gamma glutamyl transpeptidase (GGT) (> 3 ULN); (2) 
Positive test for antimitochondrial antibodies (AMA) (titer > 1:40); and (3) Compatible liver biopsy 
suggestive of suppurative destructive cholangitis (ductopenia, cholestasis, fibrosis and portal inflam-
mation). AIH was defined based on simplified criteria (score > 6) proposed by the International 

https://www.wjgnet.com/1007-9327/full/v28/i31/4417.htm
https://dx.doi.org/10.3748/wjg.v28.i31.4417
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Autoimmune Hepatitis Group in 2008[15]. PBC/AIH overlap syndrome was strictly diagnosed 
according to the Paris Criteria proposed by Chazouillères et al[16] in 1998, which associated PBC and 
AIH either synchronously or consecutively. Presence of at least 2 of the 3 criteria was required. PBC 
criteria were the following: (1) ALP > 2 ULN or GGT > 5 ULN; (2) A positive serology for AMA; and (3) 
A liver biopsy specimen indicating florid bile duct lesions. AIH criteria were the following: (1) Serum 
alanine transaminase (ALT) > 5 ULN; (2) IgG > 2 ULN or a positive serology for anti-smooth muscle 
antibodies; and (3) A liver biopsy indicating moderate to severe periportal or periseptal lymphocytic 
piecemeal interface hepatitis.

Some uncommon etiologies of AILD in this study, such as PSC, PBC-PSC overlap syndrome, AIH-
PSC overlap syndrome and IgG4-RD were categorized into a “others” group, as the number of cases of 
“others” was quite small to allow robust statistical analysis. Acute-on-chronic liver failure (ACLF) was 
diagnosed based on the European Association for the Study of the Liver (EASL) criteria[17]. Just as 
follows: (1) ACLF grade 1: Single kidney failure or single cerebral failure with renal dysfunction (1.5 
mg/dL < creatinine < 1.9 mg/dL) or other single organ failure [serum bilirubin ≥ 12 mg/dL for liver; 
(international normalized ratio) INR = 2.5 for coagulation; vasopressors to maintain arterial pressure for 
circulation; PaO2/FiO2 ≤ 200 or SpO2/FiO2 ≤ 214 for respiration] with renal dysfunction and/or mild HE; 
(2) ACLF grade 2: The presence of 2 organ failures; and (3) ACLF grade 3: The failure no less than 3 
organs.

Data collection
Demographics, medical history, imagological examination and laboratory parameters were obtained 
from every participant on admission. Participants were regularly followed up for 28 d, 90 d and 365 d 
until death or liver transplantation (LT). Development of ACLF was assessed on admission and during 
hospitalization within 28 d, respectively. The primary outcome of this study was 90-d LT-free mortality. 
The secondary outcome was ACLF development during 28-d hospitalization.

Statistical analysis
Continuous variables were summarized as mean (SD) or median (interquartile range) according to their 
distribution, while categorical variables were summarized as frequency (proportion). Comparisons 
between four groups were performed using Kruskal-Wallis test for continuous variables, Chi-square test 
or Fisher’s exact test for categorical variables. The impact of the etiology of AILD on short-term 
mortality were analyzed using a multivariable logistic regression model, adjusting for potential 
confounders, including demographics (age, sex) and AD events (HE, gastrointestinal bleeding, infection 
and ascites). Logistic regression was also used to determine the risk factors for 90-d mortality and ACLF 
development during hospitalization. Variables with P values less than 0.1 were included in the 
multivariate logistic regression model[18,19]. All continuous variables were log2 transformed before 
entering the model. Two-tailed P values of 0.05 were considered statistically significant. Statistical 
analysis was conducted using R 3.6.2 and SPSS 19.0.

RESULTS
Prevalence of AILD and ACLF in patients with cirrhosis and AD
A total of 3970 patients from CATCH-LIFE study were screened, 2597 of whom had cirrhosis and AD. 
Eventually, 242 patients conforming the diagnostic criteria of AILD were finally enrolled (Figure 1). In 
patients with cirrhosis and AD, the overall prevalence of AILD was 9.3% (242/2597). Prevalence of 
ACLF was significantly lower in AILD cases (14%) than those with all etiology groups with cirrhosis 
and AD (22.8%) (P < 0.001). Distribution of participating centers in this study and number of AILD 
patients enrolled from each center were displayed in Figures 2A and 2B, respectively. Among the 242 
enrolled AILD patients, 234 (96.6%) are from eastern China, where 94% of Chinese population resides; 8 
(3.4%) are from western China, where 6% of Chinese population resides. Due to Renji Hospital 
accounted for 60.3% (146/242) of the total enrolled patients, we further analyzed district distribution of 
patients enrolled from Renji Hospital. Actually, these patients were from 20 different district all over the 
country (Figure 2C), the number of patients from each district was shown in Figure 2D. Distribution of 
patients enrolled from Renji Hospital were also consistent with population density distribution (divided 
by Hu Line) in China.

Baseline characteristics and outcomes among different etiologies in AILD patients
Baseline characteristics of 242 AILD patients with cirrhosis and AD categorized by etiology are depicted 
in Table 1. 123 (50.8%) patients showed PBC, 69 (28.5%) displayed AIH, 29 (12.0%) had AIH-PBC 
overlap syndrome (AIH/PBC) and 21 (8.7%) patients manifested other uncommon etiologies of AILD. 
Most patients were female (81.0%) and their mean age was 56.04 years. Patients with PBC/AIH had 
higher white blood cell (P < 0.001) and neutrophil-lymphocyte (NL) ratio (P < 0.001) levels than patients 
with PBC, AIH or others. ALT (P < 0.001) and AST (P = 0.04) levels were higher in the AIH/PBC group. 
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Figure 1 Flow chart of the study. AD: Acute decompensation; AILD: Autoimmune liver disease; ACLF: Acute-on-chronic liver failure.

In addition, the PBC group tended to have lower hemoglobin (P = 0.003) and higher ALP (P < 0.001) 
levels than other AILD etiologies.

Baseline characteristics of 34 ACLF patients categorized by etiology are shown in Table 2. PBC 
(41.2%) was still the most common etiology among ACLF patients with AILD, followed by AIH (29.4%), 
AIH/PBC overlap syndrome (20.6%) and others (8.8%). However, as the number of patients in some 
subgroups was small, the results may not be robust and require further validation in a larger 
population. At the end of 28-d and 90-d, no patients were lost to follow up. At the end of 365-d, 3 (1.2%) 
patients were lost to follow-up. Short-term (28-d, 90-d and 365-d) LT-free mortality of AILD patients 
with cirrhosis and AD are presented in Figure 3. Generally, among AILD patients with cirrhosis and 
AD, 90-d LT-free mortality were 17%. AIH/PBC had higher 28-d, 90-d and 365-d mortality, although 
the results were not statistically significant. Among patients with AILD-related ACLF, 28-d and 90-d 
mortality were 43.8% and 80.0%, respectively.

The impact of etiology on mortality
To investigate the effect of etiology on short-term (28-d, 90-d and 365-d) LT-free mortality in AILD 
patients with cirrhosis and AD, we constructed 3 models to gradually control other potential 
confounding factors (Table 3). Both univariate (unadjusted) and multivariate (adjusted I and adjusted II) 
analyses showed that compared to PBC, AIH patients were at lower risk for death at 90-d and 365-d, 
whereas PBC/AIH patients were at higher risk for death at all time periods. However, none of the 
associations were statistically significant. Subgroup analysis was conducted according to Child Turcotte 
Pugh and model for end-stage liver disease (MELD) score, there was no heterogeneity in the impact of 
etiology types on 90-d LT-free mortality in different AILD subgroups, as was shown in Supplemen-
tary Figure 1.

Risk factors of short-term mortality in AILD patients with cirrhosis and AD
Logistic regression model was conducted to assess the risk factors for 90-d LT-free mortality. 
Univariable analysis identified 10 variables on admission correlated with 90-d prognosis: Bacterial 
infection, HE, total bilirubin (TB), INR, blood urea nitrogen (BUN), albumin, ALT, white blood cell, NL-
ratio and sodium (Supplementary Table 1). Variables with P < 0.1 were selected into multivariable 
model for further analysis. Only HE, TB and BUN were found to be independently associated with 90-d 
mortality in AILD patients with cirrhosis and AD (Figure 4). We also investigated risk factors for ACLF 
development during hospitalization (Table 4). 21 ACLF patients diagnosed on admission were excluded 
from analysis. Multivariable analysis revealed that only TB (P = 0.046) and INR (P = 0.048) 
independently correlated with ACLF development.

https://f6publishing.blob.core.windows.net/031f4e87-ee25-4913-adb9-60712dffdd5e/WJG-28-4417-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/031f4e87-ee25-4913-adb9-60712dffdd5e/WJG-28-4417-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/031f4e87-ee25-4913-adb9-60712dffdd5e/WJG-28-4417-supplementary-material.pdf
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Table 1 Characteristics of autoimmune liver disease patients with cirrhosis and acute decompensation among different etiologies

PBC AIH PBC/AIH Others

n = 123 n = 69 n = 29 n = 21
P value

Demographics

Age 56.00 (48.02, 63.83) 57.47 (49.33, 65.34) 52.62 (45.53, 60.85) 52.94 (41.15, 62.48) 0.28

Male, no. (%) 25 (20.3) 11 (15.9) 4 (13.8) 6 (28.6) 0.51

AD, no. (%)

Bacterial infection 34 (27.6) 21 (30.4) 13 (44.8) 8 (38.1) 0.30

Ascites 82 (66.7) 42 (60.9) 17 (58.6) 14 (66.7) 0.77

Gastrointestinal bleeding 27 (22.0) 11 (15.9) 4 (13.8) 2 (9.5) 0.42

Hepatic encephalopathy 10 (8.1) 4 (5.8) 6 (20.7) 3 (14.3) 0.11

Jaundice 61 (49.6) 35 (50.7) 19 (65.5) 9 (42.9) 0.38

Laboratory results, median 
(IQR)

TB, mg/dL 4.88 (1.60, 10.82) 5.15 (1.86, 11.14) 7.31 (3.04, 23.60) 4.88 (2.05, 11.72) 0.17

INR 1.29 (1.13, 1.52) 1.39 (1.23, 1.64) 1.39 (1.16, 1.49) 1.24 (1.15, 1.44) 0.044

Creatinine, mg/dL 0.65 (0.50, 0.88) 0.64 (0.51, 0.76) 0.67 (0.53, 0.79) 0.67 (0.45, 0.73) 0.51

Blood urea nitrogen, mmol/L 5.38 (3.70, 8.27) 4.73 (3.63, 5.95) 5.37 (3.90, 7.20) 4.50 (3.37, 6.60) 0.26

White blood cell, 109/L 4.39 (2.75, 6.34) 4.01 (2.81, 5.78) 6.85 (4.56, 11.76) 3.82 (3.10, 5.72) 0.001

Neutrophil-lymphocyte ratio 2.80 (1.73, 4.29) 2.00 (1.25, 3.25) 3.61 (3.01, 5.67) 2.89 (2.35, 4.86) < 0.001

Platelet, 109/L 0.17 (0.11, 0.30) 0.15 (0.11, 0.25) 0.32 (0.14, 0.45) 0.12 (0.08, 0.30) 0.11

Albumin, g/L 30.30 (25.70, 33.70) 28.50 (25.70, 32.55) 29.90 (26.10, 33.80) 30.40 (28.45, 34.92) 0.262

ALT, IU/L 48.00 (24.50, 80.50) 59.00 (37.00, 116.00) 81.00 (61.00, 148.00) 57.90 (39.00, 85.40) < 0.001

AST, IU/L 79.60 (48.40, 124.50) 87.00 (52.90, 187.00) 120.70 (79.00, 153.00) 90.00 (39.00, 148.00) 0.037

Hemoglobin, g/L 90.00 (68.00, 110.00) 99.00 (87.00, 119.00) 99.00 (85.00, 115.00) 98.00 (89.00, 112.00) 0.003

ALP, IU/L 208.50 (136.25, 313.00) 143.00 (105.74, 181.70) 175.50 (128.50, 243.00) 202.50 (133.50, 298.85) < 0.001

GGT, IU/L 105.00 (51.23, 192.50) 86.63 (37.00, 126.00) 106.20 (58.70, 235.25) 122.70 (32.92, 220.22) 0.19

Pre-albumin, mg/L 78.30 (46.80, 113.90) 63.20 (40.93, 83.25) 77.30 (57.75, 97.80) 68.65 (54.75, 88.90) 0.25

Score, median (IQR)

Child Turcotte Pugh 9.00 (8.00, 10.00) 9.00 (8.00, 10.25) 10.00 (8.00, 11.00) 9.00 (8.00, 11.00) 0.58

MELD 11.00 (7.00, 17.00) 15.00 (11.00, 21.00) 18.00 (14.00, 23.00) 12.00 (10.00, 16.00) < 0.001

MELD Na 14.00 (7.75, 19.00) 17.00 (12.00, 23.00) 20.50 (15.75, 25.00) 13.00 (10.00, 19.00) < 0.001

CLIF SOFA 5.00 (3.00, 6.00) 5.00 (3.00, 6.00) 6.00 (3.00, 7.00) 5.00 (4.00, 6.00) 0.44

PBC: Primary biliary cirrhosis; AIH: Autoimmune hepatitis; PBC/AIH: Primary biliary cirrhosis-autoimmune hepatitis overlap syndrome; AD: Acute 
decompensation; IQR: Interquartile range; TB: Total bilirubin; INR: International normalized ratio; ALT: Alanine transaminase; AST: Aspartate 
transaminase; ALP: Alkaline phosphatase; GGT: Gamma glutamyl transpeptidase; MELD: Model for end-stage liver disease; CLIF-SOFA: Chronic liver 
failure-sequential organ failure assessment.

DISCUSSION
The current study is the first nationwide investigation of the prevalence and short-term outcome of end-
stage AILD in China, which is a traditional HBV high endemic area. Our study showed that the overall 
prevalence of AILD was 9.3% in tertiary hospitalized patients with cirrhosis and AD. PBC was 
responsible for half of AILD cases. The prevalence of ACLF was significantly lower in AILD patients 
than those with all etiology groups with cirrhosis and AD. Short-term mortality were extremely high in 
AILD-related ACLF.
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Figure 2 Distribution and the number of autoimmune liver disease patients enrolled from each of center and from Renji Hospital. A: District 
distribution of each enrolled center; B: The number of patients enrolled from center; C: Population distribution of patients from Renji Hospital; D: The number of 
patients enrolled from each of the 20 districts. Approximately 94% of the total Chinse population resides east of the dividing line (Hu Line) in the figure, and 6% 
resides west of the line; 13 centers lie in eastern China, and 1 lies in western China.

EASL-CLIF study reported that the prevalence of ACLF was 30.9% in alcohol-related cirrhosis and 
AD, whereas COSSH study showed that the prevalence of ACLF reached up to 26.2% in patients with 
HBV-related cirrhosis and AD[17,20]. However, in this study, among 242 AILD patients with cirrhosis 
and AD, only 34 (14%) had ACLF, the prevalence was significantly lower than that of patients with 
other etiology types. One plausible explanation may be that AILD patients have distinct clinical charac-
teristics (higher severity, higher prevalence of infection and lower prevalence of organ failures) that 
differ distinctly from those of patients with other etiologies, which led to lower prevalence of ACLF but 
higher short-term mortality.

Despite having higher levels of inflammation and liver injury, PBC/AIH had similar short-term 
mortality rates compared to PBC individually after adjusting for confounding factors. Neuhauser et al
[21] and Yang et al[22] showed that a more aggressive clinical course and worse clinical consequences 
were observed in patients with PBC/AIH than patients with pure PBC. Based on these results, some 
experts suggested that PBC/AIH should be identified and aggressively treated. Notably, these studies 
only evaluate the univariate prognostic value of etiology and did not take confounders into consid-
eration. It is, therefore, likely that they fail to objectively reveal the independent impact of etiology on 
the prognosis of AILD. PBC, AIH and PBC/AIH are all complex disorders but result in significant 
morbidity and mortality. Once progressed to liver failure, no effective treatment is clinically available. 
Herein, our results clearly showed that presence of HE, higher TB and BUN levels, rather than liver 
disease etiologies, were independently associated with short-term mortality in AILD patients with 
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Table 2 Characteristics of autoimmune liver disease patients with acute-on-chronic liver failure according to etiology

PBC AIH PBC/AIH Others
Variable

n = 14 n = 10 n = 7 n = 3
P value

Demographics

Age, median (IQR) 55.34 (48.88, 58.96) 55.94 (50.00, 64.01) 53.46 (47.97, 63.46) 50.85 (46.87, 58.00) 0.88

Male, no. (%) 6 (42.9) 1 (10.0) 0 (0.0) 2 (66.7) 0.04

AD, no. (%)

Bacterial infection 7 (50.0) 3 (30.0) 6 (85.7) 2 (66.7) 0.14

Ascites 9 (64.3) 6 (60.0) 5 (71.4) 3 (100.0) 0.61

Gastrointestinal bleeding 1 (7.1) 1 (10.0) 0 (0.0) 1 (33.3) 0.39

Hepatic encephalopathy 4 (28.6) 3 (30.0) 4 (57.1) 2 (66.7) 0.40

Jaundice 10 (71.4) 9 (90.0) 6 (85.7) 2 (66.7) 0.64

Laboratory results, median 
(IQR)

TB, mg/dL 16.78 (4.79, 27.10) 12.56 (8.94, 17.64) 23.60 (14.64, 27.52) 14.56 (8.94, 19.29) 0.71

INR 1.57 (1.34, 1.77) 2.64 (1.67, 2.80) 1.49 (1.44, 2.31) 1.50 (1.47, 1.97) 0.35

Creatinine, mg/dL 0.83 (0.79, 2.01) 0.58 (0.50, 0.74) 0.79 (0.75, 0.84) 0.68 (0.36, 1.46) 0.08

Blood urea nitrogen, mmol/L 12.05 (6.04, 20.65) 5.40 (2.74, 8.12) 7.70 (7.20, 9.25) 8.73 (6.92, 21.00) 0.09

White blood cell, 109/L 5.55 (3.62, 10.19) 4.57 (3.13, 5.34) 8.82 (6.55, 16.27) 6.71 (4.91, 9.37) 0.08

Neutrophil-lymphocyte ratio 4.55 (3.78, 5.84) 1.80 (1.06, 4.40) 7.64 (5.66, 12.77) 5.40 (4.86, 6.30) 0.05

Albumin, g/L 28.90 (26.75, 33.72) 27.80 (25.38, 31.48) 27.20 (25.05, 28.60) 27.40 (25.00, 31.15) 0.60

ALT, IU/L 105.15 (33.30, 186.90) 59.05 (38.65, 99.47) 113.90 (102.60, 204.10) 69.90 (57.55, 146.65) 0.37

AST, IU/L 121.50 (62.72, 182.23) 99.45 (61.10, 172.75) 153.00 (111.65, 238.05) 34.20 (30.30, 85.15) 0.33

Hemoglobin, g/L 88.00 (40.75, 138.00) 64.00 (33.00, 116.00) 65.00 (46.00, 77.50) 57.00 (55.20, 74.50) 0.89

ALP, IU/L 76.00 (69.00, 96.25) 86.50 (82.00, 90.75) 108.00 (89.00, 127.50) 91.40 (65.80, 102.90) 0.29

GGT, IU/L 187.00 (111.25, 252.80) 149.00 (125.65, 195.00) 153.00 (109.00, 365.00) NA (NA, NA) 0.76

Pre-albumin, mg/L 89.00 (52.00, 119.57) 106.50 (45.25, 116.50) 63.00 (58.70, 258.60) NA (NA, NA) 0.85

Albumin, g/L 66.50 (54.60, 115.00) 33.40 (23.55, 60.40) 87.65 (60.35, 91.55) NA (NA, NA) 0.13

Score, median (IQR)

Child Turcotte Pugh 9.50 (8.25, 10.75) 12.00 (10.00, 12.75) 11.00 (10.50, 12.50) 11.00 (11.00, 12.50) 0.04

MELD 20.00 (18.00, 22.75) 27.50 (18.50, 28.75) 24.00 (22.00, 28.00) 21.00 (20.50, 23.00) 0.17

MELD Na 21.00 (19.00, 25.00) 26.50 (23.00, 28.75) 29.00 (23.00, 32.00) 41.00 (39.00, 41.50) 0.12

CLIF SOFA 7.00 (6.25, 8.00) 7.00 (7.00, 8.00) 8.00 (6.50, 9.00) 9.00 (8.00, 10.00) 0.32

PBC: Primary biliary cirrhosis; AIH: Autoimmune hepatitis; PBC/AIH: Primary biliary cirrhosis-autoimmune hepatitis overlap syndrome; AD: Acute 
decompensation; IQR: Interquartile range; TB: Total bilirubin; INR: International normalized ratio; ALT: Alanine transaminase; AST: Aspartate 
transaminase; ALP: Alkaline phosphatase; GGT: Gamma glutamyl transpeptidase; MELD: Model for end-stage liver disease; CLIF-SOFA: Chronic liver 
failure-sequential organ failure assessment; NA: Not available.

cirrhosis and AD. Therefore, in clinical management of AILD, physicians are supposed to pay more 
attention to the presence of HE and closely monitor the changes of liver and renal function.

This study had several strengths. With national samples, our multicenter data provided an overview 
of epidemiological features of end-stage AILD in China, where it is considered uncommon. Thus, we 
presented a national view of the disease. Indeed, most of the studies in this field originated from single 
center or other geographic areas[7,23-25]. We focused on the role of the etiology on short-term mortality. 
Moreover, we clarified that HE, TB and BUN were significant risk factors of short-term mortality in 
AILD patients with cirrhosis and AD. These data will be an important complement to the public 
epidemiological data of AILDs in Asian-Pacific regions.
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Table 3 The impact of etiology on liver transplantation-free mortality in acute-on-chronic liver failure patients with cirrhosis and acute 
decompensation (primary biliary cirrhosis as a reference)

n Num of death 
(percentage)

Unadjusted OR (95%CI), P 
value

Adjusted I1, OR (95%CI), 
P value

Adjusted II2, OR (95%CI), 
P value

28-d LT-free 
mortality

PBC 111 7 (6.3) 1.0 1.0 1.0

AIH 67 4 (6.0) 0.94 (0.24-3.25), 0.93 0.94 (0.24-3.24), 0.92 1.26 (0.3-4.85), 0.74

PBC/AIH 28 5 (17.9) 3.23 (0.89-11.05), 0.06 3.43 (0.93-11.93), 0.05 2.61 (0.63-10.21), 0.17

Others 19 2 (10.5) 1.75 (0.25-7.99), 0.51 1.75 (0.24-8.13), 0.51 1.46 (0.17-8.28), 0.70

90-d LT-free 
mortality

PBC 103 19 (18.4) 1.0 1.0 1.0

AIH 64 8 (12.5) 0.63 (0.25-1.50), 0.31 0.64 (0.25-1.53), 0.33 0.74 (0.27-1.88), 0.54

PBC/AIH 26 7 (26.9) 1.63 (0.57-4.31), 0.34 1.70 (0.59-4.56), 0.30 1.18 (0.36-3.56), 0.77

Others 18 2 (11.1) 0.55 (0.08-2.17), 0.45 0.51 (0.08-2.02), 0.40 0.44 (0.05-2.08), 0.36

365-d LT-free 
mortality

PBC 97 30 (30.9) 1.0 1.0 1.0

AIH 63 16 (25.4) 0.76 (0.37-1.54), 0.45 0.76 (0.36-1.53), 0.44 0.81 (0.38-1.68), 0.58

PBC/AIH 23 11 (47.8) 2.05 (0.9-5.20), 0.13 2.06 (0.81-5.24), 0.13 1.72 (0.63-4.61), 0.28

Others 18 5 (27.8) 0.86 (0.26-2.51), 0.79 0.89 (0.26-2.62), 0.84 0.82 (0.24-2.49), 0.74

1Adjusted age, gender.
2Adjusted age, gender, hepatic encephalopathy, ascites, infection and gastrointestinal bleeding.
OR: Odds ratio; CI: Confidence interval; PBC: Primary biliary cirrhosis; AIH: Autoimmune hepatitis; PBC/AIH: Primary biliary cirrhosis-autoimmune 
hepatitis overlap syndrome; LT: Liver transplantation.

Figure 3 Outcomes of autoimmune liver disease patients with acute decompensated cirrhosis and acute-on-chronic liver failure. A: Liver 
transplantation (LT)-free mortality in patients with cirrhosis and acute decompensation; B: LT-free mortality in patients with acute-on-chronic liver failure. LT: Liver 
transplantation; PBC: Primary biliary cirrhosis; AIH: Autoimmune hepatitis; PBC/AIH: Primary biliary cirrhosis-autoimmune hepatitis overlap syndrome; AD: Acute 
decompensation; ACLF: Acute-on-chronic liver failure.

There were still several limitations in our study. First, since AILD is a relatively rare disease, the 
number of patients recruited in our study was not quite large, especially ACLF patients. The limited 
sample size could also slightly reduce the accuracy of the results of risk factor analysis. Second, one of 
our centers, Renji hospital, is a nationwide center of AILD. Thus, some degree of selection bias could be 
present in the prevalence rates of AILD due to the participation of this center. However, our further 
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Table 4 Association of risk factors with acute-on-chronic liver failure development during hospitalization using logistic regression in 
univariate and multivariate analysis

OR 95%CI P value

Univariable logistic regression

Demographic data

Age 0.96 0.21-6.18 0.96

Male 2.89 0.83-9.17 0.08

Etiology 0.90 0.43-1.70 0.76

Acute decompensation events

Overt ascites 0.92 0.3-3.14 0.89

Gastrointestinal bleeding 0.74 0.11-2.9 0.7

Bacterial infection 2.22 0.69-6.95 0.17

Hepatic encephalopathy 3.6 0.51-15.95 0.13

Laboratory data

Total bilirubin 1.68 1.14-2.61 0.012

International normalized ratio 6.53 1.9-28.55 0.006

Creatinine 0.85 0.51-1.87 0.6

Blood urea nitrogen 1.52 0.84-2.63 0.12

Albumin 0.44 0.07-3.19 0.4

ALT 1.25 0.85-1.82 0.24

AST 1.14 0.73-1.75 0.55

White blood cells 0.88 0.45-1.75 0.72

Hemoglobin 0.39 0.11-1.5 0.16

K 1.53 0.13-18.28 0.74

Sodium 0 0-288.55 0.29

Neutrophil-lymphocyte ratio 1.37 0.84-2.23 0.21

ALP 1.15 0.59-2.27 0.7

GGT 0.86 0.54-1.34 0.52

Multivariable logistic regression

Male 3.24 0.84-11.63 0.07

TB 1.56 1.03-2.47 0.046

INR 4.31 1.15-21.70 0.048

Variables with P < 0.1 in univariate analysis were selected into multivariate analysis. Acute-on-chronic liver failure diagnosed on admission was excluded 
from the analysis. Continuous variables were log transformed before entering the model (base 2). ALT: Alanine transaminase; AST: Aspartate 
transaminase; ALP: Alkaline phosphatase; GGT: Gamma glutamyl transpeptidase; OR: Odds ratio; CI: Confidence interval; TB: Total bilirubin; INR: 
International normalized ratio.

analysis showed that patients recruited from Renji Hospital were from 20 different districts all over the 
country, the population distribution of these patients were also consistent with that of Chinese 
population density.

CONCLUSION
In conclusion, our study showed that AILD was not rare in China. The etiology of AILD had no 
significant impact on short-term mortality in AILD patients with cirrhosis and AD. HE, elevated levels 
of TB and BUN were significantly associated with high 90-d mortality in these patients. Strategies are 
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Figure 4 Multivariate analysis of 90-d liver transplantation free mortality in autoimmune liver disease patients with cirrhosis and acute 
decompensation. OR: Odds ratio; CI: Confidence interval.

needed to the presence of HE and closely monitor the changes of liver and renal function in clinical 
practice. These data will be a crucial complement to the public epidemiology of AILD in Asian-Pacific 
regions.

ARTICLE HIGHLIGHTS
Research background
Epidemiological research on autoimmune liver disease (AILD) in patients with end-stage liver disease is 
sparse in Asian-pacific areas.

Research motivation
This study aimed to provide a national view of epidemiological features of end-stage AILD in China.

Research objectives
To investigate the disease burden and risk factor of short-term mortality in AILD patients with cirrhosis 
and acute decompensation (AD), and thus provide clues on clinical management.

Research methods
Data were collected from two prospective, multicenter cohorts which enrolled patients with chronic 
liver disease and acute exacerbation from China. Logistic regression model was conducted to analyze 
risk factors.

Research results
The overall prevalence of AILD was 9.3% (242/2597) in patients with cirrhosis and AD, among which 
primary biliary cirrhosis was the most prevalent type. The etiology of AILD had no significant impact 
on short-term mortality in patients with cirrhosis and AD in univariate and multivariate analysis. Total 
bilirubin, hepatic encephalopathy (HE) and blood urea nitrogen independently correlated with 90-d LT-
free mortality in multivariate analysis.

Research conclusions
AILD was not rare in hospitalized patients with cirrhosis and AD in China. 90-d mortality was 
independently associated with severity of the disease.
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Research perspectives
In clinical management of AILD, strategies are needed to prevent presence of HE and closely monitor 
the changes of liver and renal function.
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Abstract
BACKGROUND 
T1b gallbladder carcinoma (GBC) is defined as a tumor that invades the 
perimuscular connective tissue without extension beyond the serosa or into the 
liver. However, controversy still exists over whether patients with T1b GBC 
should undergo cholecystectomy alone or radical GBC resection.

AIM 
To explore the optimal surgical approach in patients with T1b gallbladder cancer 
of different pathological grades.

METHODS 
Patients with T1bN0M0 GBC who underwent surgical treatment between 2000 
and 2017 were included in the Surveillance, Epidemiology, and End Results 
database. The Kaplan-Meier method and log-rank test were used to analyze the 
overall survival (OS) and disease-specific survival (DSS) of patients with T1b GBC 
of different pathological grades. Cox regression analysis was used to identify 
independent predictors of mortality and explore the selection of surgical methods 
in patients with T1b GBC of different pathological grades and their relationship 
with prognosis.

RESULTS 
Of the 528 patients diagnosed with T1bN0M0 GBC, 346 underwent simple 
cholecystectomy (SC) (65.5%), 131 underwent SC with lymph node resection (SC + 
LN) (24.8%), and 51 underwent radical cholecystectomy (RC) (9.7%). Without 
considering the pathological grade, both the OS (P < 0.001) and DSS (P = 0.003) of 
T1b GBC patients who underwent SC (10-year OS: 27.8%, 10-year DSS: 55.1%) 
alone were significantly lower than those of patients who underwent SC + LN (10-
year OS: 35.5%, 10-year DSS: 66.3%) or RC (10-year OS: 50.3%, 10-year DSS: 
75.9%). Analysis of T1b GBC according to pathological classification revealed no 
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significant difference in OS and DSS between different types of procedures in patients with grade I 
T1b GBC. In patients with grade II T1b GBC, obvious survival improvement was observed in the 
OS (P = 0.002) and DSS (P = 0.039) of those who underwent SC + LN (10-year OS: 34.6%, 10-year 
DSS: 61.3%) or RC (10-year OS: 50.5%, 10-year DSS: 78.8%) compared with those who received SC 
(10-year OS: 28.1%, 10-year DSS: 58.3%). Among patients with grade III or IV T1b GBC, SC + LN 
(10-year OS: 48.5%, 10-year DSS: 72.2%), and RC (10-year OS: 80%, 10-year DSS: 80%) benefited OS 
(P = 0.005) and DSS (P = 0.009) far more than SC (10-year OS: 20.1%, 10-year DSS: 38.1%) alone.

CONCLUSION 
Simple cholecystectomy may be an adequate treatment for grade I T1b GBC, whereas more 
extensive surgery is optimal for grades II-IV T1b GBC.

Key Words: Gallbladder carcinoma; Tumor-node-metastasis; Survival analysis; Tumor grade; Surgical 
treatment

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: T1b gallbladder carcinoma (GBC) is defined as a tumor that invades the perimuscular connective 
tissue without extension beyond the serosa or into the liver. However, controversy still exists over whether 
patients with T1b GBC should undergo cholecystectomy alone or radical GBC resection. In this study, we 
included patients with different histological grades of T1b GBC and compared the survival time of 
patients who underwent simple cholecystectomy, cholecystectomy with lymph node resection, or radical 
cholecystectomy to explore the optimal surgical approach for these patients.

Citation: Shao J, Lu HC, Wu LQ, Lei J, Yuan RF, Shao JH. Simple cholecystectomy is an adequate treatment for 
grade I T1bN0M0 gallbladder carcinoma: Evidence from 528 patients. World J Gastroenterol 2022; 28(31): 4431-
4441
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4431.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4431

INTRODUCTION
Gallbladder carcinoma (GBC) is the most common malignant tumor of the biliary tract, accounting for 
80%-95% of malignant tumors of the biliary tract. The overall average survival of patients with GBC is 
only 6 mo, and the 5-year survival rate is < 5%[1,2]. According to global cancer statistics from 2020, 
115949 people have been diagnosed with GBC worldwide and 84965 have died from this condition[3]. 
The treatment effect of adjuvant therapy, chemotherapy, radiotherapy, and targeted therapy on GBC 
remains unsatisfactory despite recent improvements in diagnosis and treatment methodology, and 
surgical resection remains the first choice for the treatment of GBC.

Different surgical resection methods are used to treat GBC, based on staging. According to the 
current tumor-node-metastasis (TNM) staging system of the American Joint Committee on Cancer 
(AJCC) guidelines, simple cholecystectomy (SC, gallbladder removal alone) is the appropriate treatment 
for patients with Tis or T1a GBC, radical cholecystectomy (RC, including cholecystectomy, lymph node 
(LN) dissection, and liver wedge resection) or expanded radical resection of GBC is recommended for 
patients with T1b-T3 GBC, and surgery is not recommended for T4 GBC[4-6]. However, whether 
patients with T1b GBC undergo SC or RC had remained controversial for a long time. A previous study 
found that the long-term survival rate of patients with T1b GBC after SC was equivalent to that after RC
[7]. Some studies have also found that the prognosis of patients with T1b who underwent RC of GBC is 
significantly improved compared to that of patients who underwent cholecystectomy alone[8,9]. 
Therefore, whether patients with T1b GBC undergo SC or RC remains a clinical problem that surgeons 
must address.

Recent studies have found that, in addition to TNM staging, tumor pathological grading plays an 
important role in tumor prognosis and surgical selection. Studies have pointed out that low-grade 
tumors in the tongue[10], breast[11], and thyroid[12] have a significantly worse prognosis than high-
grade tumors in the same locations. Furthermore, studies have pointed out that the median survival of 
patients with grade I GBC is significantly better than that of patients with grade II-IV GBC, indicating 
that tumor grade is also an extremely important indicator of the prognosis of GBC[13]. However, a 
question worthy of discussion is whether pathological classification can be used as the basis for the 
selection of surgery (SC or RC) in T1b patients.

https://www.wjgnet.com/1007-9327/full/v28/i31/4431.htm
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In the present study, we obtained the treatment and survival data of patients with T1b GBC from the 
Surveillance, Epidemiology, and End Results (SEER) database[14], analyzed the survival of patients 
with different histological grades of T1b GBC, and compared the survival of patients who underwent 
SC, cholecystectomy with LN resection, and RC to assess the optimal surgical approach.

MATERIALS AND METHODS
Data source
The SEER database was established by the National Cancer Institute and contains follow-up information 
from patients with cancer. We used the SEER-18 database, derived from 18 regional registries repres-
enting approximately one-third of the US population, to collect data on patients with GBC between 2000 
and 2017, including patient age, sex, histological codes, tumor histology, TNM stage (6th AJCC TNM 
staging system), tumor grade, surgical information, and patient survival.

Study population
Tumor histology and site codes were used to identify patients in the SEER database with GBC between 
2000 and 2017. A total of 15671 patients were included in this study. Patients were excluded from our 
study for the following reasons: patients did not undergo surgery, patients with GBC other than 
T1bN0M0, incomplete follow-up data, unknown surgical resection range, tumor grade, or histological 
data. According to the 6th edition of the AJCC staging system, all T1b patients were staged according to 
clinical classification based on physical examination, imaging, endoscopy, biopsy, surgical exploration, 
and other relevant examinations; 528 patients with T1bN0M0 GBC were included (Figure 1). According 
to the surgical treatment information in the SEER database, patients who underwent SC without LN 
resection in our study were categorized as SC, those who underwent cholecystectomy with LN resection 
were categorized as SC + LN, and patients who underwent cholecystectomy and any type of liver 
resection with extensive LN dissection were categorized as RC. The major outcomes of this study were 
overall survival (OS) and disease-specific survival (DSS).

Statistical analysis
Both continuous and categorical variables (such as age and sex, tumor grade, tumor histological type, 
surgical approach, etc.) are presented as numbers (n) and percentages (%). Kaplan-Meier survival curves 
were generated to analyze the OS and DSS between the different groups, and the P values for the 
survival curves were determined using the log-rank test. A multivariate Cox proportional hazards 
model was built to verify the independent role of prognostic factors, and variables with a P value of < 
0.1 on the log-rank test were incorporated into the model. The final model was built using a stepwise 
selection method, and the results were presented as adjusted hazard ratios (HRs) with corresponding 
95% confidence intervals (CIs) and P values. All P values were two-sided, and values of P < 0.05 were 
considered statistically significant. Statistical analyses were performed using the statistical software 
Statistical Product and Service Solutions (SPSS) IBM (version 19.0).

RESULTS
General characteristics of patients with T1b GBC
In this retrospective study, 528 patients had pathologically confirmed T1bN0M0 GBC between 2000 and 
2017. Of these, 385 (72.9%) were women, and 143 (27.1%) were men. The histological types were 
adenocarcinoma (73.3%), papillary adenocarcinoma (15%), and other tissue types (11.7%). The tumor 
pathological classification was grade I (30.5%), grade II (50.9%), and grades III and IV (18.6%). 
Therefore, grade III and grade IV GBC were combined into the same subgroup for analysis in the 
present study as few patients had grade IV GBC. Among the 528 patients with GBC, 346 underwent SC 
(65.5%), 131 underwent SC + LN (24.8%), and 51 underwent RC (9.7%) (Table 1).

Univariate analysis performed using the log-rank test revealed that the histological type (P = 0.059) 
and tumor grade (P = 0.056) did not significantly affect the 10-year OS of patients with T1b GBC. 
Younger age (P < 0.001) and female sex (P = 0.007) were associated with better OS, and patients who 
underwent RC (50.3%) or SC + LN (35.5%) achieved better OS than those who underwent SC (27.8%) (P 
< 0.001). The 10-year DSS was not significantly affected by histological type (P = 0.058), similar to the 
OS, and DSS rates were significantly higher in younger (P = 0.023) and female patients (P = 0.016). The 
DSS was also significantly affected by the extent of surgery, and the 10-year DSS of patients who 
underwent RC (75.9%) or SC + LN (66.3%) was higher than that of patients who underwent SC (55.1%) (
P = 0.002). Although tumor grade had no significant effect on the 10-year OS of patients with T1b GBC, 
we found that the 10-year DSS of patients with grade III and IV tumors (48.9%) was significantly lower 
than that of patients with grade I (64.7%) or II tumors (62.1%) (P = 0.002) (Table 1).
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Table 1 General characteristics and survival data for 528 patients with T1b gallbladder cancer

10-year survival
Characteristics n = 528, n (%)

OS, % DSS, %

Age, yr

< 70 220 (41.7) 46.4% 62.7%

≥ 70 308 (58.3) 21.9% 58.9%

P < 0.001 P = 0.023

Gender

Male 143 (27.1) 13.7 47.5

Female 385 (72.9) 37.8 64

P = 0.007 P = 0.016

Grade

Grade I 161 (30.5) 33.1 64.7

Grade II 269 (50.9) 32.6 62.1

Grade III, IV 98 (18.6) 28.6 48.9

P = 0.056 P = 0.002

Histological type

Adenocarcinoma 387 (73.3) 30.5 61.6

Papillary 79 (15.0) 40.2 61.8

Other 62 (11.7) 29 51

P = 0.059 P = 0.058

Surgery

SC 346 (65.5) 27.8 55.1

SC + LN 131 (24.8) 35.5 66.3

RC 51 (9.7) 50.3 75.9

P < 0.001 P = 0.002

OS: Overall survival; DSS: Disease-specific survival; SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy; N: Number.

The impact of different surgical methods on the OS and DSS of patients with T1b GBC, regardless of 
pathological grade
Kaplan-Meier survival curves were generated for different types of surgery in patients with T1b GBC. 
The 10-year OS of patients who underwent more extensive surgery, including SC + LN (35.5%) and RC 
(50.3%), was significantly better than that of patients who underwent SC alone (27.8%) (P < 0.001) 
(Figure 2A). Consistent with OS, we found that the 10-year DSS of patients who underwent SC + LN 
(66.3%) or RC (75.9%) was significantly higher than that of patients who underwent SC (55.1%) (P = 
0.003) (Figure 2B).

Using multivariate Cox regression analysis incorporating age, sex, tumor grade, tumor histological 
type, and surgery type, we confirmed that age, sex, and surgery type were independently associated 
with OS in patients with T1b GBC. Patients who underwent SC + LN (HR: 0.71, 95%CI: 0.53-0.95, P = 
0.020) or RC (HR: 0.54, 95%CI: 0.32-0.89, P = 0.015) experienced a significant OS benefit compared to 
patients who underwent SC alone. Independent factors affecting DSS were sex, tumor grade, and 
surgery type, consistent with OS, and patients who underwent SC + LN (HR: 0.56, 95%CI: 0.37-0.83, P = 
0.020) or RC (HR: 0.49, 95%CI: 0.27-0.92, P = 0.015) had improved DSS compared with patients who 
underwent SC. Table 2 shows the results of the multivariate Cox regression analysis of patients with T1b 
GBC based on the 10-year OS and DSS. Based on the above results, we concluded that patients with T1b 
GBC who underwent RC or SC + LN treatment had better OS and DSS than those who underwent SC, 
regardless of the pathological grade (Table 2).
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Table 2 Multivariate Cox proportional hazards model for 10-year overall survival and disease-specific survival in 528 patients with T1b 
gallbladder cancer

10-year overall survival 10-year disease-specific survival
Variable

HR (95%CI) P value HR (95%CI) P value

Age, yr

< 70 Referent Referent

≥ 70 2.03 (1.57-2.63) < 0.001 NA NA

Gender

Male Referent Referent

Female 0.71 (0.55-0.91) 0.007 0.62 (0.45-0.87) 0.005

Grade

Grade I Referent Referent

Grade II NA NA 1.21 (0.83-1.76) 0.321

Grade III, IV NA NA 2.20 (1.43-3.38) < 0.001

Histological type

Adenocarcinoma Referent Referent

Papillary NA NA NA NA

Other NA NA NA NA

Surgery

SC Referent Referent

SC + LN 0.71 (0.53-0.95) 0.020 0.56 (0.37-0.83) 0.004

RC 0.54 (0.32-0.89) 0.015 0.49 (0.27-0.92) 0.025

SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy; N: Number; HR: Hazard ratio; CI: Confidence interval; NA: Not 
available.

The influence of operation methods on OS and DSS in patients with T1b GBC of different 
pathological grades
To verify the role of tumor grading in choosing the surgical approach for patients with T1b GBC, we 
divided the 528 patients with GBC into three subgroups based on tumor grade and analyzed the impact 
of different surgical approaches in each subgroup on 10-year OS and DSS. The type of surgery varied 
slightly between the different tumor grades, and Figure 2C shows the proportion of different surgical 
approaches in each subgroup. Of the 161 patients with grade I T1b GBC, 105 underwent SC (65%), 40 
underwent SC + LN (25%), and 16 underwent RC (10%); of the 269 patients with grade II T1b GBC, 173 
underwent SC (64%), 64 underwent SC + LN (24%), and 32 underwent RC (12%). Of the 98 patients with 
grade III or IV T1b GBC, 68 underwent SC (69%), 25 underwent SC + LN (26%), and 5 underwent RC 
(5%) (Figure 2C). Interestingly, no statistically significant differences were observed in OS (P = 0.734) 
and DSS (P = 0.953) between the different surgical types in patients with grade I T1b GBC (Figure 3A 
and B). However, an obvious improvement in the OS of patients with grade II T1b GBC who underwent 
SC + LN (34.6%) or RC (50.5%) was observed compared to that of patients who underwent SC (28.1%) (P 
= 0.002). The DSS of patients who underwent SC + LN (61.3%) or RC (78.8%) was also much higher than 
that of patients who underwent SC (58.3%) (P = 0.039) (Figure 3C and D). Moreover, the OS and DSS of 
patients with grade III and IV T1b GBC were both significantly affected by the type of surgery, and SC + 
LN (48.5%) or RC (80%) had a far more beneficial effect on OS than SC (20.1%; P = 0.005). Similar to OS, 
the DSS in patients who underwent SC + LN (72.2%) or RC (80%) was also much higher than that of 
patients who underwent SC (38.1%) (P = 0.009) (Figure 3E and F). These results show that patients with 
grade I T1b GBC who undergo SC can attain a survival benefit equivalent to that associated with SC + 
LN or RC.

The influence of surgical methods on OS and DSS in patients with grade I T1b GBC
To further verify that surgery type did not significantly affect OS and DSS in patients with grade I T1b 
GBC, we conducted a univariate analysis of 161 patients with grade I T1b GBC. Using the log-rank test, 
we found that age (P = 0.022) and sex (P = 0.030) significantly affected the OS of patients with grade I 
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Figure 1 Flow diagram of the study population. A total of 528 patients with T1bN0M0 gallbladder cancer were included in this study.SEER: Surveillance, 
Epidemiology, and End Results database; AJCC: American Joint Committee on Cancer; TNM: Tumor-node-metastasis; GBC: Gallbladder cancer; N: Number.

Figure 2 Overall survival and disease-specific survival of 528 patients with T1b gallbladder cancer who received different surgical 
treatment assessed using Kaplan-Meier analysis, and the proportions of different surgical approaches.A: Overall survival of patients with T1b 
gallbladder cancer (GBC) received simple cholecystectomy (SC), SC with lymph node resection (SC + LN), or radical cholecystectomy (RC) (P < 0.001); B: Disease-
specific survival of patients with T1b GBC who received SC, SC + LN, or RC (P = 0.003); C: The proportions of different surgical approaches in patients with different 
pathological grades of gallbladder cancer. SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy.

T1b GBC, whereas the histological type of the tumor (P = 0.799) and surgical method (P = 0.734) had no 
significant effect on OS. Age (P = 0.431), sex (P = 0.071), tumor histological type (P = 0.562), and surgical 
method (P = 0.953) did not significantly affect DSS in patients with grade I T1b GBC (Table 3).

Subsequently, we performed multivariate Cox regression analysis based on age, sex, tumor grade, 
tumor histological type, and surgery type and found that age and sex were independent influencing 
factors for OS in patients with grade I T1b GBC; older age was associated with poor OS (HR: 1.67, 
95%CI: 1.07-2.59, P = 0.023), and women had better OS (HR: 0.62, 95%CI: 0.40-0.96, P = 0.031). The 
histological type of the tumor and surgical method were not independent factors for OS in patients with 
grade I T1b GBC. Age, sex, histological tumor type, and surgical method were not independent risk 
factors for DSS in patients with grade I T1b GBC. Lastly, we verified that the type of surgery did not 
affect the OS and DSS of 161 patients with grade I T1b GBC (Table 4).

DISCUSSION
The current staging of GBC follows the TNM staging system of the AJCC guidelines, in which primary 
tumor invasion (T) is a crucial factor in the AJCC staging criteria that determines the surgical approach 
for GBC[15]. The goal of surgical intervention for GBC is to achieve R0 resection, which is the most 
important factor in predicting long-term survival. According to the staging system of the AJCC 
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Table 3 General characteristics and survival data for 161 patients with grade I T1b gallbladder cancer

10-year survival
Characteristics n = 161, n (%)

OS, % DSS, %

Age, yr

< 70 72 (41.7) 65.8 70.6

≥ 70 89 (58.3) 58.0 79.1

P =  0.0221 P =  0.431

Gender

Male 49 (27.1) 54.6 72.6

Female 112 (72.9) 63.6 75.9

P =  0.0301 P =  0.071

Histological type

Adenocarcinoma 116 (73.3) 62.8 76.2

Papillary 32 (15.0) 60.1 74.6

Other 13 (11.7) 46.2 60.6

P =  0.799 P =  0.562

Surgery

SC 105 (65.5) 60.1 76.1

SC + LN 41 (24.8) 65.2 75.3

RC 15 (9.7) 56.6 67.0

P =  0.734 P =  0.953

1P < 0.05.
OS: Overall survival; DSS: Disease-specific survival; SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy; N: Number.

guidelines, Tis refers to the tumor in situ, T1a lesions invade the lamina propria, T1b lesions invade the 
muscular layer, T2 Lesions invade the connective tissue around the gallbladder muscle without 
extending to the serosal membrane or liver, T3 tumors perforate the gallbladder serosa or penetrate the 
liver or one other adjacent organ, and T4 tumors are defined as those that invade the main portal vein, 
hepatic artery, or two or more adjacent organs[16]. According to the recommendations of the National 
Comprehensive Cancer Network (NCCN) diagnosis and treatment guidelines, surgical treatment for Tis 
and T1a GBC should be SC, and RC is the first choice for the treatment of GBC with T1b-T3, whereas 
surgery is not recommended for T4[17]. Nevertheless, previous studies have also pointed out the 
controversy in the treatment of T1b, and some studies still reported long-term survival after SC for 
patients with T1b GBC that is comparable to that after radical resection and did not recommend 
extended cholecystectomy or radical resection for T1b GBC[18,19]. Therefore, controversy about the 
surgical treatment of T1b GBC has existed in clinical practice for many years. For example: (1) Should 
patients with GBC diagnosed as T1b by pathology undergo radical resection; (2) incidental CBC (IGBC) 
is defined as cholecystectomy for benign gallbladder lesions, but the postoperative pathological 
diagnosis is GBC[20,21]; and (3) should patients with T1b IGBC undergo another surgical procedure so 
that RC can be performed?

Tumor grade was categorized as well-differentiated (grade I), moderately differentiated (grade II), 
poorly differentiated (grade III), or undifferentiated (grade IV), depending on the pathological 
morphology of the tumor. As an important tumor index, pathological grading plays a crucial role in the 
prognosis and treatment of many tumors. For example, patients with differentiated T1N0M0 thyroid 
cancer should undergo total thyroidectomy, whereas patients with undifferentiated T1N0M0 thyroid 
cancer require total thyroidectomy and LN dissection[22]. However, to our knowledge, the role of 
tumor grade in the selection of surgical treatment for T1b GBC has not yet been explored. In our study, 
528 cases of T1bN0M0 GBC were grouped according to the pathological grade. By analyzing the 
survival of patients with various pathological grades of GBC following different surgical methods, we 
found that both DSS and OS of patients with grade II-IV T1b GBC who underwent extensive surgery 
improved markedly compared to those who underwent SC. However, SC had a comparable survival 
benefit for both OS and DSS in patients with grade I T1b GBC compared to patients who underwent SC 
+ LN or RC. Using Cox regression analysis, we also found that surgery type was not an independent 
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Table 4 Multivariate Cox proportional hazards model for 10-year overall survival and disease-specific survival in 161 patients with 
grade I T1b gallbladder cancer

10-year overall survival 10-year disease-specific survival
Variable

HR (95%CI) P value HR (95%CI) P value

Age, yr

< 70 Referent Referent

≥ 70 1.67 (1.07-2.59) 0.023 NA NA

Gender

Male Referent Referent

Female 0.62 (0.40-0.96) 0.031 NA NA

Histological type

Adenocarcinoma Referent Referent

Papillary NA NA NA NA

Other NA NA NA NA

Surgery

SC Referent Referent

SC + LN NA NA NA NA

RC NA NA NA NA

SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy; N: Number; HR: Hazard ratio; CI: Confidence interval; NA: Not 
available.

factor associated with survival in patients with grade I T1b GBC. These results indicate that the surgery 
type does not significantly affect OS or DSS in patients with grade I T1b GBC. Patients with grade I T1b 
GBC who undergo SC alone could obtain a similar survival benefit compared with those treated with 
SC + LN or RC, and more extensive surgery is the optimal treatment for T1b patients with grade II-IV 
tumors.

Thus, according to the NCCN guidelines and our research results, we propose the following answers 
to the two questions given above: (1) For GBC found during the operation, if perioperative frozen 
pathological examination reveals the TNM stage to be T1b, tumor histopathology should continue to be 
graded. If the pathological grade is confirmed to be grade I T1b GBC, SC should be performed, and 
patients with grade II-IV T1b GBC should undergo RC; and (2) for patients with T1b IGBC, the finding 
should be combined with the pathological grade to decide whether to perform surgery again; patients 
with grade II-IV T1b IGBC should undergo a second operation and radical resection of GBC to obtain 
survival benefits. Patients with grade I T1b IGBC do not need to undergo reoperation, which prevents 
the pain caused by the second operation and saves the patient money in terms of medical expenses.

To the best of our knowledge, this study is the first to use the SEER database, one of the largest 
population databases, to evaluate the role of tumor grading in choosing surgical approaches for patients 
with T1b GBC. However, our findings have some unavoidable limitations. First, this study is a 
retrospective analysis, and the SEER database lists only initial surgical treatment, so patients who 
underwent subsequent treatment may be included in our study. Furthermore, information on tumor 
recurrence, metastasis, or progression was also not available in the SEER database. Hence, prospective 
and multi-center studies of patients with T1b GBC are needed to further verify the impact of surgical 
methods on the prognosis of T1b patients with different pathological grades to provide a more 
appropriate, evidence-based rationale for determining the optimal surgical method for patients with 
T1b GBC of different pathological grades, and patients with grade I T1b GBC who underwent SC should 
be monitored for tumor recurrence, metastasis, or progression to validate the findings of our study.

CONCLUSION
We demonstrated a comparable survival benefit for patients with grade I T1b GBC who underwent SC, 
SC + LN or RC, whereas patients with grade II-IV T1b GBC benefit from SC + LN or RC, suggesting that 
SC may be a suitable treatment for patients with grade I T1b GBC, whereas RC or expanded radical 
resection is more suitable for those with grade II-IV T1b GBC.
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Figure 3 The overall survival and disease-specific survival of patients with T1b gallbladder cancer stratified by pathological grades and 
surgical treatment using Kaplan-Meier analysis. A: Overall survival (OS) of patients with grade I T1b gallbladder cancer (GBC) by type of surgery (P = 
0.734); B: Disease-specific survival (DSS) of patients with grade I T1b GBC by type of surgery (P = 0.953); C: OS of patients with grade II T1b GBC by type of surgery 
(P = 0.002); D: DSS of patients with grade II T1b GBC by type of surgery (P = 0.039); E: OS of patients with grade III, IV T1b GBC by type of surgery (P = 0.005); F: 
DSS of patients with grade III, IV T1b GBC by type of surgery (P = 0.009). SC: Simple cholecystectomy; LN: Lymph node resection; RC: Radical cholecystectomy.
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The surgical treatment of T1b gallbladder cancer has been controversial.
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To solve the problem of choosing the surgical treatment for T1b gallbladder cancer.
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To explore the optimal surgical approach in patients with T1b gallbladder cancer of different 
pathological grades.

Research methods
Analysis of survival differences in patients with different pathological grades of T1b gallbladder cancer 
who received different surgical treatment methods.
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Patients with grade I T1b gallbladder cancer who underwent simple cholecystectomy attained a survival 
benefit equivalent to that of simple cholecystectomy with lymph node resection or radical 
cholecystectomy.
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Simple cholecystectomy is an adequate treatment for grade I T1b gallbladder carcinoma (GBC), whereas 
expanded radical resection is more suitable for grade II-IV T1b GBC.

Research perspectives
Simple cholecystectomy is a suitable treatment for patients with grade I T1b GBC.
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Abstract
BACKGROUND 
Health utility assessments have been developed for various conditions, including 
chronic liver disease. Health utility scores are required for socio-economic 
evaluations, which can aid the distribution of national budgets. However, the 
standard health utility assessment scores for specific health conditions are largely 
unknown.

https://www.f6publishing.com
https://dx.doi.org/10.3748/wjg.v28.i31.4442
mailto:tmizu@sapmed.ac.jp


Ishinuki T et al. Health utility scores in liver disease

WJG https://www.wjgnet.com 4443 August 21, 2022 Volume 28 Issue 31

AIM 
To summarize the health utility scores, including the EuroQOL 5-dimensions 5-levels (EQ-5D-5L), 
EuroQol-visual analogue scale, short from-36 (SF-36), RAND-36, and Health Utilities Index (HUI)-
Mark2/Mark3 scores, for the normal population and chronic liver disease patients.

METHODS 
A systematic literature search of PubMed and MEDLINE, including the Cochrane Library, was 
performed. Meta-analysis was performed using the RevMan software. Multiple means and 
standard deviations were combined using the StatsToDo online web program.

RESULTS 
The EQ-5D-5L and SF-36 can be used for health utility evaluations during antiviral therapy for 
hepatitis C. HUI-Mark2/Mark3 indicated that the health utility scores of hepatitis B patients are 
roughly 30% better than those of hepatitis C patients.

CONCLUSION 
The EQ-5D-5L is the most popular questionnaire for health utility assessments. Health assessments 
that allow free registration would be useful for evaluating health utility in patients with liver 
disease.

Key Words: Quality of life; EuroQOL 5-dimensions 5-levels; Short from-36; RAND-36; Health Utilities 
Index-Mark

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study summarized current knowledge about health utility assessments, including the 
EuroQOL 5-dimensions 5-levels (EQ-5D-5L), EuroQol-visual analogue scale, short from-36, RAND-36, 
and Health Utilities Index-Mark2/Mark3. The EQ-5D-5L is the most popular questionnaire for health 
utility assessments. Health utility assessments need to be used widely and routinely.

Citation: Ishinuki T, Ota S, Harada K, Kawamoto M, Meguro M, Kutomi G, Tatsumi H, Harada K, Miyanishi K, 
Kato T, Ohyanagi T, Hui TT, Mizuguchi T. Current standard values of health utility scores for evaluating cost-
effectiveness in liver disease: A meta-analysis. World J Gastroenterol 2022; 28(31): 4442-4455
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4442.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4442

INTRODUCTION
The quality of health is an important factor when assessing medical management rather than simple 
survival periods[1,2]. Health utility is an important factor in medical assessments and socio-economic 
politics[3]. National health budgets have risen steadily in various countries, and governments need to 
deeply consider the need to maintain a socio-economic balance[4]. Therefore, health benefits should be 
compared with social costs to avoid national financial collapse.

It is difficult to quantify health quality at regular intervals[5]. We are developing wearable devices 
that can automatically obtain health data, including data regarding mental health. Some health utility 
assessments require the use of questionnaires, which are associated with low compliance and involve 
bothersome calculations[2,6,7]. Before launching our novel health utility assessment tool, we performed 
this meta-analysis in order to summarize the currently available health utility assessment tools. The 
most useful questionnaire for evaluating health status depending on liver disease status or sex is 
unclear. In addition, no universal health utility assessment values for specific liver diseases or the 
normal population have been reported. Therefore, we conducted a meta-analysis to estimate health 
utility assessment values for specific populations.

The EuroQOL 5-dimensions 5-levels (EQ-5D-5L) is the simplest instrument for evaluating health 
utility and has been widely translated into various languages with high reliability and validity[6,8-10]. It 
only involves five questions and five answering levels. The health utility scores produced by the EQ-5D-
5L can be used to calculate quality-adjusted life year (QALY) values[8]. The Health Utilities Index Mark 
2/Mark 3 is another instrument for evaluating health utility scores and can also be used to obtain QALY 
values[11]. However, the Health Utilities Index is complicated, as it involves 45 questions, which take a 
long time to answer. The short-form 36-item (SF-36) is also widely used to evaluate health quality, 
although it does not directly involve QALY evaluations[9,12,13].

https://www.wjgnet.com/1007-9327/full/v28/i31/4442.htm
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There are two types of SF-36, and the copyrights to these tools belong to The RAND Corporation 
(Santa Monica, CA, United States)[14] and QualityMetric (Johnston, RI, United States), respectively[15]. 
However, most researchers do not actively consider which version they use[12]. Therefore, the exact 
method and results of such assessments are not always described in the literature (Table 1).

In this meta-analysis, we describe the scores obtained with various health utility indexes (HUIs) in 
normal healthy populations or patients with different types of liver disease (Table 2)[16-32].

MATERIALS AND METHODS
Literature search
The PICOS scheme was used to set appropriate inclusion criteria. A systematic literature search of 
PubMed and MEDLINE, including the Cochrane Library, was performed independently by two authors 
(Ishunuki T and Ota S). The search was limited to human studies whose findings were reported in 
English. No restrictions were placed on the type of publication, the publication date, or publication 
status. The search strategy was based on different combinations of words for each database. For the 
PubMed database, the following combination was used: (("liver"[MeSH Terms] OR "liver"[All Fields] 
OR "livers"[All Fields] OR "liver s"[All Fields]) AND "qol"[All Fields]) AND (1990/1/1: 
3000/12/12[pdat]). For the MEDLINE database, the following combination was used: [quality of life 
(QOL) and Liver].

Study selection
The two independent authors screened the titles and abstracts of the primary studies identified in the 
database search. Duplicate studies were excluded. The following inclusion criteria were employed for 
the meta-analysis: (1) Studies that compared QOL in patients who had liver disease; (2) Studies that 
compared QOL between male and female patients with liver disease; (3) Studies that reported at least 
one QOL outcome; and (4) If the same institute reported more than one study, only the most recent or 
the highest-level study was included.

Data extraction
The same two authors extracted the following primary data: (1) The questionnaires used for each QOL 
evaluation; (2) The first author, year of publication, and type of study; (3) The etiology of the disease 
and the number of times each intervention was performed; and (4) The timing of the evaluations.

Statistical analysis
Meta-analyses were performed using the RevMan software (version 5.3.; The Cochrane Collaboration). 
The mean differences (MD) between groups were calculated for continuous variables. The interquartile 
ranges of the data were transformed by dividing them by 1.35 to produce alternative standard deviation 
values. Multiple means and standard deviations were combined using the StatsToDo online web 
program (https://www.statstodo.com/index.php).

The chi-square test was used to evaluate heterogeneity, and the Cochran Q and I2 statistics were 
reported. The I2 value describes the percentage variation between studies in degrees of freedom. P 
values of <0.05 were considered significant.

RESULTS
EQ-5D-5L
The EQ-5D-5L has been widely investigated as a tool for evaluating general health in normal 
populations and patients with different stages of liver disease (Table 3)[17,18,22,25-27,30,32]. Health 
utility indices should be affected by age, sex, ethics, religion, and geography. However, the EQ-5D-5L 
produced similar utility indices for groups with different health statuses (Table 3), such as normal 
healthy individuals (0.8413 ± 0.1905) and hepatitis C virus (HCV)-infected patients with compensated or 
decompensated cirrhosis (0.8113 ± 0.2261 and 0.7903 ± 0.2182), HCV-infected patients exhibiting a 
sustained virologic response (SVR) (0.846 ± 0.1816), and patients with hepatocellular carcinoma 0.8127 ± 
0.2084).

In general, the EQ-5D-5L produces significantly higher scores in males than in females (Figure 1A) 
(0.8267 ± 0.229 vs 0.7922 ± 0.239; P < 0.001). The mean total EuroQol-visual analogue scale score for the 
general population was found to be 79.796 ± 17.614 in two independent studies (Table 4)[26,30].

SF-36
The SF-36 consists of eight scales, including physical functioning (85.07 ± 15.40); role limitations due to 
physical health problems (RP)(82.50 ± 25.15); bodily pain (BP) (77.62 ± 17.55); general health perceptions 

https://www.statstodo.com/index.php
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Table 1 Current health-related outcome for liver disease

Questionnaire Total Permission Company/Organization

EQ-5D-5L Five questions Registration required The EuroQol Research Foundation.

Health Utilities Index Mark 2 or 3 45 questions Purchase required Health Utilities Inc.

36-Item Short Form Survey 36 questions Purchase required QualityMetric

36 questions Free The RAND Corporation

EQ-5D-5L: EuroQol 5-dimensions 5-levels.

Table 2 List of previous studies and health utility assessments

Ref. Subjects and countries EQ-5D-5L EQ-VAS HUI-mark SF-36 Type of SF-36 Others

Jenkinson et al[16] Normal population from United 
Kingdom

O RAND®

Ratcliffe et al[17] Normal population/Liver 
transplantation patients from 
United Kingdom

Δ Δ O Not described1

Chong et al[18] Normal population from Canada O Δ Δ Δ1

Grieve et al[19] Population from United Kingdom O

Bondini et al[20] Population from United States O Δ1 CLDQ

Dan et al[21] Population from United States O SF-6D

Björnsson et al[22] Population from Sweden O O Not described1

Hsu et al[23] Population from Vancouver O v2 HQLQv2

McDonald et al[24] Population from United Kingdom O

Scalone et al[25] Population from United Kingdom O Δ

Vahidnia et al[26] Population from United States Δ O

Kaishima et al[27] Population from Japan O

Blanco et al[28] Population from Spain Δ O

Kesen et al[29] HCV patients from Turkey O Not described1 HADS

Cortesi et al[30] Population from Italy O O

Karimi Sari et al[31] HCV patients from Iran O Not described1

Zanone et al[32] HCV patients from Italy O

1Modified scale excluding from the analyses.
O: The eligible study including the analyses; Δ: The excluding outcomes due to different conditions; EQ-5D-5L: EuroQol 5-dimensions 5-levels; EQ-VAS: 
EuroQol-visual analogue scale; HUI-mark: Health utility index mark; SF-36: Short from-36; CLDQ: Chronic liver disease questionnaire; SF-6D: Short form 
6-dimensions; HQLQv2: Hepatitis Quality of Life® survey version 2; HADS: Hospital anxiety and depression scale; HCV: Hepatitis C virus.

(GH) (63.37 ± 14.16); vitality, energy, or fatigue (VT) (63.37 ± 14.16); social functioning (SF) (86.97 ± 
15.13); role limitations due to emotional problems (RE) (83.94 ± 23.57); and general mental health (63.37 
± 14.16). Although the eligible healthy controls differed among countries and age groups, the health 
utility scores produced by each scale were similar (Table 5)[16,17,22,23].

Compensated liver cirrhosis vs sustained virologic response
Patients with hepatitis C had achieved an SVR exhibited significantly better health utility scores for each 
SF-36 scale (Figure 2)[22,29,31] and the EQ-5D-5L (Figure 1B)[18,19,22,32] than those with compensated 
liver cirrhosis (Table 6)[18,19,22,29,31,32]. In particular, significant differences in the scores for RP (61.5 
± 31.6 vs 73.3 ± 27.3), GH (64.8 ± 20.9 vs 74.8 ± 18.5), VT (70.5 ± 24.0 vs 78.1 ± 18.4), RE (56.8 ± 32.0 vs 68.1 
± 27.3), and the EQ-5D-5L (0.6863 ± 0.3065 vs 0.846 ± 0.1816) were seen between these groups. These 
results indicate that health utility indices improve by 10%-20% after patients with hepatitis C achieve an 
SVR.
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Table 3 EuroQol 5-dimensions 5-levels

Ref. Total Mean SD
Normal healthy individuals

Ratcliffe et al[17] 3386 0.85 0.03

Chong et al[18] 1518 0.821 0.011

Björnsson et al[22] 29353 0.819 0.217

Vahidnia et al[26] 1565 0.94 0.1

Cortesi et al[30] 6800 0.915 0.107

Total 42622 0.8413 0.1905

Compensated cirrhosis with hepatitis C

Chong et al[18] 24 0.74 0.085

Grieve et al[19] 40 0.55 0.34

Björnsson et al[22] 76 0.749 0.212

Scalone et al[25] 222 0.736 0.259

Kaishima et al[27] 20 0.824 0.106

Cortesi et al[30] 574 0.891 0.119

Zanone et al[32] 94 0.68 0.37

Total 1050 0.8113 0.2261

Decompensated cirrhosis with hepatitis C

Chong et al[18] 9 0.66 0.2

Grieve et al[19] 64 0.45 0.24

Björnsson et al[22] 53 0.565 0.266

Kaishima et al[27] 4 0.524 0.25

Cortesi et al[30] 523 0.859 0.14

Total 653 0.7903 0.2182

Sustained virologic response

Chong et al[18] 36 0.83 0.065

Grieve et al[19] 24 0.82 0.21

Björnsson et al[22] 52 0.792 0.209

Zanone et al[32] 91 0.89 0.18

Total 203 0.846 0.1816

Hepatocellular carcinoma

Chong et al[18] 15 0.65 0.21

Grieve et al[19] 64 0.45 0.24

Scalone et al[25] 85 0.777 0.241

Kaishima et al[27] 14 0.75 0.057

Cortesi et al[30] 545 0.867 0.146

Total 723 0.8127 0.2084

HUI Mark-2/Mark-3
Hepatitis B and C are the main causes of viral-associated chronic liver disease (Figure 3)[20,21]. The 
health utility scores of hepatitis B patients were significantly better than those of hepatitis C patients 
(0.6312 ± 0.2867 vs 0.8186 ± 0.1886); i.e., there was a roughly 30% difference between the scores of these 
patients.
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Table 4 EuroQol-visual analogue scale in normal healthy individuals

Ref. Total Mean SD

Vahidnia et al[26] 1565 87.6 10.6

Cortesi et al[30] 6800 78 18.4

Total 8365 79.796 17.614

Figure 1 EuroQOL 5-dimensions 5-levels. A: Men vs women; B: Compensated liver cirrhosis vs sustained virologic response. EQ-5D-5L: EuroQol 5-
dimensions 5-levels.

DISCUSSION
Which HUI should be used for normal populations or patients with chronic liver disease?
In this meta-analysis, we summarized the findings of previous studies examining health utility 
evaluations in patients with chronic liver disease. Various questionnaires have been used to evaluate 
health utility in different populations/at different times. The EQ-5D-5L is the most popular of the 
questionnaires used to examine health utility scores internationally[17].

One of the concerns regarding the application of health utility scores is their sensitivity[33]. For 
example, the health utility scores produced by the EQ-5D-5L for patients with compensated cirrhosis 
and decompensated cirrhosis did not differ significantly (Table 3). On the other hand, the health utility 
scores for hepatitis C patients with compensated liver cirrhosis and those who achieved an SVR differed 
significantly according to both the SF-36 and EQ-5D-5L (Table 6). This indicated that both question-
naires are suitable for evaluating health utility in hepatitis C patients after viral elimination. Although 
the health utility scores derived from the EQ-5D-5L were calculated from 5 questions, the score range of 
the EQ-5D-5L (123.3%) was greater than that of the SF-36 (105.8%-119.2%). Therefore, the EQ-5D-5L 
could be suitable for evaluating health utility scores in this specific disease state. On the other hand, EQ-
5D-5L-derived health utility scores are based on only five personal factors, mobility, self-care, usual 
activities, pain/discomfort, and anxiety/depression. Therefore, their sensitivity and any ceiling effects 
should be validated in each language and ethnic group.

It is well known that the prevailing subtype of viral hepatitis differs depending on the geographic 
region[34]. Hepatitis B is the prevailing subtype in East Asia[13], whereas hepatitis C is the most 
common in Western countries[35]. Both types of hepatitis can be controlled by nucleic acid analogs[36]. 
In this meta-analysis, the HUI scores of hepatitis C patients were roughly 30% lower than those of 
hepatitis B patients. The differences between hepatitis B and hepatitis C need to be investigated using 
the EQ-5D-5L and SF-36 in future.

The second concern regarding the use of questionnaires for health assessments relates to the number 
of questions in each questionnaire. The EQ-5D-5L consists of only five questions[8], whereas the other 
tools consist of 36[14-16] or 45[11] questions. The number of questions affects study compliance, 
especially in the elderly[37]. If possible, the number of questions should be minimized.
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Table 5 Short from-36: Healthy controls

Ref. Total Mean SD
Physical function

Björnsson et al[22] 339 87 19

Jenkinson et al[16] M 60 681 80 22.1

Jenkinson et al[16] W 60 684 74.8 23.5

Ratcliffe et al[17] 8883 85.4 2.55

Hsu et al[23] 9367 85.8 20

Total 19954 85.07 15.40

Role physical

Björnsson et al[22] 339 82 32

Jenkinson et al[16] M 60 717 78.8 36.1

Jenkinson et al[16] W 60 757 76.8 36.9

Ratcliffe et al[17] 9151 83.7 4.4

Hsu et al[23] 9367 82.1 33.2

Total 20331 82.50 25.15

Body pain

Björnsson et al[22] 339 72 27

Jenkinson et al[16] M 60 724 78.8 23.6

Jenkinson et al[16] W 60 779 75 25.1

Ratcliffe et al[17] 9214 80 3.05

Hsu et al[23] 9367 75.6 23

Total 20423 77.62 17.55

General health

Björnsson et al[22] 339 68 24

Jenkinson et al[16] M 60 707 62.9 20.3

Jenkinson et al[16] W 60 763 59 21.4

Ratcliffe et al[17] 9089 61.1 2.75

Hsu et al[23] 9367 65.8 18

Total 20265 63.37 14.16

Vitality, energy, fatigue

Björnsson et al[22] 339 68 24

Jenkinson et al[16] M 60 707 62.9 20.3

Jenkinson et al[16] W 60 763 59 21.4

Ratcliffe et al[17] 9089 61.1 2.75

Hsu et al[23] 9367 65.8 18

Total 20265 63.37 14.16

Social function

Björnsson et al[22] 339 88 21

Jenkinson et al[16] M 60 729 86.9 22.6

Jenkinson et al[16] W 60 783 85.9 22.6

Ratcliffe et al[17] 9219 87.8 2.8

Hsu et al[23] 9367 86.2 19.8
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Total 20437 86.97 15.13

Role emotional

Björnsson et al[22] 339 86 29

Jenkinson et al[16] M 60 714 85.8 29.5

Jenkinson et al[16] W 60 756 83.3 32.5

Ratcliffe et al[17] 9159 83.7 4.4

Hsu et al[23] 9367 84 31.7

Total 20335 83.94 23.57

Mental health, emotional, well-being

Björnsson et al[22] 339 50 10

Jenkinson et al[16] M 60 697 78 17.5

Jenkinson et al[16] W 60 742 74.4 18.5

Ratcliffe et al[17] 9014 74.6 2.35

Hsu et al[23] 9367 77.5 15.3

Total 20159 75.64 12.23

Table 6 Compensated liver cirrhosis vs sustained virologic response

Questionnare Compensated LC SVR P value % improvement

SF-36: Physical function 79.3 ± 19.3 83.9 ± 17.8 0.07 105.8

SF-36: Role physical 61.5 ± 31.6 73.3 ± 27.3 0.004 119.2

SF-36: Body pain 80.8 ± 23.1 85.4 ± 21.3 0.09 105.7

SF-36: General health 64.8 ± 20.9 74.8 ± 18.5 < 0.001 115.4

SF-36: Vitality 70.5 ± 24.0 78.1 ± 18.4 0.002 110.8

SF-36: Social function 77.0 ± 19.0 83.3 ± 15.6 0.05 108.2

SF-36: Role emotional 56.8 ± 32.0 68.1 ± 27.3 < 0.001 119.9

SF-36: Mental health 77.2 ± 16.8 81.3 ± 15.2 0.12 105.3

EQ-5D-5L 0.6863 ± 0.3065 0.846 ± 0.1816 < 0.001 123.3

LC: Liver cirrhosis; SVR: Sustained virologic response; SF-36: Short from-36; EQ-5D-5L: EuroQol 5-dimensions 5-levels.

The last concern is about gaining permission to use such questionnaires for health utility assessments. 
It takes great effort to develop a questionnaire. However, health utility assessments need to be repeated 
continuously. In certain human health emergencies, the use of some vaccines has been allowed without 
patent royalties having to be paid[38]. Commercial companies that own the rights to health assessments 
should reconsider their policies regarding their use.

CONCLUSION
Health assessments that allow free registration would be useful for evaluating health utility in patients 
with liver disease. Alternatively, a portable QOL tracker could be used to perform QOL evaluations of 
any patient-reported outcome, and we are currently developing such a tracker.
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Figure 2 Short from-36: Compensated liver cirrhosis vs sustained virologic response. A: Physical function; B: Role physical; C: Body pain; D: 
General health; E: Vitality; F: Social function; G: Role emotional; H: Mental health.

Figure 3 Health Utilities Index-Mark2 or 3: Hepatitis C vs hepatitis B. HUI: Health Utilities Index.

ARTICLE HIGHLIGHTS
Research background
The most useful questionnaire for evaluating health status depending on liver disease status or sex is 
unclear.

Research motivation
No universal health utility assessment values for specific liver diseases or the normal population have 
been reported.

Research objectives
The objective of this study was to conduct a meta-analysis to estimate health utility assessment values 
for specific populations in the liver disease.

Research methods
A systematic literature search was performed using PubMed and MEDLINE, including the Cochrane 
Library.

Research results
The short from-36 and EuroQOL 5-dimensions 5-levels (EQ-5D-5L) can be used for health utility 
evaluations during antiviral therapy for hepatitis C.

Research conclusions
The EQ-5D-5L is the most popular questionnaire for health utility assessments. Health assessments that 
allow free registration would be useful for evaluating health utility in patients with liver disease.

Research perspectives
Alternatively, a portable quality of life (QOL) tracker could be used to perform QOL evaluations of any 
patient-reported outcome in future.
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Abstract
BACKGROUND 
Low-grade myofibroblastic sarcoma (LGMS) is a rare malignant tumor. It has no 
specific clinical manifestations and commonly occurs in the head and neck, 
extremities and other body parts, with the liver not as its predisposing site.

CASE SUMMARY 
We report a case report of a 58-year-old man with right upper abdominal pain for 
11 d. Contrast-enhanced computed tomography (CECT), CE magnetic resonance 
imaging and CE ultrasound (US) all showed a cystic-solid mass in the right liver. 
As the initial clinical diagnosis was hepatic cystadenoma, surgical resection was 
performed, and the postoperative pathology indicated hepatic LGMS. The 3-mo 
follow-up showed favorable recovery of the patient. However, at 7-mo follow-up, 
two-dimensional US and CECT showed a suspected metastatic lesion in the right-
middle abdomen.

CONCLUSION 
Hepatic MS is particularly rare and easily misdiagnosed, more cases will 
contribute to the understanding and the diagnosis accuracy.

Key Words: Myofibroblastic sarcoma; Liver; Cystic-solid mass; Imaging; Diagnosis; Case 
report
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Core Tip: Myofibroblastic sarcoma (MS) is a rare malignant spindle-shaped cell tumor derived from 
mesenchymal tissue, and it is particularly rare in the liver. Pathological examination is the gold standard 
for the diagnosis of hepatic MS. There are different biological characteristics of different lesions and 
protocols for surgical treatment; therefore, we should pay attention to more information conducive to 
differential diagnosis in order to improve the preoperative diagnosis, and to choose an appropriate surgical 
approach.

Citation: Li J, Huang XY, Zhang B. Low-grade myofibroblastic sarcoma of the liver misdiagnosed as cystadenoma: 
A case report. World J Gastroenterol 2022; 28(31): 4456-4462
URL: https://www.wjgnet.com/1007-9327/full/v28/i31/4456.htm
DOI: https://dx.doi.org/10.3748/wjg.v28.i31.4456

INTRODUCTION
Myofibroblastic sarcoma (MS) is a rare mesenchymal spindle-shaped cell tumor, first discovered by 
Mentzel et al[1] in 1998. According to the differential degree of myofibroblasts, it can be divided into 
low, intermediate and high grade. The first two are collectively called low-grade MS (LGMS)[2]. MS is 
common in the head and neck, limbs and trunk, but it is extremely rare in the liver. So far, there are only 
four English language reports available. Here, we present a case of LGMS of the liver.

CASE PRESENTATION
Chief complaints
Right upper abdominal pain for 11 d.

History of present illness
A 58-year-old Chinese man presented with right upper abdominal pain without obvious predisposing 
factors 11 d prior to the visit. The symptom was not associated with eating and body position. He 
experienced no nausea or vomiting, no chills or fever, and no significant weight loss.

History of past illness
Right inguinal hernia surgery had been performed at another hospital 3 years prior to the present visit.

Personal and family history
No history of hepatitis and family or genetic history was claimed.

Physical examination
Physical examination showed a flat and soft abdomen without tenderness and rebound pain, and no 
palpable mass was found. The rest of the physical examination showed no abnormalities.

Laboratory examinations
Cholesterol (5.3 mmol/L) and low density lipoprotein (3.78 mmol/L) were elevated. Routine blood, 
liver function, renal function and prothrombin tests were normal. Complete quantitative detection of 
hepatitis B was negative. Alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA) and carbohydrate 
antigen 19-9 (CA19-9) were normal.

Imaging examinations
Abdominal contrast-enhanced computed tomography (CECT) and hepatic vascular imaging showed 
that there was a cystic-solid hypodense mass with a size of approximate 99 mm × 92 mm in the right 
liver. Septa, which were slightly enhanced along with the solid parenchyma, were visible in the mass. 
The right hepatic vein was displaced due to the compression of the mass supplied by the right hepatic 
artery (Figure 1A-C). Abdominal CE-magnetic resonance imaging and diffusion-weighted imaging 
(DWI) showed: (1) A cystic-solid mass with low signal on T1-weighted imaging and high signal on T2-
weighted imaging in the right liver, about 101 mm × 98 mm in size; (2) multiple uneven septa and fluid-
fluid levels in the lesion; (3) DWI and apparent diffusion coefficient showed high signal and high B 
value, respectively; and (4) after enhancement, solid components and internal septa of the tumor were 
significantly enhanced accompanied by unenhanced cystic components (Figure 1D-F).

https://www.wjgnet.com/1007-9327/full/v28/i31/4456.htm
https://dx.doi.org/10.3748/wjg.v28.i31.4456
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Figure 1 Abdominal contrast-enhanced computed tomography and hepatic vascular imaging examination, and magnetic resonance 
imaging examination. A: The right hepatic cystic-solid mass was supplied by the right hepatic artery, and the twisting of the supplying artery was seen; B and C: 
The portal phase and delayed phase, respectively; the solid portion and the septum were enhanced, and the intracapsular septum was clearly displayed; D and E: The 
lesions were low signal on T1-weighted imaging and high signal on T2-weighted imaging, with multiple septa of uneven thickness and fluid-fluid levels; F: After 
enhancement, the solid components and septa of the mass were significantly enhanced, but the cystic components were not.

Ultrasound (US) examination showed a 123 mm × 98 mm mixed-echo mass with regular shape and 
clear boundary in the right liver. The anechoic dark area was the main portion of the mass. The 
parenchymatous septa with uneven thickness were visible in the mass in which no obvious parasitic 
body sonogram was found. Color Doppler flow imaging showed punctate blood flow signals in the 
mass. CEUS showed that the peripheral and internal septa of the tumor were hyper-enhanced in the 
arterial phase, iso-enhanced in the portal and delayed phases, and unenhanced in the anechoic area in 
these three phases (Figure 2). Based on the above-mentioned examination, the mass was preliminarily 
identified as hepatic cystadenoma.

FINAL DIAGNOSIS
The postoperative pathology diagnosis of the presented case is LGMS of right liver (Figure 3).

TREATMENT
The patient underwent laparoscopic right hepatectomy under general anesthesia after preoperative 
investigations were completed.

OUTCOME AND FOLLOW-UP
The patient recovered well after the operation with the surgical incision healed uneventfully. No 
apparent event was observed at the postoperative 3-mo follow-up. However, at the 7-mo follow-up, 
two-dimensional ultrasound and CECT showed a 100 mm × 40 mm cystic-solid lesion occurring in the 
right middle abdomen, which showed similar properties to a liver lesion. The mass wall was enhanced 
after enhancement (Figure 4). The patient refused further surgery although the clinician initially 
believed that metastasis had probably occurred.
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Figure 2 Contrast-enhanced ultrasound examination. The peripheral parenchyma and internal septa of the mixed-echo mass showed hyper-enhancement 
in the arterial phase, and iso-enhancement in the portal and delayed phases. A: Arterial phase; B: Early portal phase; C: Late portal phase; D: Delayed phase.

DISCUSSION
MS is a rare histological type of hepatic sarcoma. Given its rarity, the etiology is not clear, and most of 
the relevant reports are case reports or case series. Only seven relevant case reports[3-9] were obtained 
after a comprehensive literature search was conducted by us in CNKI, PubMed and Web of Science 
databases, involving seven patients (four men, three women; aged 25–38 years, n = 5; > 60 years, n = 2). 
As described in the WHO classification, males are slightly more predisposed for this disease than 
females; thus, not surprisingly, the present case was male. Most of the MSs were identified due to the 
swelling lesion detected or during physical examination. In the literature reports, five of the seven 
patients presented with abdominal distension and pain, and another two were asymptomatic. As for the 
present patient, the complaint was right upper abdominal pain. He had no history of hepatitis, although 
two of the seven patients reported previously had a history of hepatitis B. Serological examination, such 
as routine blood, liver function, renal function, and AFP and other tumor markers such as CEA, CA19-9 
(all of which were in the normal range), was available for six of the seven patients reported previously 
and for the patient reported here. The remaining patient reported previously had impaired liver 
function. The lesions reported were mostly located in the right liver, and cystic-solid tumor was found 
in five cases, but no relevant data were available for the other two cases. For the present case, a cystic-
solid tumor located in the right liver was also observed. Among the seven cases reported previously, 
five were misdiagnosed as liver cancer or hydatid disease as their preliminary clinical diagnosis, while 
the present case was misdiagnosed as hepatic cystadenoma. Surgical resection was performed in six of 
the seven patients, and liver lesions were found and biopsy was performed at 3 mo after surgery for the 
remaining patient initially diagnosed with retroperitoneal inflammatory myofibroblastic tumor. The 
pathological diagnosis for the current patient was LGMS infiltrated in the liver. Currently, surgical 
resection of MS is the preferred treatment, although primary treatment, prognosis and follow-up 
treatment are not clear. More data are needed to obtain reliable conclusions about the role of follow-up 
treatment such as radiotherapy and chemotherapy.

No specific clinical signs and symptoms were established currently due to the low incidence of 
hepatic MS, which was generally manifested as abdominal distension or discomfort and/or abnormal 
liver function, sometimes accompanied by sweating and weight loss. Although there was no clear report 
on tumor recurrence and metastasis, most hepatic MSs were observed as cystic-solid masses, showing 
infiltrative and destructive growth.

At present, hepatic MS is mainly diagnosed by histopathology and immunohistochemistry. Under 
light microscopy, the tumor tissue of the present case was mainly composed of spindle-shaped cells 
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Figure 3 Gross pathology specimen and pathological microscopy. A: A cystic-solid mass was seen with the naked eye, with soft texture and 
inconspicuous tumor capsule; its cut surface was polycystic, with yellowish jelly-like substances inside the cysts, and the cyst wall thickness was 1 mm-12 mm; no 
cirrhotic changes were observed in the peripheral liver tissue (arrow); B and C: Spindle-shaped cells are arranged in fascicles under light microscope, eosinophilic 
cytoplasm with atypia and mitotic figures were seen.

Figure 4 Abdominal contrast-enhanced computed tomography examination at 7-mo follow-up. A and B: The right middle abdomen of the patient in 
contrast-enhanced computed tomography showed a cystic-solid lesion, with the similar property as a liver lesion. After enhancement, the mass wall was enhanced.

with a diffuse infiltrative distribution. The cytoplasm was eosinophilic and the nucleus was 
polymorphic. Abnormal mitotic figures were present. The histopathological findings of this case are 
consistent with those previously reported. In the immunohistochemical study of the cases reported 
previously, expression of vimentin, smooth muscle actin (SMA) and desmin was commonly observed, 
along with partially positive actin. No hepatocyte markers, epithelial markers, S100, CD117, CD34, 
myogenin, pan-cytokeratin (CK-Pan) and h-caldesmon were not found in the tissue[10]. In the of the 
case reported here, immunohistochemical study was positive for vimentin, SMA and desmin, and 
negative for HePar-1, Glypican-3, CK-Pan, myogenin, Ard-1, MYOD1, SOX10 and CD31, with an 
approximately 10% Ki-67 index. As can be seen, the present case is mostly similar to those reported 
previously for this profile.
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To date, due to lack of specific manifestations in imaging examinations, hepatic MS is easily misdia-
gnosed as liver cancer, hepatic hydatid disease, cystadenoma and other space-occupying lesions, and it 
is difficult to make a diagnosis in clinical practice as well. The hepatic MS reported here was mainly 
observed as a cystic-solid mass with well-defined borders and regular morphology. The cystic 
components within the mass were separated by septa of varying thickness, with a partially visible fluid-
fluid levels. After enhancement, the solid portion and septa of the mass were enhanced to different 
degrees, with inconspicuous regression for the degree and velocity.

CEUS of this case showed that the peripheral and internal septa of the tumor were hyper-enhanced in 
the arterial phase, isoenhanced in the portal and delayed phases, while in two of the seven cases 
reported in the literature, the portal and delayed phases were hypo-enhanced. Hence, the CEUS features 
of hepatic MS require more case data.

Hepatic MS needs to be differentiated from liver cancer (particularly with liquefaction and necrosis), 
hepatic hydatid disease, and cystadenoma. When liver cancer is accompanied by liquefaction and 
necrosis, three-phase non-enhanced areas in the lesions may also be found, but most of them are patchy 
or irregular. Moreover, the substantial portion of the mass shows high enhancement in the arterial 
phase, and low enhancement in the portal and delayed phases. The process behaves in a fast-in and fast-
out mode. In contrast, the non-enhancing area of hepatic MS lesions was separated by the internal septa 
of the mass, and the parenchyma and internal septa of the mass were not significantly regressed after 
enhancement. Patients with liver hydatid disease generally have a history of living in pastoral areas or 
exposure to pathogens. The typical imaging manifestations are mainly cystic masses, showing the 
mother and daughter sporocysts, with varying degrees of eggshell-like cyst wall calcification, intracystic 
streamer sign, lily sign, and cyst-within-cyst. Liver cystadenomas are cystic-solid masses with predom-
inantly cystic components, along with mural nodules (papillary-solid components protruding into the 
cystic cavity on the cyst wall) as specific signs. Mural nodules show nodular enhancement in the portal 
phase and can continue to enhance in the delayed phase. Imaging examination can clearly show the 
size, location, border, number, blood supply, and internal and surrounding adjacent tissues of the 
tumor. However, there is currently no characteristic diagnostic basis for the imaging manifestations of 
hepatic MS.

The presented case was misdiagnosed for several reasons. First, the patient had no specific clinical 
history, presentation and abnormal laboratory indexes. Second, the preoperative imaging images were 
similar to those of cystadenoma. The internal separation of the mass was uniform, the blood flow of the 
mass was not abundant, and there was no washout after enhancement. Therefore, imaging diagnosis 
was limited to benign lesions, and malignant behavior was not considered.

In summary, MS of the liver has no characteristic manifestations in clinical performance, serological 
indicators and imaging findings. Therefore, there is a need to accumulate a large number of cases with 
complete data to provide meaningful research data for the diagnosis and treatment strategies of MS of 
the liver.

CONCLUSION
Due to the rarity of hepatic MS, more clinical data and in-depth research are needed to further analyze 
its pathological mechanism, biomarkers, and imaging manifestations. Improving the understanding of 
the imaging manifestations of hepatic MS will help improve the preoperative diagnosis rate and assist 
clinicians in performing precise surgical resection and follow-up treatment.
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Abstract
We recently read with interest the article, “Novel frontiers of agents for bowel 
cleansing for colonoscopy”. This is a practical narrative review, which could be of 
particular importance to clinicians in order to improve their current practice. 
Although we appreciate the venture of our colleagues, based on our in-depth 
analysis, we came across several minor issues in the article; hence, we present our 
comments in this letter. If the authors consider these comments further in their 
relevant research, we believe that their contribution would be of considerable 
importance for future studies.

Key Words: Colonoscopy; Bowel preparation; Polyethylene glycol; Post-polypectomy 
syndrome; Post-polypectomy complications
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Core Tip: Colonoscopy is the gold standard investigation for the detection and treatment 
of colorectal neoplasia. The effectiveness and safety of the procedure mainly depends 
on the quality of bowel preparation (BP). Although international guidelines underline 
methods to ensure adequate BP, inadequate BP occurs in approximately one-third of the 
colonoscopies. The search for an ideal regimen to improve BP remains. The article by 
the authors addressed this issue successfully, but we detected several minor issues. 
Therefore, we would like to share our views and opinions on this interesting review.
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TO THE EDITOR
We read with great interest the frontier article, “Novel frontiers of agents for bowel cleansing for 
colonoscopy”[1]. Although the authors follow the infrastructure of the updated version of the European 
Society of Gastrointestinal Endoscopy Guideline on bowel preparation (BP) for the main part of their 
article, they do not make absolutely clear to the reader the way they selected the studies included in 
their own updated review[2]. Despite this shortcoming, in general the authors summarize the major 
findings of several reference studies successfully. The salient highlight of this article is that Di Leo et al
[1] address the issue of BP holistically, from cleansing agents to the multifaceted outcomes of the 
currently followed BP strategies in specific populations, such as those with congestive heart failure or 
chronic renal failure, disclosing areas that need to be further investigated. However, we believe that the 
most striking point of this article is the introduction of the novel term “post colonoscopy syndrome,” 
which sums up all the minor complications that an individual could develop post colonoscopy, 
worsening his/her quality of life. Therefore, this research has a strong reference and practical value for 
future studies, overcoming limitations. Nevertheless, through our in-depth reading, we found several 
shortcomings and anticipate a discussion with the authors.

Initially, we agree with the authors that the assessment of the quality of BP is of utmost importance. 
Adequate BP is crucial, not only to the efficacy and safety of colonoscopies but also for awarding 
privileges to the endoscopists[3]. However, there are no universally accepted criteria that endoscopists 
can use for the assessment of the quality of BP. As a result, at least five quality assessment scales have 
been currently fully or partially validated and used in daily practice for the assessment of the quality of 
BP, inducing significant heterogeneity when quality results are compared among different studies. The 
unanimous approval of a single scale is expected to resolve this issue but is still awaited[3]. By 
comparing the specific characteristics of all available scales, the authors can disclose areas that need to 
be further investigated, facilitating endoscopists to reach consensus. However, in this article, the authors 
only refer to the Ottawa Bowel Preparation Quality Scale, Boston Bowel Preparation Scale and the 
partially validated Aronchick Scale, excluding other validated scales, such as the Harefield Cleansing 
Scale, which was the first scale to be developed[3]. This limitation leaves an initial critical step underdis-
cussed in this review, perpetuating confusion.

In their summary of current evidence, the authors focus on high and low volume polyethylene glycol 
(PEG)-based preparations, leaving non-PEG-based solutions that have been found to be of equal efficacy 
to PEG-based formulas under-reviewed. The reason behind this exclusion is not mentioned. However, it 
constitutes an omission. For example, in this article, the authors do not discuss lactulose, a semi-
synthetic derivative of lactose that after fermentation stimulates intestinal motility and increases 
osmotic pressure within the colon. Accumulated evidence from clinical trials suggest that lactulose has 
similar efficacy to PEG-based solutions with acceptable safety when used for BP not only in individuals 
undergoing ambulatory colonoscopy but also in those undergoing colonoscopy for lower 
gastrointestinal bleeding[4-6]. These results expand the armamentarium of our available solutions for 
BP; hence, all the relevant information should be supplemented in this review.

In addition to the under-discussed non-PEG based solutions, the authors provided sparse data 
regarding the safety of using non-PEG based and PEG-based preparations in specific populations. 
Although the authors quote evidence on the effectiveness and safety of these agents in various patient 
populations included in this review, their efficacy and safety in patients with liver cirrhosis are not 
examined. The reason behind this exclusion is not mentioned by the authors, leaving a critical step 
under-discussed in this review. Patients with cirrhosis demonstrate alterations in physiology and 
hemodynamics that make them vulnerable to develop electrolyte imbalances during BP[7]. Osmotically 
balanced solutions have been shown to be effective and safe for the management of hepatic enceph-
alopathy in this patient population[8]. However, little is known regarding their safety when used for BP 
as patients with liver cirrhosis are often excluded from randomized controlled trials comparing different 
bowel cleansing agents. In a recent study that examined the safety and efficacy of low volume and high 
volume PEG based solutions in 166 patients with liver cirrhosis, it was shown that both formulations 
can be effectively and safely used for BP with low volume formulations showing better acceptability 
and compliance[9]. Considering the absence of an established BP protocol in patients with liver 
cirrhosis, we believe that all the relevant information should be included in this review, allowing the 
reader to acquire a detailed overview of the subject.

Another shortcoming lies at the reference of the agents intended to improve patient experience. More 
specifically, the authors suggest that the menthol candy drops improve BP in the candy drops-added 
group compared to controls, with no benefit in side effects. However, in the reference trial, other than 
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the efficacy, the trial authors state that menthol drops improved nausea (24.5% drops vs 4% controls; P = 
0.04). Since this finding is important, this detail should be clarified[10].

Finally, the authors attempted to shed light on the pathophysiology of minor post colonoscopy 
complications that mainly included the symptoms of pain, discomfort and bloating, defined as post 
colonoscopy syndrome (PCS). We agree that the post BP changes in microbiota composition contribute 
to the occurrence of PCS. However, we believe that this is the tip of the iceberg. In order to understand 
the pathophysiology of PCS accurately, researchers should look into the complex mechanisms of 
abdominal pain and study the impact of BP in all of them[11]. Previous evidence suggested that 
mucosal changes occurring secondary to colonic over-distension during colonoscopy as well as stress, 
inflammation, ischemia, pH, bacterial products, immune mediators and neurotransmitters can all be 
related to visceral pain[12-16]. However, whether BP can have a negative impact is unknown. Future 
studies should aim to investigate these complex relationships and unravel the exact role of BP in the 
pathophysiology of PCS, as their results may allow clinicians to mitigate the negative effects and 
increase the individual acceptance of colonoscopy.

In summary, this review can be a valuable reference study, guiding clinicians in their daily practice. 
We offer our evidence-based considerations on the shortcomings of this review in an effort to further 
increase the value of the review and direct more comprehensive future studies. But, whether BP can 
have a negative impact is unknown. Future studies should aim to investigate these complex 
relationships and unravel the exact role of BP in the pathophysiology of PCS, as their results may allow 
clinicians to mitigate the negative effects and increase the individual acceptance of colonoscopy. In 
summary, this review can be a valuable reference study, guiding clinicians in their daily practice. We 
offer our evidence-based considerations on the shortcomings of this review in an effort to further 
increase the value of the review and direct more comprehensive future studies.
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Abstract
This letter is regarding the study titled ‘Targeted puncture of left branch of intr-
ahepatic portal vein in transjugular intrahepatic portosystemic shunt (TIPS) to 
reduce hepatic encephalopathy’. Prior to the approval of TIPS dedicated stents 
(Viatorr stents) in China in October 2015, Fluency covered stents were typically 
used. As Fluency covered stents have a strong support force and axial elastic 
tension, a ‘cap’ may form if the stent is located too low at the end of the hepatic 
vein or too short at the end of the portal vein during surgery, leading to stent 
dysfunction. Since the blood shunted by the stent is from the main trunk of the 
portal vein, the correlation between the incidence of postoperative hepatic 
encephalopathy and the location of the puncture target (left or right portal vein 
branch) is worth discussion. Notably, no studies in China or foreign countries 
have proven the occurrence of left and right blood stratification after the accumu-
lation of splenic vein and mesenteric blood flow in the main trunk of the portal 
vein in patients with cirrhotic portal hypertension.

Key Words: Viatorr stent; Portosystemic shunt; Transjugular intrahepatic; Hypertension; 
portal; Left and right portal vein branches

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This Letter to the Editor aims to analyse the effect of establishing a shunt in 
the left or right portal vein branch in transjugular intrahepatic portosystemic shunt on 
the incidence of postoperative hepatic encephalopathy in patients with cirrhotic portal 
hypertension. Based on preliminary clinical experience, it is thought that there is no 
difference in the incidence of hepatic encephalopathy among patients regardless of the 
use of a COOK bare stent or Viatorr stent with an inner diameter of 8 mm if a shunt is 
established in the left or right portal vein branch.
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TO THE EDITOR
We read the article of Luo et al[1] titled “Targeted puncture of left branch of intrahepatic portal vein in 
transjugular intrahepatic portosystemic shunt (TIPS) to reduce hepatic encephalopathy” and are very 
interested in its conclusions. We think that therapy by “targeted puncture of the left branch of the 
intrahepatic portal vein in TIPS to reduce hepatic encephalopathy” is worthy of discussion.

First, Luo et al[1] performed a retrospective analysis of portal hypertension patients receiving TIPS 
from January 2000 to January 2013. During this period, a shunt was established using a Fluency stent 
(BARD, Voisins le Bretonneux, France) or Viatorr stent (W.L. Gore & Associates, Flagstaff, AZ, United 
States). However, the shunts were established in TIPS mainly using Fluency covered stents in China 
before the approval of TIPS dedicated stents (Viatorr stents) in China in October 2015. As Fluency 
covered stents have a strong support force and axial elastic tension, a ‘cap’ may form if the stent is 
located too low at the end of the hepatic vein or too short at the end of the portal vein during the 
operation, thereby leading to stent dysfunction. Since the blood shunted by the stent is from the main 
trunk of the portal vein, as shown in Figure 2 of Luo et al’s paper (the stent is inserted into the main 
trunk of the portal vein at the end of the portal vein for shunts in both the left and right portal vein 
branches), the correlation between the incidence of postoperative hepatic encephalopathy and the 
location of the puncture target (left or right portal vein branch) is worthy of discussion.

As pointed out by Luo et al[1], prior studies have reported that the backflow blood from the splenic 
and superior mesenteric veins is not thoroughly mixed but rather enters the left and right portal vein 
branches separately, i.e., the blood from the superior mesenteric vein mainly flows into the right branch, 
while the blood from the splenic vein mainly flows into the left branch[2-3]. In a study on corrosion 
casting of the portal vein and hepatic artery ramifications in dogs, this study focused on explaining the 
anatomical features of the hepatic portal vein and hepatic artery in animals instead of the blood flow 
features of the portal vein system[2]. The author team believes that a substantial difference between 
animals and humans. In a study using carbon dioxide angiography, iodinated contrast medium was 
used to replace traditional angiography[3]. This study included chronic liver disease patients receiving 
percutaneous transhepatic puncture of the portal vein with the tube inserted into the splenic vein; a 
mechanical injection system was used to inject a total volume of 30 mL of contrast medium at a speed of 
5 mL/s. Notably, a difference was observed in blood mixing at the left and right sides of the main trunk 
of the portal vein. An early study conducted in United States of America found that an increase in the 
pressure in the portal vein was followed by a decrease in hepatic blood inflow and blood flow rate and 
grading of liver function due to hepatic sinusoidal obstruction, perisinusoidal fibrosis and portal vein 
obstruction in cirrhosis was related to the portal blood flow rate; furthermore, portal hypertensive liver 
function damage was obvious, and the portal blood flow rate was low[4]. In the hyperdynamic 
splanchnic circulatory state, the progressive decrease in the portal blood flow rate suggests aggravation 
of hepatic parenchymal lesions and increased portal blood flow resistance. The author team believes 
that the blood flow rate decreased after splenic vein and mesenteric blood flows accumulated in the 
main trunk of the portal vein in cirrhotic portal hypertension patients, and so it was necessary to define 
the presence of different blood flow rates after the blood flows accumulated in the main trunk of the 
portal vein so as to achieve left and right blood stratification in the natural state. However, it is contro-
versial at home and abroad whether there is difference between splenic vein blood flow velocity and 
mesenteric blood flow velocity in cirrhotic patients with portal hypertension after the accumulation of 
the main portal vein in the natural state. In a study conducted in 2020 in China, 15 patients with liver 
cirrhosis and upper gastrointestinal haemorrhage received TIPS, and blood samples were collected from 
the left branch, right branch and main trunk of the portal vein during the operation[5]. In these patients, 
the plasma ammonia concentration (μmol/L) was 96.4 ± 17.6 for the left branch vs 113.5 ± 18.4 for the 
right branch vs 106.9 ± 38.7 for the main trunk, without any statistically significant differences (P > 0.05). 
This study provides important evidence for the comparison of blood bacterial metabolites in the left and 
right branches of the cirrhotic portal vein.

TIPS dedicated stents (Viatorr stents) have been adopted for surgery at the Center since March 2016. 
In previous studies, COOK bare stents with an inner diameter of 8 mm were used to establish a shunt[6-
7]. Although such a stent should be long enough at the end of the portal vein, the shunted blood was 
from the portal vein branches, so whether a shunt was established in the left or right portal vein branch 
had no significant effect on the incidence of hepatic encephalopathy. In a study conducted in China in 
2020, 120 cirrhotic portal hypertension patients received TIPS using Viatorr stents. Intraoperative portal 
vein angiography showed that a shunt was established in the left portal vein branch for 52 patients and 
in the right portal vein branch for 68 patients[8]. There was no statistically significant difference in the 

https://www.wjgnet.com/1007-9327/full/v28/i31/4467.htm
https://dx.doi.org/10.3748/wjg.v28.i31.4467


Yao X et al. Different portal vein branches on HE during TIPS

WJG https://www.wjgnet.com 4469 August 21, 2022 Volume 28 Issue 31

incidence of postoperative hepatic encephalopathy (χ2 = 0.159, P = 0.69) between the left portal vein and 
right portal vein branch shunting groups. A recent study reported that the incidence of hepatic enceph-
alopathy decreased significantly by controlling the inner diameter of the stent, i.e., using a Viatorr stent 
with an inner diameter of 8 mm[9]. The bare area of a Viatorr stent may guarantee a smooth blood flow 
in the portal vein and prevent more blood not metabolised by the liver from directly entering the 
systemic circulation.

There is no information in the TIPS guidelines circulated in North America regarding differences in 
the incidence of postoperative hepatic encephalopathy when shunts are established in different portal 
vein branches[10-11]. We believe that there are no differences in the incidence of hepatic enceph-
alopathy among postoperative patients when using a Viatorr stent with an inner diameter of 8 mm 
when the shunt is established in the left or right portal vein branch. As the postoperative medium and 
long-term efficacy of TIPS are related to clinical procedures, postoperative management of patients and 
other factors, future studies with larger sample sizes and multicentre randomised controlled trials are 
warranted.
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Abstract
Irritable bowel syndrome (IBS) is an important health care concern. Alterations in 
the microbiota of the gut-brain axis may be linked to the pathophysiology of IBS. 
Some dietary intake could contribute to produce various metabolites including D-
amino acids by the fermentation by the gut microbiota. D-amino acids are the 
enantiomeric counterparts of L-amino acids, in general, which could play key 
roles in cellular physiological processes against various oxidative stresses. 
Therefore, the presence of D-amino acids has been shown to be linked to the 
protection of several organs in the body. In particular, the gut microbiota could 
play significant roles in the stability of emotion via the action of D-amino acids. 
Here, we would like to shed light on the roles of D-amino acids, which could be 
used for the treatment of IBS.

Key Words: Irritable bowel syndrome; D-amino acid; Gut microbiota; Colitis; Probiotics; 
Fecal microbiota transplantation
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Core Tip: The potential efficacy of D-amino acids for the treatment of irritable bowel 
syndrome is shown here.
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Figure 1 Gut microbiota could contribute to the production of D-amino acids, which might play key roles in irritable bowel syndrome via 
direct action on the gut and/or indirect action through the gut-brain axis with emotional stability. Fecal microbiota transplantation consists of fecal 
microbiota infusion from a healthy donor into a recipient subject, which has been also shown to be a promising therapy for irritable bowel syndrome. Arrowheads 
mean stimulation and/or augmentation whereas hammerheads represent inhibition. Note that some critical events such as reactive oxygen species production, 
immune activation, and/or cytokine-induction have been omitted for clarity.

syndrome (IBS) could exacerbate the patients’ quality of life, it is a considerable health care concern. 
Although the underlying pathophysiological mechanisms are not clear, the role of low-grade inflam-
mation and mucosal immune activation appears to be obvious in the signs of IBS. IBS is a functional 
gastrointestinal disorder, and some probiotic supplementation may reduce the symptoms[2]. In 
addition, fecal microbiota transplantation expects recommendations for the treatment of IBS, suggesting 
that alterations in the gut microbiota-brain axis are linked to the pathophysiology of IBS (Figure 1). It 
has been revealed that some cytokines and neurotransmitters as well as several microbial metabolites 
including short chain fatty acids (SCFAs) such as acetate, lactate, butyrate, and propionate produced by 
the bacteria in the gut could modulate the integrity of brain function[1]. The bidirectional 
communication between the gut microbiota and the brain is well-known as the gut-brain axis, which 
could play an important role in the stability of emotion[3]. As shown in the article by Mamieva et al[1], 
the microbiota could influence the pathogenetic factors of IBS through the production of several 
microbial metabolites. Here, we would like to add the efficacy of D-amino acids for the alteration of IBS 
condition.

Mice treated with D-serine prior to the induction of colitis exhibited a reduction in the colonic inflam-
mation that was not seen in mice fed L-serine[4]. In addition, D-serine efficiently suppressed the 
progression of chronic colitis. Therefore, D-serine might have effective properties as a preventive 
strategy and/or a treatment for colitis[4]. In addition, several studies have shown the significance of D-
amino acids in clinical usage[5]. For example, D-methionine protects against the intestinal damage 
through anti-oxidative and anti-inflammatory effects, which could improve the gut microbiome 
imbalance by enhancing the growth of beneficial bacteria[6]. Protective effects of low-dose D-serine 
have been also shown to suppress the renal damage, which may promote the proliferation of kidney 
epithelial cells[7]. In addition, D-cysteine administration could defend the kidney from ischemia-
reperfusion injury, which may be beneficial for the treatment of several renal diseases[8]. Gastro-
protective effect with D-cysteine but not with L-cysteine has been shown via the effects of decreasing 
cellular damage, edema, and epithelium loss[9]. Treatment with D-aspartate may bring positive effects 
in the nervous system[10]. Furthermore, D-cycloserine is a glutamatergic N-methyl-D-aspartate receptor 
agonist which has been revealed to support the stability of emotion[11]. Furthermore, the activity of 
ovarian development with D-tryptophan is more effective than that with L-tryptophan[12]. These data 
suggest that D-amino acids could have beneficial and/or protective effects on various tissues, which 
might be favorable to the treatment of IBS (Figure 1). In particular, the emotional stability via the action 
of D-amino acids seems to be important[13], because it has been shown that different types of 
physiological and/or psychological stressors are known to contribute to the development, maintenance, 
and exacerbation of IBS[14].

The gut microbiota has a large genetic capacity to produce D-amino acids which are utilized as 
nutrients to support bacterial growth[15]. D-amino acids are essential elements of peptidoglycans in the 
cell wall of bacteria. Hence, higher levels of D-amino acids have been basically related to the mass of the 
gut microbiota[16]. Many bacterial species encode specific racemases that can convert L-amino acids to 
D-amino acids, which are frequently present in the peptidoglycan-containing bacteria in the gut 
microbiota[17]. Accordingly, the lumen of the gastro-intestinal tract in mammals may be rich in free D-
amino acids that might be derived from such bacteria or fermented foods. Probably, the source of D-
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amino acids in mammals may mostly be from their gut microbiota. For example, D-alanine production 
is linked to the relative abundance of bacterial species such as Enterococcus and Lactobacillus in the gut 
microbiota[18]. Therefore, the metabolism of D-amino acids in the body might be modified by the 
alteration of gut bacterial communities affecting the host health and/or homeostasis[19]. Reduction of 
the amount of several D-amino acids may promote senescence through the increase of reactive oxygen 
species production[20,21].
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