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Abstract
Coronary computed tomography angiography (CCTA) 

has become an integral tool in the noninvasive diag
nostic workup of patients with suspected coronary 
artery disease in both elective and emergency settings. 
Today, it represents a mature technique providing 
accurate, non-invasive morphological assessment of the 
coronary arteries and atherosclerotic plaque burden. 
Iterative reconstruction algorithms, low kV imaging, and 
single-heart beat acquisitions hold promise to further 
reduce dose requirements and improve the safety and 
robustness of the technique in several circumstances 
including imaging of heavily calcified vessels, patients 
with morbid obesity or irregular heart rates, and assess
ment in the emergency setting. However, it has become 
clear over recent years that cardiac radiologists need 
to take further steps towards the development and 
integration of functional imaging with morphological 
CCTA assessment to truly provide a comprehensive 
evaluation of the heart. Computed tomography myo
cardial perfusion imaging, including both dynamic and 
static dual-energy approaches, has demonstrated the 
ability to directly assess and quantify myocardial ischemia 
with simultaneous CCTA acquisition with a reasonable 
contrast medium volume and radiation dose delivered 
to the patient. In order to promote CCTA in the clinical 
and research environments, radiologists should prepare 
to embrace the change from morphological to functional 
imaging, furnishing all the necessary resources and 
information to referring clinicians.

Key words: Coronary computed tomography angio
graphy; Coronary computed myocardial perfusion 
imaging; Functional imaging; Coronary artery disease; 
Dynamic imaging; Dual energy coronary computed 

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Coronary computed tomography angiography 
(CCTA) represents a mature technique providing accurate, 
non-invasive morphological assessment of the coronary 
arteries and atherosclerotic plaque burden. Computed 
tomography myocardial perfusion imaging, including 
both dynamic and static dual-energy approaches, has 
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demonstrated the ability to directly assess and quantify 
myocardial ischemia with simultaneous CCTA acquisition. 
In order to promote CCTA in the clinical and research 
environments, radiologists should prepare to embrace 
the change from morphological to functional imaging.

De Cecco CN, Schoepf UJ. Future of cardiac computed 
tomography. World J Radiol 2015; 7(12): 421-423  Available from: 
URL: http://www.wjgnet.com/1949-8470/full/v7/i12/421.htm  
DOI: http://dx.doi.org/10.4329/wjr.v7.i12.421

In recent years, coronary computed tomography 
angiography (CCTA) has transitioned through the 
experimental and clinical validation stages to become 
an integral tool in the noninvasive diagnostic workup 
of patients with suspected coronary artery disease  
in both elective and emergency settings. Today, it 
represents a mature technique providing accurate, non-
invasive morphological assessment of the coronary 
arteries and atherosclerotic plaque burden with a 
pooled sensitivity and specificity of 98% and 89%, 
respectively[1]. Technical innovations are continuously 
improving diagnostic performance and decreasing the 
radiation dose and contrast medium volume necessary 
for this test. Iterative reconstruction algorithms, low 
kV imaging, and single-heart beat acquisitions hold 
promise to further reduce dose requirements and 
improve the safety and robustness of the technique 
in several circumstances including imaging of heavily 
calcified vessels, patients with morbid obesity or 
irregular heart rates, and assessment in the emergency 
setting. In parallel with the growth of CCTA, the cardiac 
radiologist has evolved from the role of a general 
thoracic radiologist with limited knowledge of cardiac 
pathophysiology to a specialist with vast expertise in 
cardiac disease and cutting edge imaging applications.

However, it has become clear over recent years 
that cardiac radiologists need to take further steps 
towards the development and integration of functional 
imaging with morphological CCTA assessment to truly 
provide a comprehensive evaluation of the heart. In 
fact, a growing body of evidence has shown that a 
purely anatomical evaluation of coronary stenosis does 
not adequately predict hemodynamic relevance and 
is thus suboptimal for guiding patient management, 
including the major FAME and COURAGE trials which 
validated the impact of functional tests in coronary 
revascularization[2,3]. In response to this limitation, 
innovative computed tomography (CT) technology 
has allowed the derivation of functional data in addition 
to morphological assessment, providing comprehensive 
appraisal of both the anatomical and functional aspects 
of coronary heart disease with a single modality. 

CT myocardial perfusion imaging, including both 
dynamic and static dual-energy approaches, has 
demonstrated the ability to directly assess and quan
tify myocardial ischemia with simultaneous CCTA 

acquisition with a reasonable contrast medium volume 
and radiation dose delivered to the patient as long as 
the scanner technology is recent enough to meet such 
high technological requirements[4]. The administration 
of a pharmacological stressor, including adenosine, 
regadenoson, dobutamine, or dipyridamole, to induce 
a hyperemic myocardium, could represent a potential 
challenge from a radiological point of view. However, 
as demonstrated in our department, a trained team 
composed of a radiologist, technologist, and nurse 
with the support of cardiologists or anesthesiologists 
can safely handle the administration of these drugs, 
especially in the case of regadenoson, a selective A2A 
receptor agonist with limited side effects and convenient 
administration.

In clinical settings where appropriate CT technology 
is not available or stress perfusion acquisitions cannot 
be easily performed, other options are available for the 
assessment of cardiac function[5]. CT-based fractional 
flow reserve (FFR) allows the assessment of flow-
limiting stenosis directly from CCTA datasets, without 
the use of stress agents, additional image acquisitions 
or contrast medium injections. However, CT-based 
FFR calculations require the use of dedicated third 
party off-site post-processing software, significantly 
increasing the cost and reporting time. In-house 
dedicated software is under development which could 
drastically increase the clinical availability and utilization 
of this technique. Other less advanced solutions in the 
diagnosis of significant coronary stenosis, including the 
lesion length/minimal luminal diameter or corrected 
coronary attenuation (CCO) can be directly calculated 
from the CCTA dataset without the need for any dedi
cated software and with sufficient efficacy[6]. 

What role, then, should we expect CCTA to play 
in the standard clinical cardiovascular workup? As 
CT technology continues to increase the potential for 
functional assessment in CCTA, we believe the future of 
cardiac CT is bright.

The volume of CCTA examinations has increased 
exponentially over the last decade as the technique 
grew from a niche method performed in the research 
environment to a routinely used diagnostic test offered 
in most diagnostic imaging centers. As old scanners are 
replaced with more advanced versions, an increasing 
number of hospitals and private diagnostic centers 
will offer CCTA and it stands to reason that clinician 
demand will increase. In addition, the aforementioned 
technological improvements will bring CT-based 
functional analysis to clinical practice, echoing the rise of 
morphological CCTA assessment.

In order to promote CCTA in the clinical and research 
environments, radiologists should prepare to embrace 
the change from morphological to functional imaging, 
furnishing all the necessary resources and information 
to referring clinicians. We are confident in the continued 
development of this well-established but rapidly growing 
field and that any challenges to come will continue to 
promote the role of comprehensively trained cardiac 
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radiologists aware of their pivotal role in cardiac disease 
management.
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Abstract
Pancreatic cancer is one of the most common malignant 

tumors and remains a treatment-refractory cancer 
with a poor prognosis. Currently, the diagnosis of 
pancreatic neoplasm depends mainly on imaging 
and which methods are conducive to detecting small 
lesions. Compared to the other techniques, magnetic 
resonance imaging (MRI) has irreplaceable advantages 
and can provide valuable information unattainable 
with other noninvasive or minimally invasive imaging 
techniques. Advances in MR hardware and pulse 
sequence design have particularly improved the quality 
and robustness of MRI of the pancreas. Diffusion MR 
imaging serves as one of the common functional MRI 
techniques and is the only technique that can be used 
to reflect the diffusion movement of water molecules 
in vivo . It is generally known that diffusion properties 
depend on the characterization of intrinsic features 
of tissue microdynamics and microstructure. With the 
improvement of the diffusion models, diffusion MR 
imaging techniques are increasingly varied, from the 
simplest and most commonly used technique to the 
more complex. In this review, the various diffusion 
MRI techniques for pancreatic cancer are discussed, 
including conventional diffusion weighted imaging (DWI), 
multi-b DWI based on intra-voxel incoherent motion 
theory, diffusion tensor imaging and diffusion kurtosis 
imaging. The principles, main parameters, advantages 
and limitations of these techniques, as well as future 
directions for pancreatic diffusion imaging are also 
discussed.

Key words: Pancreatic cancer; Magnetic resonance 
imaging; diffusion; Diffusion weighted imaging; Diffusion 
tensor imaging; Diffusion kurtosis imaging
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Core tip: Magnetic resonance imaging (MRI) has 
irreplaceable advantages and can provide valuable 
information unattainable with other noninvasive or 
minimally invasive imaging techniques. Diffusion MR 
imaging serves as one of the common functional MRI 
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techniques and is the only technique that can be used 
to reflect the diffusion movement of water molecules in 
vivo . In this review, the various diffusion MR imaging 
techniques for pancreatic cancer will be discussed, 
including conventional diffusion weighted imaging 
(DWI), multi-b DWI based on intra-voxel incoherent 
motion theory, diffusion tensor imaging and diffusion 
kurtosis imaging.

Tang MY, Zhang XM, Chen TW, Huang XH. Various diffusion 
magnetic resonance imaging techniques for pancreatic cancer. 
World J Radiol 2015; 7(12): 424-437  Available from: URL: http://
www.wjgnet.com/1949-8470/full/v7/i12/424.htm  DOI: http://
dx.doi.org/10.4329/wjr.v7.i12.424

INTRODUCTION
Pancreatic cancer is one of the most common malignant 
tumors with a poor prognosis, of which the 5-year 
survival rate range is no more than 5%[1] and as low as 
0.4% to 2%[2,3]. It is reported that there has been little 
improvement in survival rate over the past 30 years[4]. 
Because the pancreas is deep-seated, there is a lack 
of apparent symptoms in early pancreatic cancer. In 
most cases, the tumor is diagnosed at an advanced 
stage, at which point, it does not benefit from radical 
surgery[2]. The management of pancreatic cancer is still 
encountered as a significant and unresolved therapeutic 
challenge.

Currently, the diagnosis of pancreatic neoplasm 
depends mainly on the imaging, and which methods 
can be conducive to detecting small lesions. Despite 
the continuing advances in diagnostic techniques, the 
early precise diagnosis of pancreatic cancer remains 
unsatisfactory. Early detection followed by surgical 
resection offers hope for a cure and is the key to 
improving pancreatic cancer survival[5]. Unfortunately, 
only 20% of patients are resectable at the time of 
diagnosis[6]. Computed tomography (CT), Magnetic 
resonance imaging (MRI), transabdominal and endo
scopic ultrasonography (US and EUS) and endoscopic 
retrograde cholangiopancreatography (ERCP) also 
play an important role in the diagnosis of pancreatic 
cancer[7-10]. Among them, MRI has irreplaceable ad
vantages, especially, the advances in MR hardware 
and pulse sequence design that have improved the 
quality and robustness of MRI of the pancreas. Today, 
MRI is an indispensable tool for pancreatic disorders 
and can provide valuable information unattainable 
with other noninvasive or minimally invasive imaging 
techniques[11-13].

With the rapid development of the MRI, diffusion 
MR imaging, which is based on the microscopic mobility 
of water molecules in the tissues without contrast 
administration, is a promising technique that is widely 
applied in clinical practice. Diffusion MR imaging is 
also the only available method that can measure 

the diffusion properties of tissues noninvasively and 
quantitatively[14,15], such as the diffusion weighted 
imaging (DWI), and has been helpful for the detection 
and characterization of pancreatic conditions[16,17]. The 
DWI technique serves as an excellent adjunct to routine 
abdominal MR imaging[13], is noninvasive in contrast to 
EUS and ERCP, and does not employ ionizing radiation 
like CT[18].

The changes in the composition and/or cellularity of 
tissues influences the random thermal diffusion of water 
molecules[19]. Compared to normal pancreatic tissue, 
pancreatic cancer has a higher cell density, relatively 
smaller extracellular space and a different blood supply. 
Thus, the diffusion of molecules in the cancer would be 
different from that in the normal pancreatic tissue. DWI, 
one of the functional MRI techniques based on water 
molecule movement, can depict this change in diffusion 
and can quantitatively measure the parameters that 
can represent these diffusion properties. Thus, DWI can 
reflect biologic abnormalities at an early stage[20].

In this review, the various diffusion MR imaging 
techniques for pancreatic cancer will be discussed, 
including DWI, multi-b DWI based on intra-voxel inco
herent motion (IVIM) theory, diffusion tensor imaging 
(DTI) and diffusion kurtosis imaging (DKI). The prin
ciples, main parameters, advantages and limitations of 
each technique and the future directions for pancreatic 
diffusion imaging will also be discussed.

DWI FOR PANCREATIC CANCER
Conventional DWI
Single-shot spin-echo echo-planar (SE-EPI) sequence 
is the most widely applied in the DW MR imaging 
(Figure 1). Conventional DWI uses the 2 motion-
probing bipolar gradients in 3 directions (x, y, z) and 
acquires the signal from the 3 directions. The final 
DW image is derived from the fusion of the 3 images. 
DWI exploits the random motion of water molecules in 
biologic tissues. The water molecules diffuse in 3 different 
compartments: The intracellular, the intravascular, 
and the interstitial compartment. The diffusion of 
water molecules depends on the interactions with cell 
membranes, tissue compartments, and intracellular 
content[21]. Consequently, the diffusion of water in tissues 
reflects, to various degrees, a combination of tissue 
cellularity, tortuosity of extracellular spaces, integrity of 
cell membranes, and viscosity of fluids[22].

DWI was originally described for the central 
nervous system[23,24], which is particularly good for 
the diagnosis of ischemic stroke. In recent years, DWI 
has presented promising results in the diagnosis of 
some illnesses of the lower abdomen, such as those 
of the prostate[25,26]. DWI of the upper abdomen has 
been a technical challenge due to respiration, bowel 
peristalsis, blood flow and long acquisition times[18]. The 
implementation of ultrafast imaging techniques, such 
as parallel imaging, has made DWI (a combination of 
pulses and strong gradients) of the upper abdomen 
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a feasible option. It has also been found to be useful 
in the differentiation of malignancy from benign liver 
lesions[27,28].

The three main parameters in the DWI are D value, 
b value and apparent diffusion coefficient (ADC) value. 
The D value is the diffusion parameter representing the 
free molecular diffusion and is defined as the average 
displacement by molecules in a certain direction, per 
unit of time. The D value can be affected by a variety 
of physiological factors, including respiration, perfusion, 
pulse and movement. The b value is referred to as 
the gradient factor, which can reflect the effect of the 
diffusion gradient. In the conventional DWI, the various 
b values can be selected. The low b value is applied 
more in water molecules with rapid movement or long 
diffusion distance, but the high b value is applied more 
in water molecules with slow movement or a short 
diffusion distance. Thus, the high b value is good for 
reducing the effect of the movement of water molecules 
due to perfusion[29]. 

In vivo, there are many factors that can affect the 
diffusion movement of water molecules, including the 
b value, D value and T2 shine-through effect. The T2 
shine- through effect occurs when tissue with a long T2 
relaxation time is characterized by hyperintensity on 
DWI. The ADC results in standardizing by considering 
the above factors and would be used to reflect the state 
of diffusion of water molecules in vivo.

DWI, which can be used for the qualitative and 
quantitative assessment of tissue diffusivity, can be 
routinely applied in clinical practice[16]. Recent studies 
indicate that DWI is also promising in pancreatic 
imaging[30-34]. These popular research studies also 
reflect the value of DWI in the diagnosis of pancreatic 
cancer. Moreover, compared to the other techniques, the 
sensitivity and specificity for the diagnosis of pancreatic 
cancer is valuable. Kartalis et al[18] conducted research 
on the value of DWI for pancreatic cancer, and their 

results showed that the qualitative DWI of pancreatic 
cancer has an accuracy of 96%; further, DWI has been 
shown to have high sensitivity (92%) and specificity 
(97%), consistent with the findings of Ichikawa et 
al[30] (96.2% and 98.6%, respectively). Furthermore, 
a recent study shows that the addition of DWI to 
conventional MR imaging improves the sensitivity of 
cancer detection[35]. The sensitivity of DWI was close to 
that of dynamic gadolinium-enhanced MRI (97.7%), 
with a higher specificity (85.1%)[36]. Compared to the 
multidetector CT, positron emission tomography with 
CT and transabdominal ultrasound, the sensitivity 
and specificity of DWI are higher[18,37,38]. Although the 
sensitivity of EUS can reach 100%, it is invasive and 
has only 50% specificity[39]. Thus, it does not have wide 
application in clinical practice.

DWI can provide information regarding the cellular 
density and properties of the extracellular matrix[40,41]. 
The ADC values seem to reflect not only the underlying 
tissue microstructure but also the undirected movement 
of particles in thecapillaries[42]. The ADC value has been 
shown to be able to serve as a marker of cellularity[41,43]. 
The ADC value in the normal pancreas has been reported 
to range from 1.0 to 2.0 × 10-3 mm2/s[44]. Many studies 
have shown that the ADC value of pancreatic cancer is 
lower than that of the normal pancreas[13,31,45-52]. There 
are three reasons that may explain these results[53]. 
First, tumor cell growth is rapid with high cellularity. 
Second, tumor cell atypia and the richness of organelles 
are positively correlated in the pancreatic tumor cells, 
and the nucleus and organelles are bulkier than that 
of normal pancreas cells. Thus, to some extent, tumor 
cell growth may limit the diffusion of water molecules. 
Third, the decrease of extracellular space from dense 
cellularity and extracellular fibrosis may also account 
for the restricted water diffusion[13,20,54-56]. However, 
Wang et al[54] reported that there is no significant 
difference in the ADC value between the normal pan
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Figure 1  Diffusion weighted imaging sequence. Diffusion weighted imaging (DWI) applies the two motion-probing bipolar gradients on either side of the refocusing 
180°pulse. The degree of diffusion weighting depends on the G (the amplitude of the gradients), δ (their duration) and Δ (the interval between gradients). This factor is 
quantitatively expressed by a parameter b, where b = γ2G2δ2 (Δ - δ/3) and γ is a constant of the gyromagnetic ratio. Assuming that the water molecules in tissues are 
motionless, the effects of the two motion-probing bipolar gradients can cancel each other. Thus, for the free molecular diffusion of water molecules, the displacement 
can be depicted by the DWI. RF: Radio frequency.
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attenuation of signal due to the effect of perfusion is 
slight, at this point, the signal of DWI only approximately 
reflects the diffusion of water molecules[60]. This is a basic 
principle of conventional DWI and is the reason that the 
high b value was selected.

IVIM can accurately describe the relationship bet
ween signal attenuation and b values in the DWI and 
relatively obtain the parameters that present the effect 
of diffusion and perfusion in tissue.

Standard ADC value (or conventional ADC value) 
can be obtained from IVIM. Additionally, there are three 
main parameters in the IVIM, including D value, D* 
value and f value (perfusion fraction). D value is the true 
diffusion coefficient, also called the structural diffusion 
constant D value or slow ADC value, which reflects the 
tissue microstructure[48] and is the actual diffusion effect 
of water molecules. The D* value, also referred as the 
pseudo diffusion coefficient, perfusion-related coefficient 
or fast ADC value, is the diffusion parameter due to the 
perfusion effect of the incoherent microcirculation within 
the voxel[61]. The diffusion and perfusion can affect the 
signal intensity attenuation on DWI, and the proportion 
of the perfusion effect is defined as the perfusion 
fraction (Figure 4).

Diffusion-based IVIM has recently gained interest as 
a method to detect and characterize pancreatic lesions, 
and multi-b DWI based on IVIM theory shows very 
promising results and should be further investigated[48,62]. 
The f values were reported to make a contribution to 
distinguishing between normal pancreatic parenchyma 
and pancreatic neoplasm[45,49,50,63,64], and the f value 
proved to be the superior DWI-derived parameter for 
the differentiation of mass-forming pancreatitis and 
pancreatic carcinoma[50].

Many studies indicated that the IVIM-derived para
meter’s f value was a superior parameter for differen
tiating pancreatic tumors from the normal pancreas 
compared to the conventional ADC values and that the 
f value is lower in pancreatic cancer[48,51]. Lemke et al[63] 
conducted research to study the vascular contribution 
to the measured ADC value and to validate the IVIM 
theory; their results showed that the perfusion fraction 
f in the blood-suppressed pancreatic tissue decreased, 
possibly because the normal pancreas has a rich 
blood supply and will lead to a high f value. However, 
pancreatic cancer can destroy the normal pancreatic 
tissue and the vessel, and the decrease of vessel density 
may lead to the decreased f value, even if research 
shows that the f value in the IVIM-approach proved to 
be the best parameter for the differentiation between 
the normal pancreas and pancreatic cancer[48,51].

Compared to the f value, there is relatively less 
research on D value and D* value in pancreatic tumors. 
The structural diffusion constant D value reflects the 
tissue microstructure. The value of the D value for 
pancreatic cancer is controversial. Lemke et al[48] found 
that the D value showed no significant difference in 
pancreatic carcinoma and the healthy pancreas. Concia 

creas and pancreatic cancer. These different results 
were most likely due to the application of different DWI 
experimental protocols and processing means[57]. The 
most important factor is the choice of b value. Kim et 
al[58] conducted research to determine the effect of the 
magnitude of b values on the ADC. Their results showed 
that the calculated ADC value could be affected by the 
magnitude of the maximum b value and that the higher 
the maximum b value, the lower the ADC value.

Additionally, the diverse differentiation of pancreatic 
cancer can be differentiated using DWI. For example, 
poorly differentiated adenocarcinoma had significantly 
lower ADCs than those of well/moderately differentiated 
adenocarcinomas[59].

Recently, DWI techniques have been shown not to 
be uniform, this controversial conclusion needs further 
study and differences in the sequence parameters and 
b values chosen may affect the ADC results. Future 
prospective studies are required to better determine 
the most appropriate use of the b value of pancreatic 
disease. Comparing different b values in a larger series 
of patients with malignant lesions would probably be of 
value; the quantification of the ADC of various lesions 
will be more accurate is feasible b values are used. The 
ADC values may have considerable overlap between the 
benign and malignant lesions, indicating that qualitative 
DWI seems to be more accurate than the quantitative 
analysis and can be used as an accurate method for the 
detection of pancreatic cancer[18].

Multi-b DWI based on IVIM theory
The rapid development of DWI monoexponential and 
biexponential models, of which the theoretical basis of 
the techniques is that the diffusion of water molecules is 
characterized by a normal distribution, has been applied 
to abdominal imaging using DWI. The monoexponential 
model is the most commonly used in daily practice. 
However, the biexponential model, which is based on 
the IVIM theory that was introduced as a technique 
to reflect both perfusion and diffusion by Le Bihan et 
al[20] can account for separating tissue diffusivity and 
tissue microcapillary perfusion. The unique feature of 
the multi-b DWI based on IVIM is the application of 
the multiple b value (Figures 2-4), which can be used 
in biexponential models to calculate the IVIM-derived 
parameters.

Monoexponential models are based on an assump
tion that the diffusion occurs in a free and unrestricted 
environment in biologic tissue, that is to say, the distri
bution of displacements obeys Gaussian law. Biex
ponential models reflect a combination of tissue perfusion 
and tissue diffusivity effects. It is now generally accepted 
that when the b value is relatively low (0-200 s/mm2), 
the signal of ADC contains two parts; one is the diffusion 
of water molecules, and the other is the perfusion of 
water molecules in the capillary in local microcirculation. 
Further, the effect of perfusion is more sensitive. When 
the b value is relatively high (200-1000 s/mm2), the 
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et al[49] found that the D’ value (D value was estimated 
by D’ value) hardly differed in neuroendocrine pancreatic 
tumors and chronic pancreatitis. Klauss et al[50] reported 
that the D value cannot distinguish pancreatic carci
noma from mass-forming chronic pancreatitis. Klauss 
et al[42] reported that D value correlates with the 
histopathological grade of fibrosis in pancreatic lesions, 
which is the most characteristic histopathological fea
ture of pancreatic carcinoma, compared with healthy 
pancreatic tissue, and concluded that D value can be 

used to monitor novel therapy approaches that inhibit the 
formation of fibrosis. In 2014, Hwang et al[65] reported 
that the D value may be a better marker of cellularity 
than ADC. Until now, this was the only research on the 
D* value in pancreatic cancer. In 2014, Kang et al[51] 
used IVIM-derived parameters for the differentiation 
of common pancreatic tumors and concluded that the 
D* value and f values were more useful parameters in 
the differentiation of pancreatic adenocarcinomas from 
neuroendocrine tumors than were the ADC and D values.
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Figure 2  Images in a 47-year-old man with pancreatic moderately differentiated adenocarcinoma in the head of the pancreas (white arrows). A: Axial 
T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-E and G: Axial and coronal slab three-
dimensional liver acquisition with volume acceleration dynamic contrast-enhanced; F: MRCP shows the biliary obstruction; H: The pathology of the lesion is shown 
as pancreatic moderately differentiated adenocarcinoma; I-P: Multi-b DWI imaging (b = 0, 50, 100, 300, 500, 800, 1000 and 1500). MR: Magnetic resonance; DWI: 
Diffusion weighted imaging; MRCP: Magnetic resonance cholangiopancreatography.
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DTI FOR PANCREATIC CANCER
The sequence of DTI is similar to that of the DWI, and 
both are a SE-EPI sequence. The DTI also applies the 
two motion-probing bipolar gradients on either side of 
the refocusing 180° pulse. The difference or the unique 
feature is that the DTI acquires images from multiple 
directions. Thus, in clinical practice, a minimum of 6 

non-collinear images is needed, but 12 or more images 
are often collected to increase the accuracy of the 
measure (Figure 5, Figure 6Q and R).

The DTI based on the diffusion of water molecules is 
anisotropic, which can be illustrated by the fact that the 
diffusion can be greater in one direction than in other 
directions and is termed “anisotropic” due to some 
factors, such as cell membranes, fibers, and myelin[66]. 
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Figure 3  Images in a 63-year-old man with a focal lesion in the head of the pancreas. MR imaging suggests that it is a malignancy. A: Axial T1-weighted fat-
suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-G: Axial and coronal slab three-dimensional liver acquisition 
with volume acceleration dynamic contrast-enhanced; H: MRCP shows the biliary obstruction; I-P: Multi-b DWI imaging (b = 0, 50, 100, 300, 500, 800, 1000 and 
1500). MR: Magnetic resonance; DWI: Diffusion weighted imaging; MRCP: Magnetic resonance cholangiopancreatography.
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Figure 4  Images in a 65-year-old woman with a focal lesion in the neck of the pancreas. Magnetic resonance (MR) imaging suggests that it is a malignancy. 
A: Axial T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C and D: Axial slab three-dimensional 
liver acquisition with volume acceleration dynamic contrast-enhanced; E-L: Multi-b DWI (b = 0, 50, 100, 300, 500, 800, 1000 and 1500); M-P: Standard ADC = 1.52 × 
10-3 mm2/s, slow ADC = 1.39 × 10-3 mm2/s, fast ADC = 63 × 10-3 mm2/s and f = 7.2% generated by the post-processing from the multi-b DWI. DWI: Diffusion weighted 
imaging; ADC: Apparent diffusion coefficient.
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Conversely, without barriers, the random Brownian 
movement of water molecules is uniform in all directions 
or “isotropic”. In general, DWI experiments yield an 
average ADC over three orthogonal directions, ignoring 
the anisotropy of tissue in the diffusion process[11,67].
Though the DTI model also assumes the diffusion 
distribution to be Gaussian, the same as the DWI, the 
DTI can measure the magnitude and directionality of 
water diffusion in tissue quantitatively[66]. The “tensor” in 
DTI refers to a mathematical construct for representing 
the magnitude of directional water diffusion in a three-
dimensional volume[17].

DTI can not only reveal the degree of the restriction 
of water molecules in the diffusion movement but can 
also evaluate the different direction of diffusion. In a 
recently popular model, the DTI can provide some details 
on the microstructure of tissues that are not available in 
conventional imaging[68-70]. The major advantages of DTI 
are that it can assess the directionality of the diffusion 
of water molecules in biological tissue[71]. Thus, the DTI 
can evaluate more comprehensively and accurately the 
diffusion movement of water molecules in tissue. DTI 
also provides another non-invasive characterization of 
tissue microstructural properties in vivo[68].

DTI can demonstrate the subtle abnormalities of 
some diseases, and degrees of anisotropy have been 
reported to correlate with the microstructural changes 
in neural tissues[72,73] and even the peripheral nervous 
system[70]. DTI is also applied in myocardial infarction[74], 
prostate cancer[75,76], kidneys[77], liver[78], breast 
cancer[79], to name just a few. Indeed, it was reported 
that DTI would provide significant characterization of 
tissue microstructure and pathophysiology[80-82]. Each 
voxel in a DTI data set contains vector information that 
reflects the directionality and magnitude of diffusion in 
the underlying tissue.

There are five main parameters in the DTI, including 
mean diffusivity (MD), three eigenvalues λ1, λ2, λ3, 
and fractional anisotropy (FA). MD is the average of the 
ADC in all directions and can represent the degree of 
diffusion. In theory, MD more truly reflects the water 
molecules’ diffusion ability than ADC, but in clinical 

practice, the mean diffusivity is expressed as ADC. The 
FA represents the fraction of the magnitude of tensor 
that is due to anisotropic water diffusion[83]. That is to 
say, FA represents the diversity of diffusion direction, 
which is calculated by the three above eigenvalues[84].

In 2014, Nissan et al[57] used the DTI for patients 
with pancreatic-ductal-adenocacinoma, and their 
results indicated that the parameters of DTI (λ1, λ2, 
λ3 and the ADC value) were lower than the values 
of the corresponding diffusion coefficients in the 
distal normal pancreatic tissue of the patients[57]; this 
outcome suggested that the fast diffusion component is 
dominated by the microcapillary perfusion process[63]. 
The results were consistent with those of previous DWI 
studies reporting lower ADC values in pancreatic cancer 
attributed to their higher cellularity[45-47].

DKI FOR PANCREATIC CANCER
The high b value is the most important feature of the 
DKI (Figure 6S and t). The DWI and IVIM are based 
on an assumption that the diffusion of water molecules 
obeys the normal distribution in vivo. However, Wu et 
al[85] reported that in biological tissue, complex cellular 
microstructures make water diffusion a highly hindered 
or restricted process, especially at high b values, where 
the distribution of displacements does not obey a 
Gaussian distribution. DKI was recently reported to be 
an extension to the Gaussian DT model[14], and it has 
become more popular in recent years.

DKI uses the same pulse sequences as that of 
conventional DWI, but with b values that are some
what larger than those usually selected[86]. DKI is a 
straightforward extension of DTI, which requires only 
minor changes in data acquisition and processing[87,88]. 
The theory of DKI is based on the above principles, 
which describes the non-Gaussian diffusion behavior in 
tissues[14]. The literature has even reported that the DKI 
parameters, such as the radial or axial kurtosis, are more 
sensitive to brain physiology changes than the well-
known DTI parameters in some white and gray matter 
structures[14]. In the white and gray matter structures, 
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Figure 5  Conventional diffusion weighted imaging (A): The bipolar gradients in three directions; the diffusion tensor imaging bipolar gradients in the six 
non-collinear directions (solid black arrows) (B).
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the DKI shows a better detection and characterization of 
various changes[89]. Hence, the DKI, which can measure 
the kurtosis excess of that distribution, allows for a more 
accurate description of the diffusion properties of neural 
tissues than the DTI model[87].

In the model, DKI can obtain the parameters that 
can also be derived from DWI and DTI, such as ADC 

and FA. Its main parameter is the mean kurtosis (MK). 
MK is a complex micro parameter that is associated 
with the complexity of the tissue structure. The high MK 
represents the more complex tissue structure[14].

There is less research on DKI for pancreatic cancer. 
However, in 2012, Rosenkrantz et al[90] used DKI in 
prostate cancer, and their preliminary findings suggest 
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Figure 6  Images in a 52-year-old man with a focal lesion in the body and tail of the pancreas. MR imaging suggests that it is a malignancy. A: Axial T1-weighted 
fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-G: Axial and coronal slab three-dimensional liver acquisition 
with volume acceleration dynamic contrast-enhanced; H: MRCP shows the dilated main pancreatic duct in the body and tail of pancreas; I-P: Multi-b DWI imaging (b = 
0, 50, 100, 300, 500, 800, 1000 and 1500);  Q and R: DTI (b = 500 and 800) using 30 diffusion gradients directions; S and T: DKI (b = 1500 and 2000) using 30 diffusion 
gradients directions. MR: Magnetic resonance; DWI: Diffusion weighted imaging; DKI: Diffusion kurtosis imaging; MRCP: Magnetic resonance cholangiopancreatography.

A B C D

E F G

I J K L

M N O P

H

RQ S T

Tang MY et al . DWI for PA



an increased value for DKI compared with that of 
standard DWI in prostate cancer assessment. In theory, 
the pancreatic cancer occurs with tumor cell invasion 
and the proliferation of interstitial cells and connective 
tissue. The change in the tissue structure leads to the 
change of MK value.

ADVANTAGES AND LIMITATIONS FOR 
THESE DIFFUSION MR IMAGING FOR 
PANCREATIC CANCER
In pancreatic cancer, tumor cell growth will lead to 
changes in cellularity, tumor cell atypia, organelles, and 
extracellular space. All of these factors can change the 
water molecules’ movement and restrict water diffusion. 
Extending the diffusion MR imaging, the diffusion of 
water molecules can be described more accurately and 
comprehensively. The conventional DWI can reflect 
the diffusion in one direction. The multi-b value DWI is 
based on the IVIM theory, which is generated by the 
blood flow in the tortuous microcirculation of the normal 
pancreatic tissue[51] and thus can reflect both perfusion 
and diffusion. The DTI can measure the magnitude and 
directionality of water diffusion in tissue quantitatively. 
DKI describes the non-Gaussian diffusion behavior in 
tissues.

However, we should be aware of the limitations of 
this technique: (1) Generally, in daily work, abdominal 
MRI suffers from interference and motional artifacts due 
to breathing[91,92]; (2) The gradient eddy currents in the 
EPI protocols can lead to the B0 field inhomogeneity 
and susceptibility differences[93,94]. Using a dielectric 
pad and a bellows belt for respiratory triggering can 
reduce geometrical distortions. DWI has been mostly 
acquired using single-shot echo planar imaging (ss EPI) 
to minimize motion-induced artifacts[95]; and (3) the 
choice of b value can also limit the technique. Currently, 
the ADC of the pancreas still does not reach unanimity; 
some scholars think the ADC, which was derived from 
the low b value, presents only a small part of the 
diffusion movement, which leads to contamination of 
other forms of IVIM, such as perfusion in the capillary 
bed. The perfusion will affect the diffusion when the 
b value is low, even though it can characterize the 
anatomy and the details of the lesion[55]. Finally, low b 
values result in increased ADC values[19,20]. Conversely, 
Kim et al[58] indicated that the high b value can be 
useful in clinical practice. The high b value means that it 
needs a longer echo time (TE), implying that it will lead 
to decreasing the SNR and increasing artifacts. Poor 
image quality will affect observation[18]. Using a high b 
value, the ADC value may be closer to the real state. In 
clinical practice, the choice of b value is controversial. As 
a compromise, a b value of 500 s/mm2 was chosen[18]; 
however, the higher b value of 1000 s/mm2 has been 
reported as good for malignant abdominal tumors[96] 
and the detection of pancreatic adenocarcinoma[32,96]. 

The choice of b value to minimize motion artifacts and 
to improve the SNR in pancreas is very important. 
Higher b values may be more sensitive to reflect true 
diffusion[30,97]. In clinical practice, taking the two factors 
into the consideration, a feasible b value can be selected 
depending on your purpose of study.

CONCLUSION
The proposed method may hold great promise for 
the non-invasive, non-contrast-enhanced imaging 
of pancreas lesions and may eventually become a 
screening tool for pancreatic cancer. MR is well suited 
to the quantitative and non-invasive measurement 
of diffusion. Diffusion MR imaging techniques are 
increasingly varied, from the simplest and most 
commonly used techniques to the more complex, such 
as from DWI to DKI. The diffusion MR imaging for 
pancreatic cancer revealed valuable advantages, such 
as high sensitivity and specificity. Moreover, diffusion MR 
imaging can aid in differentiating the different type of 
differentiation. These techniques go beyond traditional 
macrostructural volumetric methods and provide 
valuable information about underlying tissue integrity 
and organization at the microstructural and biochemical 
levels.

At present, a major issue with diffusion MR imaging 
is the lack of standardization of the protocol[98]. The 
IVIM-derived parameters in pancreatic cancer are 
controversial. For example, it is unknown how fibrosis 
affects diffusion parameters[42,52]. Further studies 
evaluating the behavior of IVIM-derived parameters 
in the diagnosis and treatment of pancreatic cancer 
are needed for standardization. One important point 
to bear in mind in future studies is that larger sample 
sizes, including imaging and histopathological workup 
are needed. The clinical report of utilization of the 
DTI and DKI in pancreatic cancer is still rare, and the 
potential of DTI to reveal the complex microstructure 
and physiology of the pancreas and detect pathological 
changes has not been investigated. Much work remains 
in solving the challenges inherent to tractography, which 
may certainly be a very promising technique that may 
be likely to contribute greatly to our understanding of 
nerve invasion.

In addition to the use of advanced DTI or DKI for 
pancreatic cancer, future advancements will come from 
continued study. Further standard diffusion MR imaging 
can benefit the accurate detection and staging of 
pancreatic cancer and provide the imaging evidence for 
clinical treatment.
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Abstract
We describe common and less common diseases that 
can cause magnetic resonance signal abnormalities of 
middle cerebellar peduncles (MCP), offering a systematic 

approach correlating imaging findings with clinical 
clues and pathologic mechanisms. Myelin abnormalities, 
different types of edema or neurodegenerative pro
cesses, can cause areas of abnormal T2 signal, vari
able enhancement, and patterns of diffusivity of MCP. 
Pathologies such as demyelinating disorders or certain 
neurodegenerative entities (e.g. , multiple system atrophy 
or fragile X-associated tremor-ataxia syndrome) appear 
to have predilection for MCP. Careful evaluation of 
concomitant imaging findings in the brain or brainstem; 
and focused correlation with key clinical findings such 
as immunosuppression for progressive multifocal leuko
encephalopahty; hypertension, post-transplant status 
or high dose chemotherapy for posterior reversible 
encephalopathy; electrolyte disorders for myelinolysis 
or suspected toxic-drug related encephalopathy; would 
yield an appropriate and accurate differential diagnosis 
in the majority of cases.

Key words: Middle cerebellar peduncle; Brachium 
pontis; Magnetic resonance imaging; Multiple sclerosis; 
Progressive multifocal leukoencephalopathy; Posterior 
reversible encephalopathy; Toxic encephalopathy
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Core tip: Though a few prior reviews have described 
pathologic processes involving the middle cerebellar 
peduncles (MCP), our paper offers not only an updated 
approach to include diffusion tensor imaging but also 
important correlations of imaging findings with anatomy, 
pathophysiologic insights and key clinical scenarios. 
Overall, this concise and comprehensive review is 
expected to help the readers not only to improve their 
approach to cases with MCP involvement, but also to 
increase awareness and understanding of pathologic 
processes increasingly seen in neuroimaging such as 
progressive multifocal leukoencephalopahty, posterior 
reversible encephalopathy and toxic encephalopathies.
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INTRODUCTION
Pathologic processes can have predilection for specific 
anatomic locations. Our purpose is to describe not only 
common and less common entities, but also pathologic 
mechanisms causing magnetic resonance (MR) signal 
abnormalities of middle cerebellar peduncles (MCP). We 
provide a systematic approach narrowing differential 
diagnosis to help radiologists and clinicians.

ANATOMY AND CLINICAL 
CORRELATION
The MCP are the main afferent pathway to the cere­
bellum. MCP are composed by white matter fibers 
originated from the contralateral pontine nuclei (Figure 
1). The pontine nuclei are intermediary gray matter 
scattered in the basis pons and part of the cortico-
ponto-cerebellar pathway (closed loop communication 
between the cerebellum and pre-central /prefrontal 
cortex that control not only the action of motor tasks 
but also planning and initiation of movements)[1]. 
The cerebellum has a high ratio of afferent/efferent 
pathways (40:1); with the small superior cerebellar 
peduncles (SCP) as the only efferent fibers, connecting 
the dentate nuclei to the cortex through the dentate-
rubro-thalamic tracts (Figure 1C). In general, the 
cerebellar pathways decussate twice, one at the level of 
the pons (crossing pontine fibers) and other at the level 
of the inferior colliculi in the tegmentum (decussation 
of the SCP). Thus, clinical signs (e.g., limb ataxia) are 
ipsilateral to MCP lesion. Difficulty walking (cerebellar 
ataxia), difficulty speaking (scanning speech) and in 
some cases vertigo and facial weakness are common 
clinical manifestation of MCP lesion. 

INSIGHTS INTO PATHOLOGIC 
MECHANISMS
It is not surprising that demyelinating processes affect 
the MCP, composed of axons, oligodendrocytes and 
scattered glial cells. Demyelination can occur in the 
setting of immune-related entities such as MS or acute 
disseminated encephalomyelitis (ADEM), and is usually 
accompanied by perivascular inflammatory infiltrates 
(with areas of enhancement on MRI in some cases) 
(Figure 2). Demyelination can also occur secondary 
to infectious processes such as progressive multifocal 
leukoencephalopathy (PML) (Figures 3 and 4) or 
metabolic abnormalities such as osmotic demyelination 
syndrome (ODS) (Figure 5), usually not accompanied 

by inflammatory changes (enhancement is not a 
characteristic feature on MR imaging). Vasogenic edema 
due to dys-regulation of small arteries can also cause 
increased T2 signal in the MCP, as is the case in posterior 
reversible encephalopathy (PRES) (Figure 6). However, 
the vascular dys-regulation and leaking edema might 
also be due to toxic states such as cyclosporine-related 
encephalopathy. Cytotoxic edema is characteristic of 
ischemia/infarction, a rare event in the MCP (Figure 7). 
Intra-myelinic edema appears to be the cause of areas 
of abnormal white matter signal in different entities. The 
edema can predominate between the myelin sheaths 
(potential extracellular space) or result from swelling 
of the oligodendrocytes, myelin sheaths or axons 
(intracellular compartment)[2]. This type of edema might 
or might not be reversible and is the main patholo­
gic mechanism in some toxic or myelinolytic states 
(Figure 8). White matter vacuolization/spongyform 
degeneration causes abnormal T2 signal in other toxic 
states (e.g., chronic heroin inhalation). Damage to the 
axons (due to loss of antegrade or retrograde input) 
with subsequent myelin breakdown and end-stage 
gliosis/volume loss is the mechanism for wallerian 
degeneration (WD) (Figure 9). Myelin breakdown 
and white matter damage in leukodystrophies (LD) is 
caused by biochemical defects that interfere with myelin 
formation, maintenance, turnover, and catabolism 
(known as dysmyelination), leading to increased T2 
signal and in some cases abnormal enhancement (e.g., 
adrenoleukodystrophy) (Figure 10). Neurodegenerative 
processes affecting MCP have distinct mechanisms; in 
general, there is preferential loss of Purkinje cells, or 
gray matter nuclei in the brain stem in diseases such 
as multiple system atrophy (MSA-C, cerebellar variant), 
fragile X-associated tremor-ataxia syndrome (FXTAS) 
or some spino-cerebellar ataxias, leading to axonal loss 
and degeneration of the associated MCP fibers (Figure 
11). Neoplastic processes are unusual in the MCP, 
though lymphoma or glial neoplasms can also involve 
them. Rare infectious or inflammatory pathologies, such 
as Lyme disease, Listeria rhombencephalitis, Whipple 
disease, neurosarcoid, vasculitis (e.g., Bechet's), and 
the recently described CLIPPERS (chronic lymphocytic 
inflammation with pontine perivascular enhancement 
responsive to steroids) might also extend to MCP 
with variable imaging findings (usually enhancement 
accompany areas of increased T2 signal). Rarely, 
vascular malformations (Figure 12) can involve the 
MCP, in which case the recognition of their typical 
features is not challenging (“pop-corn” appearance for 
a cavernoma, or prominent flow voids for arteriovenous 
malformations). 

PATHOLOGIC ENTITIES AND IMAGING 
FINDINGS
Demyelination
Cerebellar symptoms and signs are commonly seen 
in 50%-80% of multiple sclerosis (MS) patients. On 
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conventional MRI, reported frequency of brainstem 
lesions and cerebellar lesions is 68% and 49%-88% 
respectively[3]. 

Multifocal areas of demyelination, some times areas 
of cavitation characterize progressive multifocal leucoen­
cephalopathy (PML), with scanty if any inflammatory-
lymphocytic infiltrates. Posterior fossa involvement of 
JC virus (PML) has been reported in 58% of cases[4], 
when present there is MCP involvement in 64%-100% 
of cases[5]. There is increased recognition of the 
common involvement of posterior fossa by PML, with  
reported cases of isolated/restricted posterior fossa 
compromise[6,7]. PML usually progresses relentlessly 
over a few months, resulting in increasing neurologic 
impairment, dementia, and eventually death. Treatment 
of the cause of the underlying immunosuppression 
can lead to remission of PML. However, white matter 
sequelae are seen in most cases[8] (Figure 3). White 
matter lesions on PML should not enhance; if so, an 
infectious process, inflammatory reaction or neoplastic 
process should be considered. 

Reconstitution of the immune system (e.g., in the 

treatment of AIDS with highly active antiretroviral 
therapy) occasionally causes a paradoxical inflam­
matory response in the CNS, also known as IRIS 
(immune reconstitution inflammatory syndrome). This 
response might or might not be associated with an 
infectious agent, as in the case of PML-IRIS (Figure 4). 
Enhancement is present in these cases. 

Vascular/toxic
Involvement of the brainstem by posterior reversible 
encephalopathy (PRES) has been reported in 18% of 
cases[9]. Isolated involvement of the brainstem or basal 
ganglia (no cortical or subcortical edema) can be seen 
in 4% of cases (central variant of PRES)[10]. In fact, 
there is increased awareness of “atypical distribution 
patterns” of PRES; thus, involvement involvement of 
the brainstem and MCP can actually be more common 
than expected (Figure 6)[11].

Toxic/metabolic 
ODS is a metabolic induced demyelination charac­
teristically involving the central pons secondary to rapid 
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A
Pontine nuclei B CCST

Tegmentum

Figure 1  Anatomy of the middle cerebellar peduncles. A: Diagram shows the pontine crossing fibers (PCF) (red and pink long arrows) originating from the 
contralateral pontine nuclei and conforming the middle cerebellar peduncles (MCP) (only afferent fibers constitute MCP); B and C: Diffusion tensor imaging (DTI) 
tractography after seed ROIs placed in the bilateral MCP. Note the representation of the PCF (red on B). Here, we can envision the origin of well described signs on 
conventional T2 sequences such as the “hot cross bun sign” or “trident sign” where there is involvement of the PCF or central pons and sparing of the corticospinal 
tracts (CST) and tegmentum. Sagittal DTI (C) including the main efferent pathway (purple ascending fibers, arrow) through the pontine tegmentum and superior 
cerebellar peduncles which constitutes part of the dentate-rubro-thalamic tract. (DTI was acquired on a GE-3T Magnet, b = 0 and 1000 s/mm2 with 25 directions; Brain 
Lab Software was used to fuse T2-WI with DTI acquisition; and tractography was performed using a tensor deflection algorithm). ROIs: Regions of interest.

A B

Figure 2  Multiple sclerosis. A 40-year-old female with 2 mo history of left facial pain/numbness and difficulty talking (scanning speech). Axial T2 (A) and axial post-
contrast MR (B) images show isolated lesion in the left MCP. Due to suspicion for demyelinating disease MRI of the spine and CSF analysis was recommended. 
Additional lesion found in the thoracic cord (not shown) and CSF led to the diagnosis of MS. MCP: Middle cerebellar peduncles; CSF: Cerebrospinal fluid; MRI: 
Magnetic resonance imaging; MS: Multiple sclerosis.
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dragon”). The initial stage is characterized by diffuse 
leukoencephalopathy, presumably caused by excitoto­
xicity and in some cases difficult to distinguish from 
hypoxic-ischemic injury (though cortical involvement is 
also expected in the latter, potentially a characteristic 
to differentiate them) (Figure 8). This stage can be 
reversible or lead to a chronic form or spongiform leu­
koencephalopathy (typically involve the posterior brain 

correction of hyponatremia (other disorders of the 
serum electrolyte such as hypernatremia could also 
cause it). The mechanism of demyelination is poorly 
understood. On imaging, there is usually preservation of 
the periphery of the pons and typically preservation of 
the corticospinal tracts (“trident sign”) (Figure 5).

Toxic/drug induced involvement of the MCP has 
been reported after heroin inhalation (“chasing the 
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A B

C D

Figure 3  Progressive multifocal leucoencephalopathy. HIV patient with + JC virus on PCR-CSF. Bilateral involvement of MCP on axial FLAIR (A); with no enhancement 
(not shown); Axial FLAIR (B) and axial DWI (C) images show asymmetric confluent areas of increased signal in the subcortical WM with involvement of the u-fibers (arrow) 
and linear “edge” on DWI (arrow on C) consistent with advancing demyelinated edge; D: Three months f/u images better depict involvement of u-fibers (white arrow) as well 
as progression of WM disease with formation of small central cavitation/micro cyst, characteristic of PML (black arrow). PML: Progressive multifocal leucoencephalopathy; 
MCP: Middle cerebellar peduncles; CSF: Cerebrospinal fluid; DWI: Diffusion weighted-imaging; PCR: Polymerase chain reaction; HIV: Human immunodeficiency virus.

A B C

Figure 4  Immune reconstitution inflammatory syndrome and progressive multifocal leukoencephalopathy. HIV + JC virus, irregular antiretroviral therapy, 
with confusion and right sided weakness. Axial FLAIR (A) and axial post contrast (B) show abnormal signal in the bilateral MCP, greater on the right with associated 
enhancement; Axial post contrast (C) 2 mo after treatment with steroids and antiretroviral therapy show significant improvement of abnormal enhancement. IRIS 
might or might not be associated with an infectious process, in this case the abnormal enhancement in a patient with positive JC virus lead to the suspicious of 
a superimposed neoplastic process (lymphoma), other fungal or bacterial infection. Ultimately, the response to steroid gives the diagnosis of IRIS. IRIS: Immune 
reconstitution inflammatory syndrome; MCP: Middle cerebellar peduncles; HIV: Human immunodeficiency virus.
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white matter, midbrain and bilateral MCP)[12]. Other 
toxic-drug-induced abnormalities, such as toluene or 
methotrexate toxicity, involving the cerebellum and MCP 
have also been reported[13-15].

Preferential neuronal loss/volume loss of the puta­
men and caudate characterizes Wilson’s disease, 

in some cases with late spongiform white matter 
changes[8]. In the midbrain, abnormal signal in the 
tegmentum lead to the well described “panda sign”. 
Early work by King et al[16] described 32% of cases 
with MCP involvement. It appears that signal changes 
on T2 are less conspicuous in long-standing disease[16] 
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Figure 5  Osmotic demyelination syndrome. History of ethanol abuse and rapid correction of hyponatremia. A and B: Axial FLAIR images at two different levels of 
the pons show abnormal signal in the bilateral MCP as well as abnormal signal in the central pons with subtle “trident” appearance; C: Three months f/u demonstrate 
resolution of abnormal signal in the MCP and pons. ODS characteristically involve the central pons with sparing of the corticospinal tract, peripheral pons and 
tegmentum. In some acute cases, restricted diffusion is possible, differing from ischemic insult, which extends to the periphery of the pons with sparing of the midline (see 
Figure 9B). ODS: Osmotic demyelination syndrome; MCP: Middle cerebellar peduncles.

A B C

A B

C D

Figure 6  Posterior reversible encephalopathy. A and B: Axial FLAIR images in an hypertense encephalopathic patient show symmetric bilateral areas of abnormal 
signal in the MCP and pons. Concomitant involvement of supratentorial subcortical white matter in a “vasogenic type pattern” as well as cortical involvement (arrow on B) 
was noted; C and D: Three months f/u after control of hypertensive crisis show almost complete resolution of abnormal signal in MCP, pons and supratentorial regions to 
include the basal ganglia/thalami. Given the asymmetric distribution of supratentorial lesions, PML could be included in the differential. However, cortical involvement is 
not characteristic for PML. This case could be considered “atypical PRES” and proved by resolution of abnormal white matter disease (compare with Figure 3 where no 
resolution is noted). PRES: Posterior reversible encephalopathy; MCP: Middle cerebellar peduncles; PML: Progressive multifocal leucoencephalopathy.
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Figure 7  Anterior inferior cerebellar artery infarct. Patient with acute cerebellar ataxia and right-sided weakness. Axial T2 (A), DWI (B) and ADC maps (C) show 
well-defined area of high T2 signal and restricted diffusion consistent with ischemia. DWI: Diffusion weighted-imaging.

Figure 8  Acute heroin induced leukoencephalopathy (“chasing the dragon”). Twenty-year-old patient found down, history of recent heroin inhalation. A: 
Axial FLAIR shows subtle increased signal of MCP;  Axial FLAIR (B) and ADC maps (C) show concomitant diffuse and confluent increased white matter signal and 
restricted diffusion with overall sparing of the subcortical u-fibers (arrows on B) and cortex. Though difficult to differentiate from hypoxic-ischemic event, the cortical 
sparing is more common in toxic leukoencephalopathies. Restricted diffusion has been described not only in the acute stage of toxic heroin inhalation, but in other 
hypoxic-toxic-metabolic states and could represent acute intramyelinic or excitotoxic edema, in some cases reversible. Evolution could lead to a chronic “chasing the 
dragon”, spongiform leukoencephalopathy, where the posterior white matter, pons and MCP are typically involved. MCP: Middle cerebellar peduncles.

Figure 9  Wallerian degeneration of middle cerebellar peduncles. Axial T2 (A) and DWI (B) images  show symmetric areas of abnormal signal in bilateral MCP 
as well as focal area of restricted diffusion in the left pons (note the characteristic spare of the midline due to occlusion of para-median branches of basilar artery); 
Axial T2 (C), 3 years f/u, shows evolution of lacunar infarction in the pons with resolution of abnormal signal in the right MCP and persistent abnormal signal and 
development of volume loss in the left MCP. Findings are consistent with WD of the MCP, with “acute” early changes in the bilateral MCP and subsequent left greater 
than right involvement on follow up (ipsilateral to infarct). WD: Wallerian degeneration; MCP: Middle cerebellar peduncles.

A B C

A B C

A B C
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and present in early or “active” forms of the disease; in 
some cases with concomitant restricted diffusion[17]. In 
our experience involvement of the MCP by Wilson’s is 
not a common finding.

Vascular/ischemic
MCP is supplied by the anterior inferior cerebellar artery 
(AICA) and in lesser degree by the superior cerebellar 
artery. Isolated AICA infarction (thromboembolic or 
secondary to severe atherosclerotic disease of basilar 
artery and branches) is an uncommon event. When it 
occurs, characteristic restricted diffusion is seen in the 
involved cerebellar peduncle (Figure 7).

WD in the MCP can occur in the setting of pontine 
ischemia or hemorrhage (Figure 9). Increased T2 
signal caused by gliosis would correspond to the third 
of four stages in the evolution of WD, as described by 
Kuhn et al[18]. This stage should occur 10-14 wk after 
axonal injury/loss of antegrade input. Interestedly, 
increased signal on diffusion weighted-imaging (DWI) 
in the cortico-spinal tract (CST) have been reported in 
approximately 20% of cases of MCA/ACA infarcts as 
early as 72 h[19]. Similarly, restricted diffusion in the 
CST has been reported at 48 h after MCA ischemia in 
the pediatric population[20] and in the bilateral MCP at 
3-4 wk after acute pontine insult[21-24]. In all cases the 
changes are attributed to early WD. Certainly, they 
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A B

Figure 10  Adrenoleukodystrophy. A: Axial T2 image shows symmetric increased T2 signal in the MCP and bilateral corticospinal tracts; B: Axial T2 show 
concomitant symmetric and confluent white matter abnormal signal in bilateral occipito-parietal regions, typical for ADL. Note the preservation of subcortical u-fibers. 
Images courtesy of Dr. Lily Wang. ADL: Adrenoleukodystrophy; MCP: Middle cerebellar peduncles.

A B C

Figure 11  Multiple system atrophy C type and fragile-X associated tremor-ataxia syndrome. Axial T2 (A) in a patient with MSA-C show typical atrophy of the 
pons and MCP with degeneration of the pontine crossing fibers (“hot cross bun” sign, black arrow). There is also associated increased T2 signal of the MCP bilaterally.  
Axial T2 (B) and diffusion tensor imaging (DTI) tractography (C) in a patient with FXTAS show cerebellar volume loss and associated increased T2 signal and volume 
loss of MCP. Due to decreased fractional anisotropy (white arrows on C) there is lack of fibers in the areas of abnormal T2 signal. (DTI acquisition technique similar 
than Figure 1, please see figure for details). Image (B) courtesy of Dr. Andrew Duker. FXTAS: Fragile-X associated tremor-ataxia syndrome; MSA-C: Multiple system 
atrophy C type; MCP: Middle cerebellar peduncles.

Figure 12  Cavernoma of middle cerebellar peduncle. Axial T2-WI shows 
contiguous lesions involving the pons and right MCP, with a typical mixed 
speckled hyper-intense and hypo-intense center and peripheral halo of hypo-
intensity due to chronic hemosiderin deposition. MCP: Middle cerebellar 
peduncles.
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represent different phases in the development of WD 
and should not be misinterpreted as ischemic insults.

Degenerative
MSA is a sporadic neurodegenerative disorder chara­
cterized clinically by any combination of parkinsonian, 
autonomic, cerebellar or pyramidal signs. The abundant 
presence of glial cytoplasmic inclusions in all clinical 
subtypes of MSA led to the recognition that Shy-
Drager syndrome, striatonigral degeneration, and 
sporadic olivopontocerebellar atrophy are one disease 
characterized by neuronal multisystem degeneration 
with unique oligodendroglial inclusion pathology[25]. 

Preferential neuronal loss of the cerebellum, pons 
and olivary nucleus with subsequent MCP degeneration 
characterizes the MSA-C subtype (where cerebellar 
ataxia is the main motor feature)[8]. Abnormal T2 signal 
of MCP has been reported in 43% of cases of MSA-C[26]. 
Concomitant volume loss is the rule (Figure 11A)[27].

FXTAS is a genetic disorder with overexpression of 
the fragile-X mental retardation 1 gene (FMR1); it is 
most common in males and associated with progressive 
ataxia as the individual age. Though there are abnormal 
inclusions in the neurons and cortical atrophy, there is 
predominant loss of Purkinje cells with cerebellar axonal 
degeneration[8,28]. Interestedly, in some series, as much 
as 82% of cases demonstrated increased T2 signal in 
the MCP (Figure 11B) (called as the “MCP sign”, which 
as we described here, is not an specific sign)[28].

LD
LD are inherited metabolic disorders in which biochemical 
defects interfere with myelin formation. Usually, LD are 
associated with peroxisomal (e.g., adrenoleukodystrophy) 
or lysosomal defects (e.g., metachromatic LD). LD can 
affect the MCP. However, there is concomitant, usually 
symmetric involvement of the supratentorial white 
matter, with sparing of subcortical u-fibers (Figure 10). 
Few LD, such as Canavan’s or Pelizaeus-Merzbacher 
disase, compromise the subcortical u-fibers[8].

Infectious
ADEM or rhombencephalitis can affect MCP. In most 
cases, the cause of ADEM or rhombencephalitis is not 
known; however an association with recent systemic 
infectious process or vaccination is described. Most 
common associated virus is varicella, mumps, measles, 
rubella or rotavirus. Rarely, bacterial infections such 
as Lyme disease, Listeria or Whipple can affect the 
posterior fossa and compromise the MCP[29,30].

DWI AND DIFFUSION TENSOR IMAGING
As discussed, other conditions besides ischemic/
cytotoxic edema can cause restriction diffusion (e.g., 
intra-myelinic edema) (Figure 8). Some acute toxic 
states can show white matter restricted diffusion[31,32]. 
In fact, the signal changes in these conditions could be 
reversible[32]. Early WD and early stages of metabolic 

diseases such as Wilson’s disease can also be associated 
with areas of restricted diffusion[17,20,21,33]. Overall, the 
mechanism of restricted diffusion in the “non-ischemic” 
cases is debatable. In addition to the mentioned intra-
myelinic edema; acute white matter vacuolization or 
other types of excitotoxic edema could be postulated. 

The use of diffusion tensor imaging (DTI) for predi­
ction of neurologic deficits or for differential diagnosis 
is in continuous research. Fractional anisotropy (FA) 
measurements by DTI have proved involvement of 
the cerebellar peduncles by MS (even in the absence 
of T2 signal changes). Decreased FA in the MCP of MS 
patients as compared with controls is also correlated 
with motor deficits[34]. Decreased FA early in the 
course of WD appears to predict neurologic deficits[35]. 
DTI in the MCP has also been used to differentiate 
neurodegenerative diseases such as MSA-C from 
other cerebellar degenerative ataxias or Parkinson-like 
syndromes (Figure 11C)[36].

OTHER ADVANCED IMAGING 
TECHNIQUES
MR spectroscopy (MRS) evaluates the biochemical 
signature in normal and abnormal brain parenchyma. 
Multiple metabolites to include N-acetyl-aspartate 
(NAA - marker of neuronal tissue), choline (Cho - 
membrane turnover), myo-Inositol (glial tissue), lipids 
(necrosis) and lactate (hypoxia) are altered in different 
pathologic processes. Very few studies of MRS in the 
MCP have assessed changes in neurodegenerative 
diseases, particularly MSA-C[37]. They demonstrated 
decreased NAA in correlation with known decreased of 
neuronal/axonal tissue. In demyelinating processes, 
in addition to decreased NAA, an increase in Cho can 
also be demonstrated particularly in cases of acute 
demyelination (usually attributed to active myelin break­
down or increased macrophages in acute demyelinating 
plaques)[7,38,39]. In other pathophysiologic processes, 
such as ischemia, an increase in lactate might be 
expected[38,40].

MR perfusion is expecting to be altered in different 
pathologic processes involving the MCP. MR Perfusion, 
in conjunction with MRS and particularly DWI, is an 
important indicator of hypoxia, cell density and necrosis. 
Decreased perfusion on SPECT imaging has been 
demonstrated in MSA-C including the cerebellum and 
peduncles[41-43]. Demyelinating or ischemic processes 
usually show decreased perfusion as compared with 
other pathologic processes such as tumors[40,44,45].

Clinical clues 
Given the improvement in the management of chronic 
infectious (e.g., HIV) or immune-mediated diseases 
(e.g., rituximab on MS or rheumatoid arthritis patients), 
patients in chronic immune-suppression states are not 
uncommon. In these populations, JC virus infection/
reactivation (PML) should be high in the differential 
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when confronting abnormal MCP signal. A post-
transplant patient have also a particular risk for PRES 
and in less degree ODS. Other known associations 
for PRES includes not only hypertension but also high 
dose chemotherapy. Concomitant or recent history 
of fever should raise suspicion for infectious or post 
infectious process (ADEM or rombencephalitis). In 
the pediatric population, a leukodystrophy should be 
excluded. In a young encephalopathic patient, high 
suspicion for toxic/illicit drug use is warranted. Other 
toxic leukoencephalopathies, such as cyclosporine 
or methrotexate, should also be correlated clinically. 
After exclusion of relative common acquired causes 
of ataxia such as alcohol/anti-epileptic drugs (where 
cerebellar vermian atrophy predominates rather than 
MCP involvement), a progressive ataxic syndrome 
should raise suspicion for a degenerative process such 
as MSA-C or FXTAS (where areas of increased T2 signal 
in the MCP are common). 

Imaging clues
As previously discussed, the involvement of the MCP 
or posterior fossa can be isolated (Figure 2). However, 
usually there is concomitant involvement of the pons 
or supratentorial white matter. The distribution and 
characteristic of the concomitant involvement can 
help in the differential. There is usually involvement 
of subcortical u-fibers in demyelinating diseases, 
particularly PML. To the contrary, the subcortical u-fibers 
are spared in other leukoencephalopathies such as 
toxic/metabolic entities or most LD[8]. Additionally, 
the involvement is usually symmetric in these cases. 
Vasogenic edema pattern with not only involvement of 
the subcortical white matter but also the adjacent cortex 
should rise suspicion for PRES. Restricted diffusion is 
characteristic of an acute ischemic process, however it 
can be the result of early WD, the acute phase of ODS or 
toxic leukoenchephalopathies. In these cases, restricted 
diffusion is usually bilateral. Volume loss characterizes 
not only neurodegenerative disorders such as MSA-C 
and FXTAS, but also the late stage of WD.

CONCLUSION
Pathologic entities such as demyelinating disorders and 
certain neurodegenerative diseases have predilection 
for the MCP. When approaching abnormal T2 signal in 
the MCP, entities such as MS, PML, PRES, and certain 
toxic/metabolic or neurodegenerative states should 
be entertained. Careful evaluation of concomitant 
imaging findings described, in conjunction with focused 
correlation with key clinical findings discussed; would 
yield an appropriate and accurate differential diagnosis 
in the majority of cases. 
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Abstract
For now, magnetic resonance (MR) is the best no
ninvasive imaging modality to evaluate vertebral bone 
marrow thanks to its inherent soft-tissue contrast and 

non-ionizing nature. A daily challenging scenario for 
every radiologist interpreting MR of the vertebral column 
is discerning the diseased from normal marrow. This 
requires the radiologist to be acquainted with the used 
MR techniques to judge the spinal marrow as well as 
its normal MR variants. Conventional sequences used 
basically to image marrow include T1W, fat-suppressed 
T2W and short tau inversion recovery (STIR) imaging 
provides gross morphological data. Interestingly, using 
non-routine MR sequences; such as opposed phase, 
diffusion weighted, MR spectroscopy and contrasted-
enhanced imaging; may elucidate the nature of bone 
marrow heterogeneities; by inferring cellular and chemical 
composition; and adding new functional prospects. 
Recalling the normal composition of bone marrow 
elements and the physiologic processes of spinal marrow 
conversion and reconversion eases basic understanding of 
spinal marrow imaging. Additionally, orientation with some 
common variants seen during spinal marrow MR imaging 
as hemangiomas and bone islands is a must. Moreover, 
awareness of the age-associated bone marrow changes as 
well as changes accompanying different variations of the 
subject’s health state is essential for radiologists to avoid 
overrating normal MR marrow patterns as pathologic 
states and metigate unnecessary further work-up. 

Key words: Magnetic resonance imaging; Normal; 
Spinal; Marrow; Variants
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Core tip: Magnetic resonance (MR) remains the ideal 
noninvasive imaging modality to evaluate vertebral 
bone marrow. Radiologists have to be aware by age-
associated bone marrow changes as well as changes 
accompanying different variations of the subject’s 
health state. Moreover, acquaintation with the used MR 
techniques, their privileges and limitations, in evaluation 
of spinal marrow is a prime requirement for radiolo
gist to discern the normal spinal marrow as well as its 
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variants from diseased one.
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INTRODUCTION
The spine is the largest store of bone marrow in the 
body[1,2]. Addressing bone marrow signal pattern is an 
integral part of the spinal magnetic resonance (MR) 
imaging evaluation. By far, magnetic resonance imaging 
(MRI) is the best imaging modality to depict bone 
marrow thanks to its inherent soft-tissue contrast and 
non-ionizing nature[3-5]. 

Bone marrow is a dynamic organ with continued 
changes occurring with increased age and increased 
hematopoietic needs in different environmental and 
health states[4,6]. Similarly, it is the target of a lot of 
pathologic processes that results in altered signal 
intensity or heterogenous signal pattern on MR imaging. 
A daily challenging scenario for every radiologist 
interpreting MR of the spine is to discern the diseased 
from normal marrow. This requires the radiologist to 
be acquainted with normal MR patterns of the spinal 
bone marrow, its chronological conversion, and its 
different common variants. This review starts with a 
brief discussion of the composition and physiology of 
the spinal marrow, followed by a concise discussion on 
the common MR sequences used to evaluate the spinal 
marrow. In the latter section the normal spinal marrow 
MR patterns and common variants are displayed. 

Spinal bone marrow buildup and physiology
Imaging-wise, the spinal bone marrow is a mix of 
cellular elements enclosed within a cortical bone 
shell; the vertebral body. These cellular elements are 
enmeshed within the medullary bony trabeculae; 
predominantly vertically oriented; that provide both 
structural support and storage of minerals as calcium 
and phosphate; thicker in the lumbar region[2,5,6]. 
There are two types of bone marrow in the spine: the 
red marrow, named after its richness in hemoglobin 
in erythrocytes lineage and is richly vascular; and the 
yellow marrow, named after abundant carotenoid 
bodies in its fat cells and is scarily vascular[7]. Either 
marrow type, whether red or yellow, is composed of a 
blend of fat, water and proteins in different proportions 
(Table 1). The 3 components vary in volume with 
normal growth and in response to different stimuli. 
Hence, their proportions are the main determinants 
of spinal marrow MR signal characteristics[8-10]. The 
nutrition of spinal marrow is derived from ambient 
sinusoids branching from nutrient vessels piercing the 
vertebral cortices and drained via the Batson’s venous 

plexus emerging from the posterior vertebral bodies’ 
cortices. Nerves accompany this vascular network and 
few lymph nodes can be identified within the vertebral 
marrow[7]. The function of bone marrow is to provide 
different blood cell lineages involved in tissue nutrition, 
oxygenation and body’s immune reactions[7].

Spinal marrow conversion
At birth, the whole spinal marrow is metabolically active 
(hematopoietic/red marrow). This pattern gradually, 
and in orderly fashion, turns into a less metabolically 
active (fat/yellow) marrow with growing up. This tem
poral physiologic phenomenon is known as normal 
marrow conversion and concludes around age of 25-30 
years[2,6,11,12]. As in other skeletal region, the pattern of 
spinal marrow conversion is centripetal starting in the 
subcortical and subendplates regions and going to the 
center of vertebral body[8]. At all times, both red and 
yellow marrow are spinal marrow cohabitant yet the 
prevalent type is used to address the type of marrow 
in focus[2,4,12]. Moreover, a peculiar character of the 
spinal marrow is the persistence of red marrow over all 
ages, especially in the lumbar region[1]. Consequently, 
heterogeneity of the spinal marrow is a normal pheno
menon, especially in adolescence and middle age. Focal 
areas of red marrow may be a challenge to disclose its 
nature in some clinical scenarios and mandates making 
use of different MR pulse sequences to disclose its 
nature.

Spinal marrow reconversion
During lifetime, various physiologic and pathologic 
states require increased tissue demands for more 
oxygen and hemoglobin. The metabolically inactive 
fat marrow dynamically repopulates into the metabo
lically active red type, capable of responding to 
tissues’ needs of oxygen in a process named marrow 
reconversion[5,6,13,14]. 

It could be in response to physiologic stimuli as in 
obesity, cigarette smokers and heavy training athletes; 
or pathologic conditions as chronic hemolytic anemias 
and marrow replacing disorders[2,13,14].

In contrast to the orderly fashion of normal marrow 
conversion, reconversion is a patchy and an asym
metrical process where areas of red marrow are 
embedded within the surrounding yellow marrow[15]. 
That is why recognition of this physiologic phenomenon 
is mandatory to rule out underlying myeloproliferative 
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  Marrow phenotype Chemical composition Cellular components

  Red marrow 40%-60% lipids 60% hematopoietic cells
30%-40% water 40% fat cells

10%-20% proteins
  Yellow marrow 80% lipids 95% fat cells

15% water 5% hematopoietic cells
5% proteins

Table 1  Vertebral bone marrow chemical composition and 
cellular buildup



disorder on MR imaging. 

MRI technique for the spinal marrow
Routine evaluation of spinal marrow will include spin 
echo T1 and T2W pulse sequences in the sagittal plane. 
Some institutes add short tau inversion recovery (STIR) 
sequences in the sagittal plane as a routine. The author’s 
prefer to use the STIR in the coronal plane to discourse 
the neutral axis and its meningeal sleeves, especially in 
cervical and lumbar regions, abnormalities of the facets 
and sacroiliac joints and exploration of accidental extra-
spinal pathologies not apparent on routine sagittal and 
axial planes. Any suspicious bone marrow lesion on the 
routine planes could be ascertained on this additional 
coronal STIR image. Axial planes will be advantageous 
in labeling presence of extra-medullary extensions and 
neural axis involvement by any marrow pathology.

Routine MR sequences for spinal bone marrow imaging
T1-weighted imaging: Both red and fat marrows con
tain lipid and water with various proportions. The red 
marrow appears as low signal due to its higher water 
content on T1W images yet it has to be higher than that 
of intervertebral discs and paraspinal muscles[16]. On the 
contrary, a high lipid content of yellow marrow returns 
high signal intensity comparable to that of subcutaneous 
fat on T1W images[16]. This makes T1W the money’s 
worth sequence of MR screening of bone marrow[3,17,18]. 

T2-weighted imaging: The signal returning from both 
water and fat are high yet signal returning from red 
marrow is slightly lower than that of yellow marrow[19]. 
So, the ability of T2-sequence to differentiate marrow 
hyperplasia from marrow lesions is limited without 
the use of fat suppression especially on the fast spin 
echo (FSE) acquisitions[10,20]. This mandates the use 
of fat-suppression for better utility of T2 FSE used in 
clinical imaging of the spines. On fat suppression T2W 
sequences the red marrow will be of slightly higher 
signal than muscle while the yellow marrow has signal 
lower than it[6,10]. 

STIR sequence: It enhances the difference in longi
tudinal relaxation of fat and water on T1W imaging. A 
non-selective 180° inversion pulse applied at specified 
inversion time followed by refocusing 90 pulse can 
cancel any signal from fat and the returning signal will 
be of the non-fatty components, e.g., water[10,21]. This 
enhances contrast of bone marrow lesions within the 
suppressed background. The main drawback of STIR 
imaging, that it suppresses any signal other than fat as 
hematomas and gadolinium enhancement[22]. 

Problem-solving MR sequences for spinal bone marrow 
imaging
Chemical-shift imaging: Chemical-shift or opposed 
phase imaging relies on the fact that water and fat have 
different resonance frequencies so that when they are 
resonating aligned their signal is summed (in-phase 

imaging) while when they are opposed (out-phase 
imaging) their signals are subtracted with subsequent 
signal drop[23]. As fat and water intermix in both types 
of marrow, the signal of red marrow will not significantly 
drop in out phase while that of yellow marrow will[23]. 
However, this is not absolute and a cut off value of 20% 
signal drop has postulated[24].

The main value of opposed phase imaging is to rule 
out neoplastic replacement of the marrow. Metastatic 
and infiltrative marrow neoplasia will destroy normal 
marrow and retain high water content with resultant 
high-signal on out-phase imaging[23]. This has proved 
beneficiary in differentiation neoplastic and osteoporotic 
fractures[25,26].

However, false negative results can rise from fat-
containing metastasis (e.g., from renal cell carcinoma) 
and false positive results can results from marrow 
fibrosis as well as susceptibility artifacts accompanying 
marrow hematomas and sclerotic metastasis[25,27]. This 
may necessitate marrow biopsy for histopathologic 
confirmation.

Diffusion-weighted imaging
Diffusion imaging addresses the free mobility of protons 
in a specific tissue[28]. This could be qualitative[29], i.e., 
bull eying or quantitive[30] using the apparent diffusion 
coefficient (ADC). It is a sound fast sequence that 
can comprehend functional aspects of the examined 
tissues in addition to the available routine morphologic 
sequences. Normal marrow that is rich in protons will 
show free diffusion and high ADC values (i.e., high 
signal intensity on both the diffusion image and ADC 
map)[31,32]. Contrarily, in metastatic lesions with densely 
packed cells and in cytotoxic edematous cells following 
trauma lower ADC values are seen (i.e., high signal 
intensity on the diffusion image and low signal on ADC 
map)[31,32]. However, studies on the use of diffusion 
weighted imaging of the marrow are controversial and 
it should be interpreted in line with the routine marrow 
sequences[31,33].

Currently, common clinical musculoskeletal appli
cations of diffusion weighted imaging of the spine 
are differencing osteoporotic fractures and neoplastic 
vertebral body collapse[34], differentiation of infective 
and degenerative sub-endplates changes[35] and follow-
up treatment response of neoplastic marrow lesions[36]. 

Contrast-enhanced marrow imaging
Contrast enhancement is used to depict marrow lesions. 
The normal spinal marrow may show mild homogenous 
contrast enhancement in neonates and pediatrics due to 
abundant blood flow, prominent extravascular space and 
rich diverse cellularity[17,37]. This progressively become 
imperceptible as a function of age and increased fatty 
marrow content[38]. In normal adults spinal marrow 
doesn’t show perceptible enhancement following 
administration of gadolinium based T1W agents[17,37,38].

Dynamic contrast studies of the spinal marrow 
had been used to diagnose and follow-up myelo-proli
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linear intermingled low signal intensities within both red 
and yellow marrow on all pulse sequences, especially 
prominent on the gradient recalled one. The trabecular 
marrow changes have little effects on the spinal marrow 
MR signal, if present. 

Actually, the relative ratio of fat and water is the main 
determinant for the MR signal of spinal bone marrow as 
well as the used MR pulse sequence[1,4,5,9,13,50,51]. 

On T1W images, the vertebral fat marrow is high-
signal intensity similar to subcutaneous fat in adults[2,5,6]. 
However, at birth all spinal marrow is of the red type 
with high water content resulting in low signal intensity 
of the vertebral bodies even relative to the intervertebral 
discs and muscles on T1W images (Figure 1)[14,52]. After 
that, gradual increased amount of fat cells, especially 
at the sub-endplates region and anterior part of the 
vertebral body (Figure 2), in the marrow results into 
the adulthood heterogenous vertebral marrow pattern 
(Figure 3)[52].

On T2W images, fatty marrow exhibits signal 
intensity near to that of the subcutaneous fat[2,6,10,17,18,53]. 
So use of fat suppression on fast/turbo spin echo 
T2 imaging is a must for better clinical utility of T2W 
sequence.

On fat-suppressed T2W and STIR images (Figure 
3), the red marrow emits an intermediate signal slightly 
higher than adjacent paravertebral muscles against the 
black background of suppressed fatty marrow. However, 
it is far less intense compared to pathologic lesions with 
high cellular and water contents[10]. 

Following intravenous gadolinium-based contrast 
media administration, the red marrow; predominantly 
in children and young adolescents; shows appreciable 
visual enhancement and increased quantitive para
meters on MR dynamic contrast studies inferring its 
abundant vascularity, well perfusion and increased 
metabolic activity. However, this SI increased has to be 
less than 35% by the age of 35 years[54]. On the other 

ferative disorders[39]. Following rapid IV gadolinium-
based contrast agent administration, the changes 
in longitudinal relaxation of vertebral marrow are 
measured and signal time intensity curve is reproduced. 
Various parameters have been used like maximum 
intensity, slope of the curve and contrast washout[40]. 
Normal vertebral marrow shows decreased maximal 
enhancement, slope of enhancement and washout 
indices with increased age and fat marrow content[38,41]. 
However, dynamic contrast-enhanced studies have not 
been widely used in clinical practices.

Another less commonly used class of MR contrast 
agents affect the T2- or T2* imaging characteristics. 
Theses contrast agents, e.g., ultra small particles 
iron oxides are engulfed by the hematopoietic cells of 
the normal bone marrow, produce local field inhomo
geneities with resultant suppression of normal bone 
marrow[42]. This results in increased conspicuity of 
marrow lesion that will not take these agents. They 
are used to differentiate infiltrative marrow lesions 
from reactive marrow hyperplasia[43]. Also they can 
differentiate bone metastasis from infection[44]. 

Proton MR spectroscopy
MR spectroscopy is a non-invasive method of quantifi
cation of fat content of the marrow and evaluation of its 
chemical composition[45]. A single or multi-voxel method 
can used to asses one or more vertebral bodies and the 
fat content is expressed as a percentage (due to multiple 
lipid peaks) not an absolute value[46,47]. Previous reports 
emphasized age and sex related physiologic changes of 
the fat content of the spinal bone marrow[48,49]. 

However, it is not widely used clinically as same 
information could be achieved by the above used tools.

MRI appearance of the normal spinal bone marrow
As mentioned earlier, the bone marrow is a mix of red 
and yellow marrow supported by a trabecular marrow 
network. The trabecular marrow appears as a mesh of 
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Figure 1  Sagittal T1W (A) and T2W (B) images of 2-year-old boy showing 
low-signal of the spinal marrow just barely brighter than intervertebral 
discs on T1W images due to richness in red marrow.

Figure 2  Sagittal T1W (A) and T2W (B) images of 25-year-old male 
showing linear high-signal of the normal fat marrow at the sub-endplate 
zones (white arrows) at LV2 through LV5 levels. Note also, linear focal fat 
depositions along the basi-vertebral veins posteriorly. 

Nouh MR et al . The normal spinal marrow: Magnetic resonance imaging
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hand, this enhancement pattern is hardly perceptible in 
the fat marrow, in adults[37,38,55,56]. 

On chemical-shift imaging, the red marrow shows 
no remarkable signal drop on the out-phase image 
thanks to its near equal contents of both water and fat 
protons[57]. However, some signal drop may be seen in 
the yellow marrow (less than 20%) yet it is far less than 
malignant destructive processes[25]. 

On DWI, the normal red marrow shows intermediate 
signal that does not show lost signal on the correspon
ding ADC map.

Common variant of the normal spinal marrow on MR 
imaging
As bone marrow is a dynamic organ with the normal 
processeses of conversion and reconversion in response 
to various environmental and health stresses, and 
spines are the largest marrow reservoir of our body, 
heterogeneity of vertebral marrow MR signal is a 
common finding in daily clinical MR examinations. 
Additionally, this is more complicated by age- and sex-
related variations as fat marrow is higher in men than 
women[49,58] and water content is higher in females 
child-bearing age[59]. 

In the same vertebral body of an adult, bone 
marrow is homogenously distributed with more abun
dance of the cellular red-marrow (50% of the spinal 
marrow by age of 70 years) near the endplates and 
anterior portion of the vertebral body while fat marrow 
is abundant around the basi-vertebral vein[2,60]. 

These spatial and sex-related changes are common 
between individuals of the same age group. However, it 
is important to recognize that these variations have to 
be homogenous between vertebral bodies of the same 
subject[54]. 

Spinal marrow heterogeneities’ may be seen in all 

spinal regions but it is more common in the lumbar 
spines[1,6,9]. These changes could be in a focal or diffuse 
pattern, produced by either yellow or red marrow 
variant distributions[6,54,61,62]. 

LOCALIZED NORMAL VARIANTS
Focal T1W hyper-intensities
Basi-vertebral vein fat: On T1W and T2W imaging, 
areas of focal fat deposition are commonly seen in the 
posterior elements of the vertebrae as well as areas 
of high vascularity with active processes of conversion 
and reconversion. This will include the sub-endplates 
and subcortical zones and around the basivertebral vein 
(Figure 4)[5,32,60].

Vertebral-end plate degenerative changes: Pro
gressive degenerative changes of the vertebral end
plates are not uncommon findings on spinal MR (Figure 
5)[63]. Modic and colleagues described band-like sub-
end plate marrow changes that exhibit water-like (low 
T1W and high T2W) MR signal for type-I, fat-like (high 
T1W and T2W signals) for type-II, and calcium-like (low 
T1W and T2W signals) for type-III Modic changes[64]. 
Recognition of associated disc dehydration and presence 
of intra-discal gas precludes underling pathologies, e.g., 
discitis. 

Focal fatty marrow islands (Focal fatty meta
plasia): A developmental variation of the bone marrow 
conversion process is the localized aggregates of areas 
of fat marrow. It can occur in any vertebral level yet it is 
a common variant in the lumbar spines (Figure 6) and 
lateral sacral ala of males than females; an area where 
sex-related marrow changes are important as age-
related changes as proved by chemical-shift imaging 
and spectroscopic data[49,65]. It can take the eye of an 
inexperienced interpreter if seen in the turbo-spin echo 
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Figure 3  Sagittal T1W (A), T2W (B) and coronal STIR (C) images of the 
dorsal spines of a 60-year-old male with mild scoliotic deformity of the 
mid dorsal region. The figure shows heterogeneous vertebral marrow with 
predominantly T1W high-signal and T2W intermediate signal meanwhile, the 
whole marrow did not exhibit abnormal signal on STIR images. STIR: Short tau 
inversion recovery.

Figure 4  Sagittal T1W (A) and T2W (B) images of 24-year-old male 
showing linear high-signal intensities along the course of basi-vertebral 
veins with near ending of normal marrow conversion into the mature/fat 
type. 
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T2W images. However, recognizing its high signal on 
T1W images and vanishing on fat-suppressed images 
will disclose its nature. Their corresponding radiographs 
and CT examinations will show preserved trabecular 
and cortical bone. They are not uncommon finding on 
daily spinal MR evaluations and should not raise clinical 
awkward. 

HAEMANGIOMA
Histologically, hemangiomas are developmental vas
cular malformations consist of endothelial lined, thin-
walled, blood-filled vessels and sinuses, containing 
and supported by fat and interspersed among the 
longitudinally oriented trabeculae of bones[66]. They are 
common in vertebral bodies than posterior elements. 
Hemangiomas are not exceedingly uncommon finding 
in MR studies of the spines. They are commonly 
asymptomatic and multiple. On T2W images as well as 
STIR images, typical hemangiomas have high-signal 
intensity due to slow flow in vascular channels[67]. Its 
benign nature is ascertained by corresponding high-
signal intensity on T1W images due to its abundant 
fat content (Figure 7)[67]. Some atypical patterns of 
hemangioma may mimic more worrisome neoplastic 
lesions on MR imaging (Figure 8). Commonly, the 
intervening thickened trabeculae exhibits linear low-
signal intensity on all pulse sequences[68]. Spinal 
hemangiomas shows variable patterns of enhancement 
and can be confused for serious bony lesions[69]. 
Radiography (Figure 8) and CT can help to solve such 
confusing situations by showing prominent trabeculae 
with the pathognomonic polka-dot sign (Figure 8) on 
axial images[70,71]. 

Focal T1W hypo-intensities
Vertebral enostosis: Enostosis (or bone island) is 
a common imaging finding on all imaging modalities 
assessing skeletal parts, especially the spine with an 

incidence of about 14%. It is thought as a benign 
osseous hamartoma of developmental origin[72]. It is 
composed of cortical bone layers embedded within the 
surrounding vertebral marrow cavity and it is usually 
endosteal surface based. It is common in the mid-dorsal 
and lumbar regions, although it can occur anywhere. It 
has low signal on all MR pulse sequences[72]. However, 
a previous report described a rare pattern of peripheral 
rim of high-signal intensity on STIR images making 
it difficult to differentiate from sclerotic metastasis[73]. 
However, correlation with radiography and CT will help 
to disclose the lesion’s nature.

Focal nodular hyperplasia of the red marrow
Bone marrow hyperplasia is an abberance of normal 
marrow conversion-reconversion process with abun
dance of red marrow[74,75]. Mild regional forms can be 
seen in endurance athletes, obese subjects and heavy 
smokers[15,76]. A more pronounced form can show 
up in some hematologic disorders (e.g., Hemolytic 
anemias) and malignancies as well as patients treated 
with granulocyte colony stimulating factors (GCSF) 
used to relive marrow suppression associated with 
chemotherapeutic regimens[77,78]. 

Rarely a localized focal form can be seen in the spinal 
(Figure 6) and pelvic marrow. On MR imaging these 
areas follow the signal criteria of normal red marrow, 
i.e., low signal intensity on T1W images, intermediate 
or no signal increase on T2W, Fat-suppressed and 
STIR imaging. On gadolinium administration faint or 
no enhancement is observed. Sometimes, these focal 
lesions can show increased signal intensity on T2 FSE 
sequences. This is contradictory to high T2W signal and 
contrast enhancement seen in neoplastic cases[74,75,79]. 

Presences within areas rich in red marrow (sub-
cortical and around basi-vertebral vein), elongated shape 
of the lesions, presence of central high-spot on T1W 
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Figure 5  Sagittal T1W (A) and T2W (B) images of 53-year-old male 
showing LV4 lower end plate irregularities with subjacent Type-II 
Modic changes with high-T1W and T2W signal. Note adjacent LV4-5 disc 
desiccations.

Figure 6  Sagittal T1W (A) and T2W (B) images of 41-year-old female 
showing LV3 patch of high-signal intensity (unchanged on serial magnetic 
resonance follow-up; not shown) on both T1W and T2W with fuzzy 
margins, proved to focal fatty metaplasia. Note areas of low signal intensity 
under the anterior cortex of multiple adjacent vertebral bodies (short white 
arrows) corresponding to focal nodules of red marrow.
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images (Figure 9), fuzzy margins are predictors of their 
benignity[1,3]. On corresponding radiographs and CT 
studies, radiolucency, geographic nature and absence of 

cortical disruption will ascertain their benign nature.

Benign notochordal cell tumors
Benign notochordal cell tumors are increasingly recog
nized intraosseous; presumably; benign lesions of 
notochordal remnants[80]. Its reported incidence in 
autopsies reaches 20% of clivus and vertebral bodies[81]. 
They are incidental finding on radiologic and histologic 
examinations and have to be distinguished from chor
domas to save inadvertent extensive surgeries[82]. These 
lesions were found to emit homogenous low- to iso-signal 
intensity on T1W images and high-signal on T2W images 
with no enhancement on MR contrast studies[82,83]. 
Lesions that are sizable enough to be picked on CT and 
radiographs are sclerotic in nature. However, topographic 
features of the lesion, i.e., intravertebral, preserved 
trabecular pattern and non-enhancement following MR 
contrast administration, are equally important to rule 
the possibility of chordoma; the extremely malignant 
spectrum of notchordal cell lineage[82,83]. A recent report 
described malignant, transformation into chordoma of L1 
vertebral body supporting the postulation of a relation of 
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Figure 7  Sagittal T1W (A), T2W (B) and axial T2W images of 63-year-old osteoporotic female showing heterogeneous lumbar vertebral marrow signal with 
diffuse increased high-signal intensities due to higher fat content. There is a focal round patch of increased signal on both T1 and T2 weighting in LV1 body with 
small punctuate areas of low signal intensities; seen unchanged from previous 2 magnetic resonance examinations (not shown here) confirmed to be a small typical 
vertebral hemangioma.
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Figure 8  Sagittal T1W (A), T2W (B) and STIR (C) images of 65-year-old female showing L1 vertebral body atypical hemangioma with diffuse low signal 
intensity on T1W image and high-signal intensity on T2W and STIR images presented on a background of lumbar spondylotic changes. Note also, DV11 old 
porotic wedging. Companion imaging showed prominent trabecular pattern on focused radiography (D) and CT (E) of the LV1 with characteristic polka-dot sign. STIR: 
Short tau inversion recovery.

A B

Figure 9  Sagittal T1W (A) and T2W (B) images of 33-year-old male 
showing focal geographic low signal intensity patches targeting LV3 
and LV4 bodies centers as well as around basi-vertebral veins. These 
patches still of high-signal intensity on T2W image. Note, the central fat spot 
(white arrow) and fuzzy margins of LV4 lesion inferring benignity features are 
consistent with focal nodular marrow reconversion. 
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the two entities[84]. MR imaging is the best modality to 
address and followup these lesions.

Diffuse normal variants
Diffuse hematopoietic marrow hyperplasia: Diffuse 
hematopoietic marrow hyperplasia is an exaggeration of 
the normal marrow reconversion discussed in an earlier 
section. It can occur in response to different physiologic 
stimuli as discussed before. Moreover, it is increasingly 
recognized in patients under chemo- and radio-thera
peutic regimens whom are treated with GCSF to lessen 
the associated bone marrow suppression[85,86]. 

It can be confused with diffuse marrow infiltrative 
processes in the vertebral marrow thanks to both 
red and fat marrow cohabitation. As a rule of thumb, 
marrow hyperplasia exhibits a signal similar to that of 
red marrow. The vertebral hyperplastic marrow shows 
low signal on T1W images that may be even lower than 
adjacent intervertebral discs[1,6,13,14,87,88]. it may show 
mild to moderate enhancement following IV gadolinium 
administration[86]. However, the signal is relatively higher 
than paravertebral muscles on STIR and fat-saturated 
T2 imaging[1,6,13,14,87,88]. In chronic hemoglobinopathies, 
low signal may be seen on T2W images due to chronic 
hemosidine deposition[5]. Problem-solving MR sequences 
may be utilized in some difficult cases. 

Fat conversion of the marrow
Under certain conditions, there may be premature 
conversion of red marrow into the fat type with increased 
MR signal compared to the age and sex matched 
subjects. This can be seen in subjects with hypercor
tisolism (whether endogenous or exogenous) and in 
some feeding disorders as anorexia nervosa[89]. This 
supposed to be mediated via hormonal effects on the 
preferential differentiation of bone marrow progenitor 
cells[90]. It has to be considered as a normal variation of 
the bone marrow for the health status of those subjects 
and not a pathologic marrow disease. 

Serous conversion of the marrow
In conditions of severe systemic illness associated with 
loss body fat stores, e.g., malignant cachexia, AIDS, 
anorexia nervosa or even following severe infections in 
pediatrics, a rare phenomenon of serous or gelatinous 
transformation of the bone marrow may commence in 
either diffuse or focal forms[91]. It starts in peripheral 
skelton yet it eventually reaches the axial skeleton. 
Pathologically; it is characterized by paucicellular 
marrow including both fat and hematopoietic cells which 
become embedded in hyaluronic acid-rich extracellular 
gelatinous substances[91,92]. These pathologic changes 
are recognized on MR as fat-poor marrow, which emits 
water-like signal on all pulse sequences, i.e., low on 
T1W and high on T2W and STIR sequences[3,93]. Visual 
loss of normal fat stores of the subcutis and inter-
tissues fascial spaces will raise this suspicion[93,94]. On 
18FDG PET/CT it may show increased tracer uptake[95].

CONCLUSION
MR is the gold standard noninvasive imaging modality 
to evaluate vertebral bone marrow. Conventional 
sequences used basically to image marrow include 
T1W, fat-suppressed T2W and STIR imaging provides 
gross morphological data. Moreover, non-routine MR 
sequences may elucidate the nature of bone marrow 
heterogeneities; by inferring cellular and chemical 
composition; and adding new functional prospects. 
Awareness of the age-related bone marrow changes 
as well as changes accompanying different variations 
of the subject’s health state is essential for radiologists. 
This will avoid overrating normal MR marrow patterns 
as pathologic states and avoid unnecessary further 
work-up.
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Abstract
The tracheobronchial tree is a musculo-cartilagenous 
framework which acts as a conduit to aerate the lungs 
and consequently the entire body. A large spectrum 
of pathological conditions can involve the trachea and 
bronchial airways. These may be congenital anomalies, 
infections, post-intubation airway injuries, foreign body 
aspiration or neoplasms involving the airway. Appropriate 
management of airway disease requires an early and 
accurate diagnosis. In this pictorial essay review, we will 
comprehensively describe the various airway pathologies 
and their imaging findings by multi-detector computed 
tomography. 

Key words: Multi detector computed tomography; trachea; 
Bronchial tree; airway abnormality; virtual bronchoscopy
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Core tip: There is a wide range of lesions affecting 
the airway and patients with airway pathology usually 
present late during the course of disease. Multi-detector 
computed tomography (MDCT) has become the 
mainstay investigation modality as it provides detailed 
information about the airway and its surrounding 
structures with high spatial resolution. Therefore it is 
prudent to know the various pathology affecting airway 
and its appearance on MDCT.
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graphy (MDCT) technology over the past decade has tre
mendously revolutionized imaging of airway[1,2]. Modern 
MDCT scanners have markedly increased the speed 
of data collection and cranio-caudal volume coverage 
enabling them to acquire thin-section, high spatial 
resolution images of the entire airway. These scanners 
can reconstruct images of varying slice thickness and in 
multiple planes from the acquired axial images[3-5]. 

The advancements in computer technology aid in 
processing the data sets acquired by the MDCT scanners 
to reconstruct the bronchial tree in three dimensions[6]. 
The developed computer software generates 3D view 
of the airway which provides clinically acceptable 
information with real time visualization of the entire 
tracheobronchial airway. 

IMAGING TECHNIQUE
Thin slice axial images are acquired in a single 
breath hold. The imaging protocol that is used in our 
department for adults includes a tube voltage of 120 kV, 
tube current of 300 mA, 0.6 mm × 128 slices, a pitch 
of 1.5 with a matrix size of 512 × 512. For children, the 
tube voltage is reduced to 80 kV and tube current is 
altered to 110 mA.

Administration of contrast is generally not required 
for assessment of airway. However it is used in 
suspected cases of extraluminal compressive lesions to 
delineate the various mediastinal vascular structures and 
for suspected neoplastic etiology. Non-ionic iodinated 
contrast medium may be given using a dose of 1 ml/kg 
for adults and 1.5 ml/kg for children through peripheral 
venous access route.

Image reconstruction
The cross-sectional images are then transferred to a 
separate graphic computer. Reconstruction is done 
using standard visualization software. The acquired 
near isotropic data is used to generate multiplanar 
reformations (MPRs), minimum intensity projections 
(MinIPs) and volume rendered images for 3D recons
truction.

Two basic methods of 3D imaging are currently 
employed in airway reconstruction including external 
rendering and internal rendering. The external 
rendering of the airway shows its external surface and 
is also called computed tomography (CT) tracheo-
bronchography. Internal rendering or virtual bron
choscopy (VB) allows navigation through the internal 
airway lumen of airway using the “fly through” virtual 
endoscopy CT software. The airway reconstructed 
by VB closely resemble those seen on conventional 
bronchoscopy[7-9]. However, VB can evaluate the airway 
distal to a high grade stenosis which is not possible on 
fiberoptic bronchoscopy.

NORMAL ANATOMY
Trachea 
Trachea is a tubular structure extending from the level 

of the cricoid cartilage (6th cervical vertebral level) to the 
carina (5th thoracic vertebral level). Trachea is made up 
of multiple C shaped cartilages[10]. It measures 10 to 11 
cm in length[10]. The trachea is divided into extra- and 
intra-thoracic parts. The extrathoracic part extends from 
the level of inferior border of cricoid upto the thoracic 
inlet. The intrathoracic portion extends from the thoracic 
inlet to the carina.The normal tracheal diameter in men 
ranges from 13 to 25 mm in the coronal dimension and 
13 to 27 mm in the sagittal dimension[11,12]. In women, 
trachea is smaller and its dimension range from 10 to 21 
mm in the coronal plane and 10 to 23 mm in the sagittal 
plane[11,12]. The posterior portion of the tracheal wall, 
lying between the open ends of the tracheal cartilages, 
is a thin fibromuscular membrane termed the posterior 
tracheal membrane. The cross section of trachea has 
marked variability in appearance, which may appear 
round, oval or horse shoe shaped. The posterior tracheal 
membrane may appear convex posteriorly, flat or 
convex anteriorly. 

Carina
Trachea divides at the level of sternal angle (4th-5th 
dorsal vertebral levels) at the carina into the right and 
left mainstem bronchi[11]. The normal carinal angle 
ranges between 70°-100°.

Mainstem, lobar and segmental bronchi
The mainstem bronchi extend infero-laterally from the 
carina into the pulmonary hila. At the pulmonary hila, 
they branch further to form the bronchial tree within 
the pulmonary parenchyma. The mainstem bronchi 
divide into lobar bronchi. There are 3 lobar bronchi on 
rigth side and 2 on left side. The lobar bronchi further 
divides into segmental and subsegmental bronchi. 
There are approximately 23 generations of branching till 
the bronchi form the alveoli[13]. The segmental bronchi 
are accompanied by segmental arteries that form a 
broncho-pulmonary segment. 

The bronchi on MDCT appear as small circular 
lucencies on axial scans. Bronchi that course obliquely 
to the axial plane are more difficult to evaluate on axial 
scans and therefore require MPRs images and MinIP 
images (Figure 1). VB also provides the intraluminal 
view (Figure 2).

PATHOLOGY
The pathological conditions affecting airway vary 
from innocuous to sinister. To add to the diagnostic 
dilemma, identification of tracheal disease is notoriously 
difficult. Patients become symptomatic very late in 
the natural history of diseases affecting the airway. 
Patients with tracheobronchial pathology can present 
with breathlessness, persistent cough, stridor, recurrent 
cyanotic episodes and haemoptysis in varying severity, 
depending upon the degree of airway involvement. 
These may cause sudden deterioration of the patient’s 
clinical condition. Therefore rapid and accurate diagnosis 
is imperative to reduce morbidity and mortality.
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For descriptive purposes, the lesions affecting airway 
may be broadly classified as focal and diffuse lesions[14]. 
A lesion is characterized as focal when it affects a single 
short segment of airway, whereas it is characterized as 
diffuse if it involves either long segment of airway or 
when multiple lesions are detected. 

FOCAL AIRWAY LESIONS 
Intrinsic focal lesions
Tracheobronchial neoplasm: Tracheobronchial 
neoplasm is one of the commonest focal lesion involving 
the airway[15]. Tracheobronchial involvement by a 
malignant process can be both primary and secondary. 
Mostly airway is secondarily invaded by primary neo
plasms arising from adjacent organs. Trachea is in close 

approximation with various organs in its extrathoracic 
and intrathoracic course. Therefore primary malignancy 
of adjacent organs like lung, esophagus or thyroid can 
invade the tracheobronchial tree. 

Primary lung carcinoma is a disease with a very 
high mortality rate worldwide and commonly involves 
the airway. The main histopathological types include: 
adenocarcinoma, squamous cell carcinoma (SCC), 
small cell carcinoma and large cell carcinoma of which 
SCC and small cell carcinoma are most common types 
originating from the central airway[16,17]. SCC has an 
intraluminal growth pattern that can cause airway 
obstruction leading to pulmonary atelectasis or lobar 
collapse (Figure 3)[16]. Bronchial obstruction is much 
less common with small cell carcinoma than with SCC. 
The most common imaging finding seen in small cell 
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Figure 1  Normal arway. Axial image at the level of arch of aorta (A) shows a typical inverted U shaped trachea with thin fibromuscular membrane in posterior portion 
lying between open ends of tracheal cartilages. Axial image (B) at the level of carina (arrow) shows dichotomous branching of trachea at its distal end into right and left 
main bronchi. Coronal MPR image (C) shows trachea and mainstem bronchi as uniform tubular structures in midline within the mediastinum. Coronal reconstructed 
MinIP image (D) shows trachea and its bronchial branches as tubular air containing structures continuous from thoracic inlet till its divisions into the lung parenchyma. 
Volume rendered image (E) is the external rendered image showing 3-dimensional display of external surface of the airway and lung parenchyma. MPR: Multiplanar 
reformation; MinIP: Minimum intensity projection.

Figure 2  Virtual bronchoscopy of normal airway. Virtual bronchoscopy or internal rendered images reconstructed using dedicated “fly through” software at the 
level of trachea, carina, right and left main bronchus (top row) with corresponding appearance on fiberoptic bronchoscopy (bottom row). The division of right bronchus 
into upper lobe (white arrow) and bronchus intermedius (black arrow) and division of left main bronchus into upper (black arrowhead) and lower lobe bronchus (white 
arrowhead) is seen. 

Thachea                                            Carina                                       Right bronchus                                    Left bronchus
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and airway obstruction[23]. They appear as an intensely 
enhancing endobronchial or hilar masses with post 
obstructive features like atelectasis or air trapping[23]. 
About one-fourth of these tumors can also show 
calcification on CT[24].

Respiratory papilloma is caused by human papilloma 
virus infection of the upper airway. The infection is 
usually acquired during birth or rarely through oro-
genital sexual route. The tracheo-laryngeal form of 
papilloma is the commonest form and occurs in 2%-17% 
cases[25]. Respiratory papilloma is a benign endoluminal 
lesion that commonly involves larynx, trachea and 
the mainstem bronchi. It is a well circumscribed poly
poid lesion which does not extend across the wall of 
trachea or bronchi (Figure 7)[25]. Respiratory papillo
mas can occur at multiple sites along the airway. VB 
can show the entire extent of the disease without the 
risk of downstream spread, which can be a problem 
with conventional bronchoscopy. Papillomas can 
cause airway obstruction and lead to post obstructive 
changes like atelectasis, pneumonia or pneumothorax. 
The most serious long term complication is malignant 
degeneration of papilloma to SCC[26].

MDCT acquired after contrast administration is 
currently the standard imaging modality to diagnose 
and stage central airway tumors. Axial images along 

carcinoma is that of extensive hilar or mediastinal 
lymphadenopathy (Figure 4)[18].

Primary tracheal neoplasm can also occur but are 
very rare. Majority of the primary tracheal neoplasms 
in adults are malignant with common histopathological 
patterns comprising of SCC, adenoid cystic carcinoma, 
carcinoid, mucoepidermoid carcinoma, and papilloma. 
SCC is the most common tracheal tumor and is more 
common in men[19]. It is highly associated with cigarette 
smoking and is histologically identical to lung SCC[14]. 
SCC appears as a polypoid intraluminal lesion generally 
in the lower third of trachea. It typically has irregular 
margins as it arises from the surface epithelium. It may 
invade mediastinum by direct extension or lymphatic 
spread (Figure 5)[20]. The second common cell type is 
adenoid cystic carcinoma (ACC) which occurs in younger 
patients with equal sex distribution. ACC arises within 
the submucosal glands and therefore has a smooth 
outline (Figure 6)[21]. The mucosal covering of the lesion 
rarely ulcerates in contrast to SCC. Lymphadenopathy 
and metastases are also uncommon[22].

Benign tumors of the airway include endobronchial 
carcinoid, hamartoma and papillomas. Endobronchial 
carcinoids are the most common airway tumors in 
adolescents and young adults. They generally arise 
within the central bronchi causing cough, hemoptysis, 
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Figure 3  Squamous cell lung carcinoma. Contrast enhanced axial (A) and coronal MPR (B) images show enhancing soft tissue mass in right perihilar region with 
intraluminal extension of growth into the right mainstem bronchus and lower trachea (arrow). Coronal MinIP image (C) shows attenuation of right mainstem bronchus 
with a polypoidal growth extending into lower trachea (arrow). Virtual bronchoscopy (D) shows an irregular polypoidal intraluminal mass in lower trachea (arrow). MPR: 
Multiplanar reformation; MinIP: Minimum intensity projection.
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Figure 4  Small cell lung cancer. Axial (A) and coronal MPR (B) images show heterogeneously enhancing mass lesion encasing and attenuating left main bronchus 
and its lower division with mediastinal invasion and associated collapse-consolidation of left lower lobe. Coronal MinIP image (C) shows attenuated left main bronchus 
(arrow). MPR: Multiplanar reformation; MinIP: Minimum intensity projection.
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with reconstructed MPR and 3D images provide com
prehensive information about the involvement of 
airway by the tumor and its relationship with adjacent 
structures. MDCT can also detect associated lymph 
nodal spread and metastases (both intra-pulmonary 
and distant sites), thereby altering tumor staging. 
VB images provide an intraluminal view of the tumor 
involving the airway. These also score over conventional 
bronchoscopy due to their inability to evaluate the 

airway distal to a high grade narrowing or complete 
obstruction. This can have a significant impact on 
patient management as palliative stent placement in 
the airway can be offered to patients with proximal 
occlusive lesion and patent distal airway.

Post tracheostomy complications: Prolonged trach
eal intubation and tracheostomy can cause airway 
complications. Tracheal stenosis is a frequently encoun
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Figure 5  Squamous cell carcinoma of trachea. Axial (A) and coronal MPR (B) images show eccentric soft tissue mass with irregular surface involving trachea 
(arrow in B) with mediastinal extension (arrow in A). Coronal MinIP (C) shows partial attenuation of mid tracheal lumen involving a length of 3.19 cm (arrow). Virtual 
bronchoscopy (D) shows this mass lesion as irregular intraluminal growth along the right wall of trachea causing tracheal luminal narrowing. MPR: Multiplanar 
reformation; MinIP: Minimum intensity projection.
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Figure 6  Adenoid cystic carcinoma of trachea. Axial (A) and coronal MPR (B) images show polypoidal mass with smooth outline within the trachea in subglottic 
region causing near complete attenuation of the airway (arrow). Virtual bronchoscopy (C) shows intraluminal smooth mass within trachea similar to that seen on 
conventional bronchoscopy (D). MPR: Multiplanar reformation.
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Figure 7  Respiratory papilloma. Axial (A) and sagittal MPR (B) images show a smooth polypoidal soft tissue mass arising from the postero-lateral wall of trachea 
(arrow). Virtual bronchoscopy (C) shows the intraluminal mass lesion with smooth surface (arrow). MPR: Multiplanar reformation.
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tered entity in these patients. The stenosis generally 
occur at two sites: At the level of endotracheal tube cuff 
which is most common site and at the stoma site. The 
high pressure of the endotracheal tube balloon causes 
mucosal injury of tracheal wall. This leads to tissue 
scarring and ultimately tracheal stenosis.

The most common CT finding in post intubation 
stenosis is a localized area of narrowing of tracheal 
lumen[27,28]. This focal circumferential narrowing generally 
produces a characteristic hourglass configuration (Figure 

8). Less common findings include a thin membrane 
projecting into the tracheal lumen (Figure 9). Due to 
mucosal injury there can also be formation of multiple 
mucosal synechiae compromising the tracheal lumen 
(Figure 10). 

MDCT with multi planar reformats and VB provides 
information regarding the stenosis, i.e., grade of 
stenosis, distance of stenotic segment from the vocal 
cord and length of the stenotic segment. These findings 
give a detailed road map to the surgeons before the 
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Figure 8  Post intubation tracheal stenosis. Axial (A), coronal MPR (B) and VRT (C) images show a focal short segment concentric narrowing of tracheal lumen 
giving an “hourglass” configuration better appreciated on coronal images. MPR: Multiplanar reformation; VRT: Volume rendering technique. 
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Figure 9  Tracheal membrane. Sagittal MPR (A) and sagittal MinIP (B) images show a partially occluding thin membrane in subglottic airway (arrow). Note made of 
tracheostomy tube insitu. Virtual bronchoscopy (C) shows circumferential membrane causing narrowing of airway lumen with similar finding confirmed on fiberoptic 
bronchoscopy. MPR: Multiplanar reformation; MinIP: Minimum intensity projection.

Figure 10  Post intubation mucosal synechiae. Sagittal MPR (A) and MinIP (B) images show thin membrane like adhesions within the airway at subglottic (black 
arrow) and upper tracheal (red arrow) levels extending across the airway lumen and compromising its patency suggestive of synechiae formation. The corresponding 
appearance of these synechiae are very well demonstrated on virtual bronchoscopy (C and D). MPR: Multiplanar reformation; MinIP: Minimum intensity projection.
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patient is taken up for surgery. The MPR and volume 
rendering technique images are helpful in appreciating 
the vertical length of the lesion more precisely.

Other complication like diverticulum at the stoma 
site and tracheocutaneous fistula can also develop after 
tracheostomy. MDCT can accurately demonstrate the 
location, dimension and tract of the fistula which has 
an implication on the surgical management of these 
patients (Figure 11).

Foreign body aspiration: Foreign body aspiration is 
generally encountered in young children (aged between 
6 mo to 5 years) and is a frequent cause of morbidity 
and mortality[29,30]. Foreign body aspiration is potentially 
life threatening if not recognised early and appropriately 
treated. Any child with acute stridor should always 
be evaluated for potential aspiration of foreign body. 
However, patients with chronically impacted foreign 
body are difficult to diagnose. They usually present 
with recurrent wheezing and radiographs if obtained 
may show pulmonary infiltrates, bronchiectatic changes 
or lung abscess[31]. Aspiration of organic vegetative 
objects is more dangerous as these swell with bronchial 
secretions and cause progressively increasing airway 
obstruction. Allergic and chemical bronchitis is also a 
frequent complication of aspiration of organic foreign 

body[32].
In suspected cases of foreign body aspiration, 

obtaining radiographs in both inspiratory and expiratory 
phases can be helpful. Decubitus view and fluoroscopic 
assessment can also be performed to look for features 
of airway obstruction like hyperinflation. However, 
radiographs are normal in around one-third of these 
cases and nearly 90% of these foreign bodies are 
radiolucent[33]. Therefore, the advantage of MDCT in 
evaluating these cases lies in the fact that it can detect 
both radioopaque and radiolucent foreign bodies (like 
plastic and organic food items). The aspirated radiolucent 
objects usually appear as non-enhancing soft tissue 
structure within the airway causing partial or complete 
airway obstruction (Figure 12). CT also help in identifying 
ancillary post obstructive findings like hyperinflation, 
lobar atelectasis or complete lung collapse (Figure 13)[34].

Broncholithiasis: The presence of calcific/ossific 
material within the bronchial lumen is called broncho
lithiasis. It is most commonly associated with erosion 
of the airway by a calcified lymph node caused by 
long-standing foci of granulomatous lymphadenitis like 
tubercular infection which can then extrude into the 
lumen of the bronchus. Other rarer causes include in-
situ calcification of chronically aspirated foreign body 
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Figure 11  Post tracheostomy tracheo-cutaneous fistula. Axial (A) and oblique sagittal MPR (B) images show the fistula as an abnormal tract extending from 
antero-lateral wall of upper trachea to the skin surface (arrow). This fistulous tract is very well demonstrated on VRT image (C, arrow). MPR: Multiplanar reformation; 
VRT: Volume rendering technique.
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Figure 12  Foreign body aspiration. Coronal MPR images of thorax in lung settings (A) and mediastinal window settings (B) reveal soft tissue density attenuating left 
main bronchus (arrow) with associated hyperinflation of left lung. Virtual bronchoscopy (C) shows obstruction of left main bronchus with lobulated surface confirmed to 
be endobronchial foreign body (arrow) on conventional bronchoscopy (D). MPR: Multiplanar reformation.
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or even migration of calcified pleural plaque into the 
bronchus[35]. CT has high spatial resolution and superior 
ability to depict calcification. Therefore it provides 
useful information in the evaluation of suspected case 
of broncholithiasis. The presence of endobronchial or 
peribronchial calcified nodule is highly suggestive of 
broncholithiasis. It can also show features of bronchial 
obstruction like atelectasis, obstructive pneumonitis or 
bronchiectasis (Figure 14).

Tracheal wall pathology
Post traumatic tracheal rent: Tracheo-bronchial 
injuries are rare but they can occur in motor-vehicle 
accidents with trauma to the thoracic cavity. The injury 
predominantly involves the posterior membranous 
wall of intrathoracic trachea. The injury occurs due to 
sudden increase in the intra-airway pressure against a 
closed glottis at the time of injury[36].

MDCT depicts the site of injury as a focal or circum
ferential defect in tracheal wall, deformed tracheal 
contour or fistulous communication with adjacent 
structures (Figure 15)[36]. Other non-specific signs 
include pneumo-mediastinum, pneumo-thorax and 
non-resolving subcutaneous emphysema. Tracheo-
bronchial injury is an emergency and early diagnosis 

with immediate surgical repair is necessary to reduce 
morbidity and mortality in such patients.

Tracheo-esophageal fistula: Esophageal atresia and 
tracheoesophageal fistula are a group of congenital 
anomalies involving the structures arising from primitive 
foregut. They occur due to an unknown intrauterine 
insult during the normal process of separation of 
primitive foregut into trachea and esophagus. (Figure 
15)[37]. Tracheo-esophageal fistula can be an isolated 
anomaly or a part of VACTERL complex (vertebral, 
anal, cardiac, tracheal, esophageal, renal, and limb 
anomalies)[38].

However current usefulness of pre-operative CT in 
cases of tracheoesophageal fistula is controversial. It 
provides limited information about the fistulous tract 
as compared to endoscopy. Thus, the use of CT scan 
is not routinely recommended in the management of 
tracheoesophageal atresia.

Extrinsic focal lesions
Vascular compression: Anomalous mediastinal 
vessels (aorta and pulmonary arteries) are important 
causes of compression of the trachea. Although a 
majority of these patients are asymptomatic, vascular 
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Figure 13  Chronic foreign body aspiration. Axial (A) and oblique coronal MPR (B) images reveal soft tissue density partially occluding the left main bronchus 
(arrow) with consolidation of left lung and associated bronchiectatic changes. Coronal MinIP image (C) shows attenuation of left main bronchus (arrow) with collapse 
of left lung. Endobronchial foreign body within left main bronchus was confirmed to be a small piece of plastic on conventional bronchoscopy (D). MPR: Multiplanar 
reformation; MinIP: Minimum intensity projection.
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Figure 14  Broncholith. Axial (A) and coronal MPR (B) images show a hyperdense calcific density within the right main bronchus (arrow) with collapse-consolidation 
and bronchiectasis in the right lung (a). MPR: multiplanar reformation.
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compression of the airway have been observed in 
13%-26% of children who undergo bronchoscopy for 
persistent wheezing, stridor and apnea[39]. The vascular 
anomalies that present with airway compression include 
double aortic arch, anomalous course of innominate 
artery and pulmonary artery sling.

Double aortic arch is a vascular anomaly that 
occurs due to non regression of right aortic arch during 
intrauterine development. There is persistence of both 
right and left aortic arches, which form a vascular ring 
encircling and compressing esophagus and trachea. 
Each arch gives off two branches - the common carotid 
and subclavian arteries supplying ipsilateral sides of 
the body giving the characteristic “four vessel sign” 
(Figure 16). In most of the cases the right sided arch 
is higher and is larger in diameter. However they can 
also be in the same plane or the right sided arch may 
even be lower in location. Sometimes one of the arches 
may be replaced by a fibrous cord with absent luminal 
patency[40].

The innominate artery can sometimes have an 
anomalous course and originate at a point farther 
along the arch than is normal; when it does so, it winds 
around the anterior surface of the trachea as it courses 
upward and to the right. If this vessel is large and taut, 
it can compress the trachea to a serious degree (Figure 

17). 
Left pulmonary artery sling is a rare anomaly 

characterized by abnormal origin and course of left 
pulmonary artery. The left pulmonary artery has an 
anomalous origin from right pulmonary artery and 
courses between trachea and esophagus before  
entering the left hilum (Figure 18). It is thought to result 
from a failure of formation of the 6th aortic arch. Nearly 
half of the infants born with this condition present with 
symptoms of airway compression at birth. At one month 
of age, approximately 65% of the children develop 
stridor of varying degree[41]. 

Bronchogenic cyst: Bronchogenic cysts are intra-
thoracic cystic developmental lesions caused by 
abnormal antenatal budding of the tracheobronchial 
tree[42,43]. These are included under the broad spectrum 
of foregut duplication cysts that also includes neuren
teric cysts and enteric cysts. Bronchogenic cysts are 
typically located in the middle mediastinum with 
subcarinal region being the most common site followed 
by right paratracheal location[44]. Rarely, they can also 
occur as intra-pulmonary lesions most of which are 
located in the lower lobes[44]. Small bronchogenic cysts 
are usually asymptomatic; however large lesions can 
cause mass effect on adjacent structures like the airway 
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Figure 15  Airway wall pathology. Traumatic tracheal rent-Axial (A) and oblique coronal MinIP (B) images show a focal air containing outpouching at the level of 
carina in midline projecting antero-inferiorly (arrows). Virtual bronchoscopy (C) shows a focal defect within the wall of trachea at the level of carina (arrow). Note made 
of marked subcutaneous emphysema (arrowhead in B ). Tracheo-esophageal fistula-sagittal MPR image (D) of another case shows a thin faint air containing tract 
(arrow) extending from esophagus (e) to trachea (t). MPR: Multiplanar reformation; MinIP: Minimum intensity projection.

Figure 16  Double aortic arch. Serial axial images (A-D) of thorax (in caudo-cranial direction) reveal 2 aortic arches encircling and compressing trachea (t) and 
esophagus (e). Ipsilateral subclavian and common carotid arteries arise from each arch giving a characteristic “4-vessel sign” (arrows in D).
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or esophagus causing respiratory distress and feeding 
difficulty respectively[43,44].

Bronchogenic cysts are usually single and show 
characteristic MDCT appearance of a well-circumscribed 
round or oval lesion with homogenous fluid attenuation 
(Figures 19 and 20). On contrast administration, they 
usually do not enhance or show minimal peripheral 
rim enhancement. The presence of thick walls, solid 
component, calcification or septations is unusual. If they 
cause substantial mass effect on adjacent airways post 
obstructive features like hyperinflation or lung collapse 

may also occur. Bronchogenic cysts can sometimes 
appear as an air containing cystic lesion if a fistulous 
communication develop with the airway (Figure 21).

Impacted esophageal foreign body: Foreign body 
ingestion with impaction within the oesophagus can 
rarely cause compression on the airway. Such cases 
are rarely encountered however may be seen especially 
in very young children who have a compliant airway 
which gets compressed extraluminally leading to airway 
compromise and post obstructive pulmonary changes 
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Figure 17  Innominate artery compression. Contrast enhanced axial (A) and sagittal MPR (B) images show extraluminal compression of trachea by anomalous 
course of innominate artery winding around the anterior wall of trachea (arrow). 3D VRT image (C) shows smooth indentation on the tracheal air column (arrow). MPR: 
Multiplanar reformation; VRT: Volume rendering technique.

Figure 18  Left pulmonary artery sling. Contrast enhanced axial (A) and sagittal MPR (B) images reveal aberrant course of left pulmonary artery between trachea 
and esophagus (arrow) causing tracheal compression and vascular indentation on esophagus. Note made of left superior vena cava (a). Virtual bronchoscopy (C) 
shows an eccentric impression causing focal narrowing of the tracheal lumen (arrow). MPR: Multiplanar reformation.
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Figure 19  Subcarinal bronchogenic cyst. Frontal radiograph of chest (A) reveals mediastinal widening (arrow). Contrast enhanced axial (B) and coronal MPR (C) 
images reveal well defined non-enhancing homogenous fluid attenuation lesion in subcarinal location (a) narrowing the bronchial divisions with resultant subsegmental 
atelectasis in left lower lobe. MPR: Multiplanar reformation.
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like atelectasis, consolidation and collapse (Figure 
22)[45,46].

Lymphadenopathy: The mediastinum and pulmonary 
hila have a rich network of lymphatic tissues. These 
can enlarge due to various disease conditions including 
infective aetiologies like tuberculosis, histoplasmosis 
and malignant conditions like lymphoma and small cell 
lung cancer[47]. These may obstruct the airway to cause 
post obstructive pulmonary changes like atelectasis 
and collapse (Figure 23). Enlarged lymph nodes may 
also erode and infiltrate into the adjacent tracheal 
and bronchial wall leading to focal discontinuity of 
the airway wall (Figure 24). MDCT clearly depicts the 
cause of compression as enlarged lymph nodes and 
may also characterize primary pathology leading to 
lymphadenopathy.

DIFFUSE AIRWAY LESIONS
Saber-sheath trachea
Saber-sheath trachea is an abnormal morphological 
appearance of trachea seen in association with chronic 
obstructive pulmonary disease (COPD). It is seen 

almost exclusively in men and is characterized by 
reduced transverse and increased sagittal diameter 
of intrathoracic trachea (Figure 25). The sagittal-to-
coronal diameter ratio is greater than 2[48]. The extra-
thoracic trachea is not affected. Repeated injury to the 
airway from chronic coughing in patients with COPD 
is the probable cause. These changes initially begin at 
the thoracic inlet but can progress to involve the entire 
intrathoracic trachea over time. Other smoking-related 
conditions may be present such as emphysema and 
respiratory bronchiolitis[49].

Tracheo-bronchomegaly
This is also referred to as Mounier-Kuhn syndrome. 
There is dilatation of the central airway with the 
mucosa projecting between the cartilaginous rings 
forming multiple diverticulae. This gives a characteristic 
corrugated appearance of trachea and mainstem 
bronchi (Figure 26). This entity is seen in patients 
with recurrent respiratory infections in their 3rd and 4th 
decade resulting in thinning of the muscularis mucosa 
of airway[50]. Mounier-Kuhn syndrome is characterized 
by tracheal diameter of more than 3 cm and mainstem 
bronchi diameters of greater than 2.4 cm[50,51]. 
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Figure 20  Paratracheal bronchogenic cyst. Coronal MPR image (A) shows large well defined non enhancing fluid attenuation lesion (a) in right paratracheal 
location with mass effect on adjacent trachea causing tracheal luminal attenuation (arrow). Coronal MinIP (B) and VRT (C) images show extrinsic mass effect on the 
airway (arrow) and right lung. Virtual bronchoscopy (D) clearly demonstrates the smooth extraluminal compression along the right wall of trachea causing luminal 
compromise. MPR: multiplanar reformation; MinIP: Minimum intensity projection; VRT: Volume rendering technique.
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Figure 21  Bronchogenic cyst. Frontal radiograph of chest (A) shows a well-defined air filled cystic lesion in the retrocardiac location. Axial (B), coronal (C) and 
sagittal (D) MPR images show a large well defined homogenous air containing lesion (arrow) with carinal widening. The lesion is causing partial airway obstruction 
seen as air trapping in right middle lobe (a). MPR: Multiplanar reformation.
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Figure 22  Impacted esophageal foreign body compressing airway. Frontal (A) and lateral (B) radiographs of chest reveal a well-defined round radio-opaque 
foreign body in the esophagus at the level of carina (arrows) with associated volume loss of left lung. Contrast enhanced axial (C) and sagittal (D) MPR images 
show a hyperdense foreign body giving streak artefacts impacted within the esophagus (arrow). Coronal MinIP image (E) shows near complete occlusion of left main 
bronchus (arrowhead) by the impacted esophageal foreign body (arrow) with collapse of left lung. MPR: Multiplanar reformation; MinIP: Minimum intensity projection.
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Figure 23  Enlarged tubercular lymph nodes compressing airway. Contrast enhanced axial (A) and coronal MPR (B) images show enlarged necrotic lymph nodal 
mass (n) in subcarinal station causing carinal widening and compression of left main bronchus (arrow). VRT (C) and virtual bronchoscopy (D) images also show 
compression of left main bronchus (arrow). MPR: Multiplanar reformation; VRT: Volume rendering technique.

Figure 24  Paratracheal erosive malignant lymph nodes. Contrast enhanced axial (A) and coronal MPR (B) images show enlarged necrotic paratracheal lymph 
nodes eroding adjacent airway and showing foci of air within. There is a hypodense mass lesion (arrowhead in B) in right lobe of thyroid (patient was a known case of 
metastatic papillary thyroid carcinoma). Enlarged necrotic left lower jugular lymph nodes (a in B) also noted. Virtual bronchoscopy (C) shows focal area of irregularity 
along left lateral tracheal wall (arrow). MPR: Multiplanar reformation.
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Tracheobronchopathia osteochondrodisplastica
Tracheobronchopathia osteochondroplastica is a rare, 
benign condition involving the trachea, and possibly 
major bronchi. The disease is characterised by diffuse 
nodularities, or polyps consisting of cartilaginous 
and/or osseous metaplastic tissue involving tracheal 
cartilagenous wall with sparing of membranous posterior 
wall (Figure 27)[52]. The nodules are 1 to 3 mm in 
diameter and may cause narrowing and rigidity of the 
trachea and bronchi. The majority of people remain 
asymptomatic throughout their lives unless severe 
airway stenosis develops, in which case patients may 
experience symptoms such as dyspnoea, hoarseness, 
persistent and often productive cough, haemoptysis and 
recurrent or slowly resolving pneumonia[53].

MISCELLANEOUS DEVELOPMENTAL 
ANOMALIES
Tracheal bronchus/displaced bronchus 
The term tracheal bronchus was initially used for a 
right upper lobe bronchus originating from trachea 
by Sandifort in 1785. However, currently the term is 
applied for a variety of anomalous bronchi that supply 
the upper lobe or its apical segment. The anomalous 
bronchi may originate from trachea or main bronchi 
(Figure 28)[38]. Patients are usually asymptomatic. 
However, in patients presenting with persistent/
recurrent pneumonia or atelectasis of the upper lobe, a 
possibility of tracheal bronchus should be kept in mind.
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Figure 25  Saber-sheath trachea. In a 70-year old male with chronic obstructive pulmonary disease, axial images of thorax in mediastinal (A) and lung (B) window 
settings show increase in antero-posterior diameter of the trachea with narrowing of the transverse diameter. The sagittal to transverse diameter ratio measured 2.13:1.
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Figure 26  Mounier Kuhn syndrome. Axial images (A and B) show dilated trachea-AP diameter 3.6 cm at level of aortic arch (A) with dilated bronchi (B) and 
diverticula formation. Bronchiectasis is seen in bilateral upper and left lower lobes with collapse of lingula (arrow in B). Coronal MinIP (C) and VRT (D) images show 
tracheo-bronchomegaly with diffuse diverticulosis (arrows). Virtual bronchoscopy also shows diffusely scattered defects in the walls of upper trachea (E), carina (F), 
right (G) and left (H) main bronchi. MinIP: Minimum intensity projection; VRT: Volume rendering technique.
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Bronchial agenesis
Bronchial agenesis is always associated with congenital 
absence of lung, i.e., pulmonary agenesis and absence 
of its vascular supply[54]. Bilateral lung agenesis is 
always fatal in antenatal or immediate postnatal period. 
Infants with unilateral agenesis usually survive, but they 
may have associated congenital heart disease, trachea-
esophageal atresia, spinal and renal anomalies[39]. These 
neonates usually present with respiratory distress. They 
can also be discovered incidentally in older children and 

adults. MDCT is the modality of choice as it can easily 
diagnose the absence of lung parenchyma, bronchus 
and pulmonary vessels (Figure 29).

CONCLUSION 
MDCT is a rapid and non-invasive investigation for 
evaluation of patients with suspected airway pathology. 
It is highly accurate in evaluating intraluminal obstru
ction, extraluminal vascular anomalies and airway wall 
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Figure 27  Tracheobronchopathia osteochondrodisplastica. Axial images of thorax (A and B) show irregular nodular thickening with foci of calcification involving 
the anterior and lateral walls of trachea (arrows). There is characteristic sparing of the posterior tracheal membrane.
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Figure 28  Displaced bronchus. Case 1: Coronal MinIP (A) and VRT (B) images show anomalous origin of right upper lobe bronchus from trachea-“Pig bronchus/
bronchus suis” (arrow). Case 2: Coronal MPR (C) and MinIP (D) images show anomalous origin of the right apical segment bronchus from right main bronchus (arrow). 
MPR: Multiplanar reformation; MinIP: Minimum intensity projection; VRT: Volume rendering technique.
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Figure 29  Bronchial agenesis. Axial (A) and coronal MinIP (B) images show absent left lung with left sided mediastinal shift and volume loss. Main pulmonary artery 
(a) continues as right pulmonary artery with absent left pulmonary artery. There is also associated absence of left main bronchus. MinIP: Minimum intensity projection.
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defects. The entire extra luminal anatomy anatomy 
is clearly delineated and any associated finding within 
the mediastinum or lung parenchyma is also clearly 
depicted. Therefore, it provides a comprehensive infor
mation about the extent of disease process including 
the luminal and extraluminal components. In addition, 
VB can also help access sites beyond a proximal stenosis 
which cannot be seen on conventional bronchoscopy 
due to the inability of bronchoscope to negotiate through 
a proximal occlusive lesion. Therefore MDCT has an 
immense potential to emerge as a non-invasive, rapidly 
reproducible investigation tool which can provide infor
mation about primary airway disease as well as extra
luminal pathologies affecting the airway.
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Abstract
Alzheimer’s disease (AD) is characterized by a non-
linear progressive course and several aspects influence 
the relationship between cerebral amount of AD patho
logy and the clinical expression of the disease. Brain 
cognitive reserve (CR) refers to the hypothesized capa
city of an adult brain to cope with brain damage in 
order to minimize symptomatology. CR phenomenon 
contributed to explain the disjunction between the 
degree of neurodegeneration and the clinical phenotype 
of AD. The possibility to track brain amyloidosis (Aβ) 
in vivo  has huge relevance for AD diagnosis and new 
therapeutic approaches. The clinical repercussions 
of positron emission tomography (PET)-assessed Aβ 
load are certainly mediated by CR thus potentially 
hampering the prognostic meaning of amyloid PET 
in selected groups of patients. Similarly, amyloid PET 
and cerebrospinal fluid amyloidosis biomarkers have 
recently provided new evidence for CR. The present 
review discusses the concept of CR in the framework 
of available neuroimaging studies and specifically deals 
with the reciprocal influences between amyloid PET and 
CR in AD patients and with the potential consequent 
interventional strategies for AD.

Key words: Cognitive reserve; Amyloid positron emission 
tomography; Mild cognitive impairment; Alzheimer 
disease; Brain
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Core tip: Given the large population of aging individuals 
and the consequent huge, progressive Alzheimer’s 
disease (AD)-related healthcare costs, it is critical to 
find effective therapeutic strategies to mitigate the 
AD cognitive dysfunction. Accordingly, understanding 
the neurobiological mechanisms underlying cognitive 
reserve (CR) is of utmost importance. Instead, Amyloid 
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positron emission tomography (PET) has recently 
improved our knowledge in the field of CR. The present 
review discusses the concept of CR in the framework 
of available neuroimaging studies and specifically deals 
with the reciprocal influences between Amyloid PET and 
CR in AD patients and with the potential consequent 
interventional strategies for AD.

Bauckneht M, Picco A, Nobili F, Morbelli S. Amyloid positron 
emission tomography and cognitive reserve. World J Radiol 
2015; 7(12): 475-483  Available from: URL: http://www.
wjgnet.com/1949-8470/full/v7/i12/475.htm  DOI: http://dx.doi.
org/10.4329/wjr.v7.i12.475

INTRODUCTION
Alzheimer’s disease (AD) is the most common neurode­
generative cause of dementia and affects around 10% 
of individuals over age 65 and up to 40% of individuals 
over age 85[1]. In 2010 it has been estimated that 4.7 
million individuals aged 65 years or older were affected 
by AD in the United States with the total number 
of people with AD dementia projected to be 13.8 
million in 2050[1]. AD is characterized by a progressive 
deterioration in memory and other cognitive abilities 
as well as in capability for independent living. The 
course of AD is variable[2], but symptoms tend to 
develop over the same general steps: Mild cognitive 
impairment (MCI) (which in typical forms begin with 
episodic memory impairment), slow, progressive 
affection of other cognitive domains and, eventually, 
dementia[3]. Amyloid deposition and tau pathology 
(neurofibrillary tangles) within the cerebral cortex are 
the neuropathological hallmarks of AD[4]. Several lines 
of evidence, demonstrated that AD is characterized by a 
non-linear progressive course and that several aspects 
may influence the relationship between cerebral amount 
of AD pathology and its clinical expression[3,5,6]. In fact, it 
has been shown that at least 20% of elderly people who 
are cognitively normal before death show postmortem 
findings sufficient to fulfill neuropathological criteria 
for AD[7,8]. On the other hand, several studies showed 
that biological factors such as the age of onset and 
the expression of Apolipoprotein E genotype, can be 
associated with a faster cognitive decline[9,10]. Similarly, 
increasing evidence has highlighted the role of oxidative 
stress in AD, because of the increased production of 
reactive oxygen species and the influence of oxidative 
stress on brain energy metabolism[11].

Accordingly clinical expression of AD is critically 
affected by the resilience of the individual brain to 
molecular mechanisms and neuropathology[12]. These 
complex mechanisms have been historically referred 
to as Brain Cognitive Reserve phenomenon (CR[13]).  
CR refers to the hypothesized capacity of an adult 
brain to cope with brain damage in order to minimize 
symptomatology[13]. Individuals with high reserve are 

thought to have either higher number of neurons and 
synapses (“brain reserve”), and/or a better ability to 
put in place alternative strategies or compensatory 
mechanisms (“cognitive reserve”) than individuals with 
low reserve[12,14]. Therefore, CR phenomenon may also at 
least partially explain the disjunction between the degree 
of neurodegeneration and the clinical phenotype of AD. 

In this framework it has been hypothesized that 
not only duration of formal education, but also the 
quality of performance throughout the years can 
influence CR and the general brain reaction to AD 
pathology in clinical terms[12]. First evidence for CR 
date back to the 80’s, when neuropathological studies 
highlighted the existence of subgroups of cognitively 
intact subjects matching criteria for AD at autopsy[7]. 
In the following decades, structural [magnetic reson­
ance imaging (MRI)] and functional (MRI, SPECT and 
PET) studies have confirmed the existence of CR and 
allowed a better comprehension and anatomical locali­
zation of this phenomenon. In more recent years, 
the availability of new molecular probes sensitive to 
amyloid-beta (Aβ) deposition have allowed the in vivo 
demonstration of amyloid load by means of PET (Amy-
PET)[15-18]. The possibility to track Aβ pathology in 
vivo has huge relevance for AD diagnosis and clinical 
trials. The oldest and more extensively studied PET 
tracer for Amy-PET is the Carbon11 labeled pittsburgh 
compound B (PiB)[15]. More recently three fluorine18 
labeled compounds have been developed. Following 
multicenter phase 3 trials, they were all approved 
both in the United States and Europe to in vivo image 
amyloid plaques[18-20]. Accordingly, appropriate use 
criteria have been now proposed for the use of Amy-
PET[21]. Although obtaining in vivo information about 
the presence of amyloid pathology allowed a greater 
accuracy in the work up of patients with suspected AD, 
the clinical repercussions of PET-assessed Aβ load are 
certainly mediated by CR. In fact CR can potentially 
hamper the prognostic meaning of Amy-PET at least 
in selected groups of patients. On the other side CR 
phenomenon itself has gained renovated interest from 
the possibility of knowing and in vivo localizing Aβ load 
by means of PET thus providing further evidence for a 
more etiopathological effect of CR[22,23]. Therefore on 
the one side, Amy-PET [and cerebrospinal fluid (CSF) 
amyloidosis biomarkers] provide new evidence for CR, 
on the other side, CR has clinical and pathophysiological 
repercussion for the study of AD, especially now, in 
the era of brain amyloidosis biomarkers. The present 
review discusses the concept of CR in the framework 
of available neuroimaging studies and specifically deals 
with the reciprocal influences between Amy-PET and 
CR in AD patients and with the potential consequent 
interventional strategies for AD.

CONCEPT OF COGNITIVE RESERVE: 
PIONEERING STUDIES
Historically the first model proposed to explain CR 
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was referred to quantitative measures of head circum­
ference, brain size[24], and synaptic or neuronal 
count[25]. According to this approach, individuals with 
more neurons required more brain damage to reach a 
threshold of clinically evident dementia (passive model 
of CR). However, since the first studies on CR, subjects 
with either greater brain size, quantities of neurons 
or synapses were demonstrated to have different 
epidemiological/demographic features that can be 
responsible for CR and thus can serve as proxies for 
reserve. These factors include measures of educational 
attainment and socioeconomic status, such as income 
or occupational attainment. Similarly, physical activity 
and cognitive activity even during midlife have been 
associated with a reduced risk of AD[26,27]. However, 
since the first studies education has probably been 
the most widely used proxy for CR. In fact level of 
education is relatively easy to ascertain. Moreover, 
proposed model fitted to the epidemiological evidence 
that higher incidence of AD and other dementia was 
observed among elder populations with low levels of 
education[27]. However, this epidemiological approach 
lacks of anatomic localization and produces only indirect 
(based on neuropsychology) evidence about brain 
functional damage and networking[28]. 

CONRIBUTION OF NEUROIMAGING TO 
THE UNDERSTANDING OF CR
Due to these limitations many groups turned to fun­
ctional neuroimaging approach, which is able to provide 
a more precise proxy measure about CR in vivo, 
thus allowing a more comprehensive understanding 
and localization of this phenomenon. In fact, while 
neuropsychological test results are influenced by the 
cognitive ability of the patient and his/her motivation 
to perform the tests, the imaging-assessed brain 
impairment more closely reflects the underlying brain 
damage (i.e., neurodegeneration). In this line, functional 
neuroimaging supported the idea that even when 
neurodegeneration is higher in educated individuals, 
the clinical phenotype of AD may be similar to those 
in patients with lower education and less pathology[14]. 
Based on this integrated approach, CR can be defined 
as the difference between an individual’s expected 
(based on neuroimaging) and actual (assessed by 
neuropsychology) cognitive performance. 

To elucidate these mechanisms, several imaging 
studies have originally used resting regional cerebral 
blood flow (rCBF) PET measurement as a surrogate of 
AD pathology[29]. In these studies correlation between 
rCBF on one side and education and life-time activities 
score on the other was tested and an inverse correlation 
with rCBF in temporal-parietal-occipital areas was 
demonstrated in AD patients[29]. 

Similar results were obtained by means of 3D 
MRI analysis demonstrating that education increases 
regional cortical thickness in healthy controls, while it 

is inversely correlated with regional cortical thicknesses 
in temporal, parietal and occipital regions in AD 
patients[30]. Finally, FDG-PET studies demonstrated that 
reserve mechanism are already at work in patients 
with amnestic mild cognitive impairment (aMCI) and 
prodromal Alzheimer’s disease (pAD) patients[14,31]. In 
fact, even in this early stages, AD patients with higher 
education showed more severe and extended “posterior” 
AD typical brain hypometabolism with respect to 
poorly educated patients expressing the same level of 
cognitive symptoms[14,31]. This means that in early stage 
of disease CR may have meaningful repercussions 
for the clinical diagnosis of AD as highly educated 
prodromal AD patients can clinically hide the disease 
for a longer period of time. Accordingly, new lines of 
research focused on the mechanism(s) specifically 
allowing highly educated AD to cope with their greater 
brain damage. These mechanisms, evaluated by 
means of functional MRI and H215O PET activation 
studies as well with resting FDG PET, allowed to develop 
the so-called “active model” of CR[29,32]. As CR allows 
maintenance of effective function across a wide range 
of activities despite the presence of brain pathology, 
it can be hypothesized that a specific network (or 
multiple integrated networks) are able to sustain CR 
and thus patients’ cognitive function and independent 
activities of daily leaving[33,34]. To investigate this 
hypothesis, Stern’s group[35] carried out a fMRI study 
by scanning young and elder subjects while performing 
two different tasks underlying two different cognitive 
domains and activations were regressed onto putative 
CR variables. A common network was actually identified 
including bilateral superior and medial frontal gyri thus 
suggesting a central role of the frontal cortex in CR- 
mediating mechanism[35]. Another possible strategy to 
identify a specific CR network is the so-called metabolic 
connectivity analysis of brain 18F-FDG PET studies[36]. In 
fact by calculating correlation coefficients -or pattern of 
intercorrelations- between values of FDG uptake, it is 
possible to estimate the functional association between 
cerebral areas[36]. Therefore interregional correlations 
of metabolic glucose rates can be regarded in terms 
of “traffic (metabolic-functional connectivity) in the 
anatomical ‘roads’ present in the brain” which, by 
contrast, can be investigated by other neuroimaging 
methods such as diffusion tensor imaging[37,38]. Morbelli 
et al[14] investigated functional mechanisms underling 
CR in 64 early stage AD patients and 90 healthy controls 
who underwent brain 18F-FDG PET. Highly and poorly 
educated subjects were compared bidirectionally and 
with age and education-matched controls. It was indeed 
demonstrated that although AD-typical damage is more 
prominent in highly educated subjects, highly educated 
pAD have also a relatively higher metabolic levels with 
respect to poorly educated patients in the right inferior, 
middle, and superior frontal gyri with respect to less 
educated AD subjects. 

These regions, which corresponded to the right 
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the age of 65 years can have brain uptake above a 
predetermined threshold for AD in at least one region 
of interest[42,43]. This evidence can be at least partially 
linked to CR phenomenon. In fact it was further demon­
strated that even in patients with AD, the well-known 
greater posterior hypometabolism present in highly 
educated pAD is paralleled by a greater Amy-PET tracer’s 
uptake especially in the ventrolateral frontal cortex[44]. 
While only longitudinal evaluation of Amy-PET positive 
cognitively normal subjects can allow to access their 
long term outcome, this evidence have important 
diagnostic repercussion. In fact as CR is influenced by 
several (often measurable) epidemiological and social 
factors, these factors could be taken into account to 
support the final diagnosis of probable AD by means of 
Amy-PET or CSF amyloidosis biomarkers. Kemppainen 
et al[44] tested this hypothesis by assessing whether 
factors thought to influence the association of AD 
pathology and dementia help to accurately identify 
dementia of the Alzheimer type when considered 
together with Amy-PET. They generated receiver 
operating characteristic curves to compare the predictive 
accuracy of using Amy-PET alone or Amy-PET together 
with the above mentioned factors with the aim to tell 
apart AD patients from subjects with normal cognition. 
In this study, factors reported to influence associations 
between AD pathology and dementia demonstrated 
to improve the predictive accuracy of amyloid imaging 
for the identification of symptomatic AD. In fact, if a 
scan is performed and found positive (i.e., in depressed 
patients with concurrent cognitive impairment), the 
risk of incidental brain amyloidosis must be taken into 
consideration when defining probable diagnosis and 
planning subsequent management[45]. In this scenario 
high prognostic value of Amy-PET is present in case 
of a negative scan thus virtually excluding AD and 
encouraging a more vigorous evaluation of alternative 
diagnoses and treatment (for example when differential 
diagnosis was defined with respect to depression)[45].  
By contrast to exclude the presence of “incidental” 
positivity of Amy-PET the use of different biomarkers 
(i.e., biomarkers of neurodegeneration) can be pro­
posed to support a diagnosis of AD. In fact glucose 
hypometabolism as assessed by means of 18F-FDG PET 
as well as brain atrophy are more directly associated 
with neurodegeneration and thus with concurrent 
cognitive function[46]. Noteworthy, if CR phenomenon 
is at work, PET-assessed hypometabolism might be 
markedly reduced even in presence of a mild cognitive 
impairment. The validity of this approach have been 
recently confirmed by a large retrospective multicenter 
study showing that, in clinical setting, the combined 
use of both amyloid and neuronal injury markers 
offers the most accurate prognosis in MCI patients[47]. 
Besides underlying the importance of integrating Amy-
PET with neurodegeneration biomarkers, the issue 
of positive Amy-PET in cognitive normal subjects 
further supports the need of a standardized approach 

dorsolateral prefrontal cortex (DLFC), were then included 
as covariates in the subsequent metabolic connectivity 
analysis in highly and poorly educated AD patients. As 
the results, in highly educated AD patients, metabolism 
of the DLFC correlated significantly with that of several 
cortical areas in both hemispheres, while it was basically 
only auto correlated in poorly educated AD. Accordingly 
this metabolic connectivity analysis supports the exis­
tence of a network mediating CR and is anatomically 
consistent with a crucial role of lateral frontal cortex 
in CR-mediating mechanism. However, all these 
analyses did not completely elucidate whether these 
functional networks are due to preserved functional 
connections that are physiologically present in more 
educated subjects (i.e., the brain reserve component of 
cognitive reserve) or to the recruitment of alternative 
neural networks able to support cognitive function just 
in the presence of disease related damage elsewhere 
(i.e., the brain compensation component of cognitive 
reserve)[33]. To specifically address this aspect, the 
same analysis was extended to the control groups and 
demonstrated that the large bilateral fronto-temporal-
limbic metabolic network related to CR was actually 
present and topographically similar in highly educated 
controls. However this network was quantitatively less 
pronounced with respect to highly educated AD patients 
thus demonstrating that CR in early AD patients with 
a high level of education is a result of both neural 
reserve and neural compensation[14]. The importance 
of reinforcement in brain connectivity in healthy elders 
was further confirmed in a multimodal imaging study 
involving 36 healthy elders presenting normal cognition 
and a negative florbetapir-PET scan[39]. In fact, seed 
connectivity analyses of resting state fMRI showed that 
education was positively related to the magnitude of 
functional connectivity between the anterior cingulate 
cortex and the hippocampus as well as the inferior 
frontal lobe, posterior cingulate cortex and angular 
gyrus. 

IMPLICATION OF CR FOR CLINICAL USE 
AMYLOID IMAGING
Amy-PET offers great promise to facilitate the evaluation 
of patients in a clinical setting, to improve our under­
standing of AD pathophysiology and to advance the 
development of effective therapy.

In vivo PET studies have shown an increased uptake 
of amyloid ligand 11C-labeled Pittsburgh Compound 
B ([11C]PIB) and fluorinated Amy-PET tracers in AD 
and mild cognitive impairment patients, especially 
in the frontal, parietal, and temporal cortices and in 
the posterior cingulate, which indicates an increased 
amyloid accumulation in these areas[40,41]. However, 
in agreement with reports that significant Aβ deposits 
can be found in the brain of cognitively normal elderly 
individuals at autopsy, Amy-PET studies revealed that 
20%-40% of cognitively unimpaired individuals over 
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to Amy-PET quantification. In fact, to date there’s still 
considerable variability in the numbers reported as 
quantitative outcome measures of tracer retention. Many 
international efforts are ongoing to address the problem 
of Amy-PET quantification[48]. Besides the increased 
accuracy and consistency potentially provided by tracer 
binding quantification, a further possible benefit would 
be related to the possibility of defining three ranges of 
amyloid deposition: (1) the amyloid-negative range; 
(2) the “AD-like” range; and (3) the “just-positive” 
range[48,49]. A greater comprehension of this latter range 
may be of interest to better differentiated “incidental”
amyloid load from amyloid load in the AD-like range in 
cognitively intact subjects with greater CR.

IMPLICATION OF AMYLOID IMAGING 
FOR COMPREHENSION OF CR
Many implications have been derived from CR for the 
clinical use of Amy-PET. Similarly, CR has gained new 
evidence and new interest from the availability of Amy-
PET. As mentioned, patients with mild AD dementia and 
higher education (i.e., 15 or more years of education) 
were found to have higher uptake of amyloid PET 
tracers in the frontal cortex compared with patients with 
lower education (i.e., 6 years of education)[6]. These 
results confirm that highly educated individuals manifest 
mild AD later on in the clinical course of the disease 
when more Aβ pathology is present thus supporting CR 
hypothesis. 

However the availability of this information during 
life and the possibility to correlate this finding with other 
biomarkers have provided novel evidence for CR. This 
information can be relevant for AD model approach and 
biomarkers cascade in more comprehensive way. In fact, 
Chételat et al[50] correlated Amy-PET and brain structure 

data and cognitive performance in subjects with and 
without memory complaints. They demonstrated that 
Amy-PET positive subjects without memory complaints 
had larger temporal lobes and better verbal learning 
performance than Amy-PET negative controls. On the 
opposite, Amy-PET positive subjects with subjective 
memory complaints had smaller regional brain volumes 
and worse global cognition than Amy-PET with memory 
complaints. Altogether these finding allow to propose 
a general model of interpretation. In fact the larger 
temporal lobes may have been crucial for Amy-PET 
positive subjects to maintain their cognitive ability while 
Amy-PET positive subjects with memory complaints 
might originally have less gray matter than those 
without memory complaints, and therefore had less 
CR[50,51]  (Figure 1). Accordingly the availability of Amy-
PET and this multi-biomarker approach provided in vivo 
evidence that improving brain structure (i.e., through 
cognitive or physical activity) may help compensate for 
AD related damage. 

NEW PERSPECTIVE ON AMYLOID PET 
AND CR
Given the large population of aging individuals and the 
consequent huge, progressive AD-related Healthcare 
Costs, it is critical to find effective therapeutic strategies 
to mitigate the AD cognitive dysfunction. Understanding 
the neurobiological mechanisms underlying CR is thus 
of utmost importance. First studies trying to simulate, 
measure and possibly influence the effect of CR on 
AD were performed in animal models. Environmental 
enrichment paradigms has been developed in rodents 
by manipulating the complexity of their social, cognitive, 
and sensorial environments[52]. These models are ideal 
to experimentally measure the effect of environmental 
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Figure 1  Schematic representation of the possible mechanisms mediating the effect of cognitive reserve on the onset of Alzheimer’s dementia and 
corresponding expected results on 18F-FDG and amyloid positron emission tomography. According to hypothesis (A) cognitive reserve (CR) would simply 
delay the clinical expression of the disease. In fact despite amyloid positron emission tomography (PET) and FDG PET marked positivity patients are able to delay 
symptoms thanks to compensative functional networks and/or structural features such as larger temporal lobe volume[14,51]. Hypothesis (B) admits an opposite scenario 
in which, CR would prevent/delay amyloid deposition and Alzheimer’s dementia (AD) pathology and thus neuronal damage and dementia onset[17]. Finally hypothesis 
(C) could coexist with either of the first two and would explain the effect of CR as a sort of brain resilience despite AD pathology thus allowing a relatively preserved 
18F-FDG PET scan for a longer period of time[59]. Amy-PET: Amyloid PET; ++: Markedly positive scan; +: Positive scan; -: Negative/relatively preserved scan.
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stimulation on cognitive reserve. In addition, previous 
studies demonstrated that environmental enrichment 
triggers structural and biochemical modification on 
neurons[53], stimulates hippocampal neurogenesis in 
adult animals[54] and attenuate cognitive decline in 
transgenic models of familial AD[55]. Animal models may 
also serve to better define the specific age and time-
frame in which exposure to environmental enrichment 
can still trigger functional compensation and mitigate 
memory dysfunction. Finally, the effect of environmental 
stimulation on neuropathological hallmarks of AD can 
be assessed ex vivo for example in mouse model 
of the disease. In this framework, Verret et al[22] 
examined whether exposure of a Tg2576 transgenic 
mouse model of AD to environmental enrichment at 
a specific period during the amyloidogenic process 
favored the establishment of a cognitive reserve. They 
demonstrated that environmental stimulation during 
early adulthood of mice - before amyloidogenesis has 
started - reduced the severity of AD-related cognitive 
deficits more efficiently than exposure later in life, when 
the pathology is already present. More importantly 
they highlighted ex vivo that, early-life environmental 
stimulation, slightly reduced forebrain surface covered 
by amyloid plaques (while not significantly impact 
remodeling in the hippocampus). These findings may 
open new scenarios related to the effect of CR in AD 
patients as they might suggest that cognitive activity 
may even modify amyloid deposition, rather than just 
compensating for it[51]. Amy-PET and CSF biomarkers 
may allow to test this hypothesis in vivo in humans. 
In this framework, Landau et al[17] aimed to assess the 
association between lifestyle practices (cognitive and 
physical activity) and β-amyloid deposition, measured 
with positron emission tomography using carbon 
[11C]PIB, in healthy elderly. Greater participation in 
cognitively stimulating activities across the lifespan, 
but particularly in early and middle life, was associated 
with reduced [11C]PIB uptake (taken into account age, 
sex, and education). Moreover, among older controls, 
those who were more involved in cognitively stimulating 
activities across the lifespan (especially during young 
and middle age) had brain amyloid levels comparable to 
young controls, while those who were poorly cognitively 
active had amyloid levels similar to AD patients. 
Other studies reported that CR-related factors such as 
physical exercise correlated with less Aβ accumulation, 
however results are not always consistent. In fact in 
some cases those effects reached significance only in 
ApoE4 carriers[56] and in other studies no evidence was 
highlighted concerning an effect of lifetime cognitive 
stimulation on the level of Aβ accumulation regardless 
of ApoE genotype[57].

Accordingly is still a matter of debate if cognitive/
physical stimulation can really modify the underlying 
pathology of AD or if CR just gives a resilience to it 
(as in the original definition of CR[13]). However even 
in this latter case the availability of amyloidosis and 
neurodegeneration AD biomarkers can further clarify 

and possibly localize mechanism of resistance to AD-
related damage. In other words: Should we just define 
CR as the use of pre-existing and/or compensative 
network or can we hypothesized that brains/neurons 
in subjects with higher CR may be less damaged by 
AD-related pathology and thus may demonstrate less 
neurodegeneration? A first answer to this question 
has been provided by Almeida et al[58] who aimed to 
measure whether cognitive reserve could weaken the 
relationship between age and AD biomarker levels. A 
cross-sectional cohort of 268 individuals (211 cognitively 
normal and 57 cognitively impaired subjects; average 
age 62 years) was evaluated with respect to Aβ42, 
t-tau, and p-tau immunoassays. The authors found 
that the difference in CSF phosphorylated tau (p-tau) 
and total tau (t-tau) between younger and older people 
was larger in subgroup of subjects with less than 16 
years of education than it was in the subgroups with at 
least 16 years of schooling. These findings suggest that 
education could attenuate age-related increment in CSF 
p-tau and t-tau and might suggest a more general effect 
on age-related neurodegeneration. However, although 
raising interesting possibility and stimulating new 
interventional strategies in AD patients, this evidence 
need to be further tested especially with respect to its 
relevance for the future onset of dementia. In the next 
future, the availability not only of Amy-PET but also 
of Tau imaging (and thus the possibility to quantify 
and anatomically localize neurodegeneration[59]) will 
allow to track and localize the pathological biomarkers 
cascade of AD in earlier stage of the illness (Figure 1). 
In fact, given models in which molecular pathologic 
changes (β-amyloid deposition) may temporarily precede 
neurodegeneration by a substantial of time period[60], 
evaluation of just one of these two types of biomarkers 
do not allow to direct measure resilience to AD-related 
damage. Once entity, time-frame and individual pecu­
liarity of this resilience will be identified, a more precise 
model of CR and its consequences on AD clinics will be 
defined thus finally elucidating (and selecting patients) 
for CR-related interventional approaches.
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Abstract
Advent in three-dimensional (3D) imaging technology 
has seen 3D ultrasound establish itself as a useful 
adjunct complementary to traditional two-dimensional 
imaging of the female pelvis. This advantage largely 
arises from its ability to reconstruct the coronal plane 
of the uterus, which allows further delineation of many 
gynecological disorders. 3D imaging of the uterus is now 
the preferred imaging modality for assessing congenital 
uterine anomalies and intrauterine device localization. 
Newer indications include the diagnosis of adenomyosis. 
It can also add invaluable information to delineate other 
endometrial and myometrial pathology such as fibroids 
and endometrial polyps.

Key words: Three-dimensional ultrasound; Coronal 
view; Pelvis; Uterus; Uterine anomalies
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Core tip: Three-dimensional ultrasound imaging of the 
female pelvis is a useful adjunct to conventional two-
dimensional imaging. By acquiring a set volume which 
is stored, volumetric acquisitions allow the offline 
review, manipulation and analysis of saved images to 
obtain the maximum information from a study. Recent 
literature has suggested this imaging approach is rapidly 
realizing widespread use in the assessment of a variety 
of gynecological disorders including uterine anomalies, 
intrauterine device localization, endometrial disorders 
and fibroids. Recent advances have also suggested 
it may be useful in diagnosing disorders of the endo
metrial-myometrial interface, such as adenomyosis. 
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INTRODUCTION
Three-dimensional (3D) ultrasound imaging of the 
female pelvis is a useful adjunct to conventional two-
dimensional (2D) imaging. By acquiring a set volume 
which is stored, volumetric acquisitions allow the offline 
review, manipulation and analysis of saved images to 
obtain the maximum information from a study. Recent 
literature has suggested this imaging approach is rapidly 
realizing widespread use in the assessment of a variety 
of gynecological disorders including uterine anomalies, 
intrauterine device (IUD) localization, endometrial 
disorders and fibroids[1]. Recent advances have also 
suggested it may be useful in diagnosing disorders 
of the endometrial-myometrial interface, such as 
adenomyosis[2].

While 2D imaging provides information through 
axial and sagittal planes, it is limited by accessibility to 
assess pathology in the coronal plane. One of the main 
advantages of 3D imaging of the uterus, on the other 
hand, is the capacity to reconstruct the coronal plane. 
Particularly when the 2D imaging is abnormal, it offers 
the ability to better define some uterine anomalies. 
Andreotti et al[3] reported that out of 49 patients with 
abnormal findings on 2D ultrasound, 3D ultrasound 
provided additional information in 26 (53%) of these 
patients. These included uterine anomalies, improved 
endometrium delineation, more accurate visualization 
of endometrial polyps, fibroids and location of IUD. In 
another study, Benacerraf et al[4] showed 3D ultrasound 
provided additional information in 16 out of 66 patients. 
When 2D imaging is normal, it is a less useful adjunct 
but still offers the ability to occasionally detect unsu
spected anomalies in some circumstances, such as 
arcuate uteri. The improved visualization with 3D ultra
sound is particularly evident when the endometrium 
thickness is greater than 5 mm, since there is greater 
contrast with the more hypoechoic myometrium[4].

This article aims to illustrate the applicability of 
3D imaging of the uterus, particularly some of the 
newer advances of 3D imaging in the assessment of 
myometrial disorders. 

OBTAINING A 3D CORONAL IMAGE OF 
THE UTERUS
Volume acquisition for 3D ultrasound requires specialized 
ultrasound systems and transducers. A transvaginal, 
compared to the transabdominal, approach is generally 
preferred, due to the higher frequency of the probe 
and the proximity to the pelvic organs, which improve 
image resolution[1]. An adequately enlarged mid-sagittal 
or transverse section of the uterine body is obtained, 
although a mid-sagittal plane is preferred since under 
optimal circumstances, this allows the visualization of 
the entire length of the endometrial cavity as well as 
the endocervical canal. Depending on the machine, an 
automatic or manual sweep is performed to obtain a 

volume of the region of interest. Upon acquisition of the 
3D volume, examination of the volume is performed 
in the standardized multi-planar view by adjusting the 
slice through the three orthogonal planes separately 
(Figure 1). This standardized multi-planar view reduces 
inter-observer variation and may be achieved by the 
“Z-rotation” technique (Table 1)[5-7]. This information 
could be stored, which allows the user to manipulate 
and analyze the images offline. This may also facilitate 
the retrospective analysis of these images to give a 
second opinion by another examiner if required[1].

Multiple features for image optimization and post-
processing functions are available, including surface 
rendering and volume contrast imaging (VCI) (Figure 
2). VCI increases the contrast of images by refining 
the slices through the images. This improves depth 
perception and thus improves the visualization of 
finer detail. This is particularly useful for improving 
assessment of the junctional zone (JZ)[2,8]. Rendering is 
a technique that mimics the concept of placing a “drape” 
over the organ of interest. It is particularly applicable to 
visualizing the surface, such as over the external serosal 
contour of the uterus. However, the disadvantage of this 
method is that while the surface display is optimized, 
the sonographic information within the object is not 
displayed[9].

LIMITATIONS OF 3D ULTRASOUND OF 
THE UTERUS
Like 2D ultrasound, 3D ultrasound is subject to the 
same limitations of ultrasound physics. One of the main 
underlying prerequisites to a quality 3D image is a good 
2D image. Volume acquisition in 3D imaging relies on 
reconstruction of a series of images processed during a 
sweep with a single elevation focus where the resolution 
of images beyond the focal zone is diminished[1]. Hence, 
it is quintessential that imaging settings are optimized 
to enhance 3D imaging. Artifacts in 3D reconstructions 
can be less readily recognizable and have the potential 
to distort an image enough to alter the diagnosis. In 
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  Step 1: Position the reference marker/dot et the level of the mid-cavity 
  over the endometrial stripe in the sagittal plane (Figure 1A) 
  Step 2: Use the Z rotation to align the long axis of the endometrial stripe 
  along the horizontal axis in the sagittal plane of the uterus 
  Step 3: Position the reference marker/dot et the level of the of the 
  midcavity over the endometrial stripe in the transverse plane (Figure 1B) 
  Step 4: Use the Z rotation to align the endometrial stripe with the 
  horizontal axis in the transverse plane of the uterus 
  Step 5: Following step 4, the coronal plane of the uterus will be 
  displayed in plane C (Figure 1C); use the Z rotation on plane C to 
  display the midcoronal plane in the conventional orientation (Figure 1D) 

Table 1  Steps for the application of the “Z-rotation” 
technique

Data from “The Z Technique: an easy approach to the display of the 
midcoronal plane of the uterus in volume sonography”. J Ultrasound Med 
2006; 25: 607-612.



fact, artifacts can be compounded within a volume and 
not be immediately apparent. Thus, it is important to 
review the image in the acquisition plane to identify 
these artifacts[6]. Another potential disadvantage is 
the considerable “learning curve” associated with the 
manipulation of 3D ultrasound by the examiner. Various 
settings, which are machine-dependent, are available 
to the operator and optimizing the image through the 
manipulation of settings require training and time[1]. 
Machines and probes with 3D capability often come at 
an additional cost, which may limit its availability and 
accessibility although it is likely that with increasing 
popularity and acceptance, this will be less prohibitive 
since it also has proven cost effectiveness[10].

PRACTICAL APPLICATIONS
Mullerian duct anomalies 
Congenital uterine anomalies are associated with an 
increased risk of infertility, recurrent miscarriages 
and other obstetric complications. It is estimated 
to have a prevalence of 17% in the population with 
recurrent miscarriages, compared to 6% in the general 
population[11]. Following a proposed classification by 
Buttram et al[12] of Mullerian duct anomalies in 1979, the 
American Society for Reproductive Medicine (formerly 
the American Fertility Society) subsequently adapted 
this classification for use in 1988, and this remains 
the most widely accepted over the last 25 years[12,13]. 
Traditionally, screening for uterine cavity anomalies has 
relied on hysterosalpingography, an image modality 
that is disadvantaged by potential contrast medium 
hypersensitivity and radiation exposure. If an anomaly 
was suspected, further investigations involving a 
hysteroscopy was considered the gold standard for 
diagnosing uterine cavity shape anomalies under direct 
vision, and laparoscopy could be used to assess the 
external fundal contour. The advances in magnetic 
resonance imaging (MRI), has increasingly gained 
popularity as an alternative modality for diagnosing 
congenital uterine anomalies since it has the potential 
to illustrate both the uterine cavity as well as external 
fundal contour. However, widespread uptake of MRI 
has been limited by its higher cost and lower patient 
acceptance. As 3D ultrasound gained validity, there 
has been shown to be a high degree of concordance 
between 3D ultrasound and MRI in defining uterine 
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A B

C D

Figure 1  Multiplanar and rendering modes of the uterus. Multiplanar reconstructions from 3D ultrasound show a normal uterus in sagittal (A), transverse (B) 
and true coronal (C) planes. Surface rendering reconstructed image in a coronal plane of the uterus demonstrating a normal uterine fundal contour (D). 3D: Three-
dimensional.

A B

Figure 2  Examples of post-processing functions include surface render 
and volume contrast imaging. A: Three-dimensional (3D) ultrasound with 
surface rendering of a normal uterus in the coronal plane; B: 3D ultrasound with 
volume contrast imaging of the same uterus.
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et al[17], Bermejo et al[14] and Salim et al[18,19] described 
distinguishing features involving the external cleft of 
the fundal contour and internal cavity indentation, 
measured from a horizontal line drawn across the two 
uterine horns of the uterine cavity. Using this criterion, 
an algorithm for distinguishing between uterine ano
malies is proposed (Figure 3). Hypoplastic uterus, 
cervix, vagina can be related to the Mayer-Rokitansky-
Kuster-Hauser syndrome whereby the uterus, cervix 
and vagina are hypoplastic or absent. The classic 
anomaly associated with Diethylstilboestrol exposure 
is the T-shaped uterus which includes a widened lower 
uterine segment, a hypoplastic uterus, and a narrowed 
fundal endometrial cavity. A single uterine horn distin
guishes a unicornuate uterus from the remaining ano

anomalies[14]. While 2D transvaginal ultrasonography 
has an accurate diagnosis rate of 60%-82% for uterine 
malformation depending on different studies, 3D 
ultrasound was superior with a diagnostic accuracy of 
88%-100%[15,16].

Uterine anomalies can be broadly classified into 3 
broad categories: Fusion (didelphys and bicornuate 
uteri), septal resorption (arcuate and septate uteri) and 
hypoplasia/agenesis abnormalities. In 2D sonography, 
these abnormalities can present with a common 
feature: 2 endometrial cavities are seen. To distinguish 
between these various abnormalities, a coronal plane 
would be useful in demonstrating their distinguishing 
features. Although there no universally-accepted criteria 
for the classification of Mullerian duct anomalies, Ludwin 
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Hypoplastic uterus/
cervix/vagina?

Yes No

Hypoplastic uterus/
cervix/vagina

DES exposure?

Yes No

DES-related 
anomalies

Single uterine 
horn?

Yes No

Yes No

Yes No

Yes No

Yes No Yes No

Unicornuate uterus

Rudimentary horn?

Unicornuate uterus with 
rudimentary horn

Unicornuate uterus with 
no rudimentary horn

External cleft ≥ 1 cm?

Two widely divergent 
uterine horns

Internal indentation

< 1 cm ≥ 1 cm; 
≤ 1.5 cm

> 1.5 cm

Didelphys Bicornuate Normal Arcuate Septate

Division up to cervix? Division up to cervix?

Complete Partial Complete Partial

Figure 3  Algorithm for distinguishing between Mullerian duct anomalies. Modified to include morphology criteria by Ludwin et al[17], Bermejo et al[14] and Salim et 
al[17,18].   

A B

Figure 4  Unicornuate uterus with no rudimentary horn. A: Transverse 2D ultrasound image shows a single endometrial cavity; B: Coronal 3D (with VCI) 
ultrasound image of the unicornuate uterus showing a single uterine horn with no divergence of the endometrium towards both ostia and absence of a rudimentary 
horn. 3D: Three-dimensional; 2D: Two-dimensional; VCI: Volume contrast imaging.
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malies, although a rudimentary horn can sometimes 
be present (Figure 4). The distinguishing feature of 
fusion anomalies (didelphys or bicornuate uteri) from 
resorption anomalies is the external contour. Should 
the external cleft be greater than or equal to 1 cm, the 
degree of separation of the two horns will distinguish an 
uterine didelphys (Figure 5) from a bicornuate uterus 
(Figure 6). Uterine didelphys has 2 widely separated 
uterine horns, while a bicornuate uterus has a single 
uterine body with internal indentation greater than or 
equal to 1.5 cm. In the event that the external cleft is 
less than 1 cm, the depth of internal indentation will 
distinguish the septate (greater than 1.5 cm) (Figure 7) 
from the arcuate (between 1 and 1.5 cm) (Figure 8), and 
from normal uteri (less than 1 cm). Note that normal 
uteri can have either a straight or convex contour, or an 
external contour of less than 1 cm (Figure 3). 

In several series, arcuate uteri was the commonest 
anomaly detected in 3D ultrasound when 2D ultrasound 
was normal[3,4]. While arcuate uteri is generally thought 
to be a normal variant with no reproductive conse
quences, there is some limited evidence that arcuate 
uteri can be associated with recurrent fetal loss[20]. It 
is particularly important to distinguish a septate uterus 
from fusion abnormalities since a septate uterus is 
amenable to hysteroscopic septoplasty to respect the 
residual septum while surgery is not an option for fusion 
abnormalities. 

While septate and fusion anomalies are usually 
recognized on 2D ultrasound due to the presence of 2 
uterine cavities, a unicornuate uterus (Figure 4) is more 
likely to be undetected given that the presence of a 
rudimentary horn can be very small and be masked by 
surrounding bowel. This anomaly has potentially severe 
consequences since besides the associations with 
miscarriage and premature delivery, the rudimentary 
horn can harbor a developing pregnancy and result 
in late uterine rupture and potentially life-threatening 
consequences[21].

IUDs 
While 2D transvaginal sonography has traditionally 
been used to assess the placement of IUDs, it is not 
able to demonstrate the entire IUD. 3D reconstructions 
in the coronal plane have the added advantage of 
demonstrating the complete IUD including shaft and 
arms. Lee et al[22] reported that by using the coronal 
plane, simultaneous visualization of the TCu380A IUD 
in its entirety was possible in 95% of 96 cases, while 
keeping examination time to a minimum. This can 
improve the detection rate of IUDs that have embedded 
in the myometrium since this can be a significant 
source of pelvic pain and abnormal bleeding for patients 
post IUD insertion (Figure 9)[23]. When assessing for 
IUD location, it should not extend past the endometrial 
cavity into the myometrium or cervix. 

Fibroids and endometrial polyps 
Fibroids are benign smooth muscle tumors of the 
uterus. While they are commonly asymptomatic, they 
can result in heavy menstrual bleeding, particularly 
when they are submucosal and distort the endometrial 
cavity (Figure 10)[24]. However, while fibroids can be 
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Figure 5  Uterine didelphys. Coronal 3D ultrasound image of a didelphys 
uterus show two widely divergent uterine horns separated by a deep external 
cleft ≥ 1 cm. 3D: Three-dimensional.

A

B

Figure 6  Bicornuate uterus. A: Transverse 2D ultrasound image of a 
bicornuate uterus showing the presence of 2 endometrial cavities; B: Coronal 
3D ultrasound image of a bicornuate uterus showing external cleft ≥ 1 cm 
and internal indentation ≥ 1.5 cm. Note the presence of fundal soft tissue 
separating the 2 uterine cavities, which distinguishes it from uterine didelphys. 
3D: Three-dimensional; 2D: Two-dimensional.
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assessed on standard 2D imaging, their exact location 
in relation to the endometrial cavity and serosal contour 
can be difficult to determine due to shadowing artifacts. 
These difficulties can be overcome on a coronal plane 
since it allows the demonstration of the exact location 
of the fibroids, such as cavity distortion by submucosal 
fibroids and the planning of management options. 
Benacerraf et al[4] demonstrated that the 3D coronal 
view was useful in more accurately determining 
the specific location of fibroids (i.e., submucous vs 
intramural) in 24% of patients using the coronal view. 

Endometrial polyps are benign growths that are 
generally rounded, well-circumscribed echogenic 
masses seen within the endometrial cavity. Accurate 
imaging in 2D generally relies on the demonstration of 
a feeding vessel on color Doppler as demonstrated in 
Figure 11. As an adjunct, a coronal 3D imaging provides 
an opportunity to delineate the polyp more accurately 
since nearly the entire endometrial cavity can be seen 
in the same plane. However, the importance of the 
surrounding contrasting endometrium must not be 
overlooked. Indeed, Benacerraf et al[4] demonstrated 
that the width of the endometrium was an important 
predictor of whether the reconstructed coronal view 

would be helpful. Endometrium thickness of greater than 
5 mm allowed a more confident diagnosis compared to 
patients whose endometrium was less than 5 mm[4].

Adenomyosis 
Myometrial disorders are increasingly recognized as 
a cause for infertility and miscarriages, as well as 
subsequent obstetric complications[25,26]. The endo
metrium and the myometrial JZ, which is a highly-
specialized inner third of the myometrium that toge
ther with its overlying endometrium, are key areas 
fundamental to the process of implantation and subse
quently placentation. Consequently, any endometrial 
or myometrial disorders in the uterus that disrupt 
the transformation of these layers in early pregnancy 
can potentially interfere with the implantation and 
subsequent placentation, leading to various compli
cations, such as miscarriage, pre-eclampsia and fetal 
growth restriction (Figure 12)[25]. Changes in the JZ 
have been thought to explain the pathogenesis behind 
why myometrial disorders such as adenomyosis can 
contribute to infertility[26].

Adenomyosis refers to the presence of ectopic endo
metrial glands and stroma within the myometrium, and 
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A B

Figure 7  Septate uterus. A: Transverse 2D ultrasound image of a septate uterus showing the presence of 2 endometrial cavities; B: Coronal 3D ultrasound image of 
a partial septate uterus with the external cleft < 1 cm but internal indentation > 1.5 cm.  3D: Three-dimensional; 2D: Two-dimensional.

A B

Figure 8  Arcuate uterus. A: Sagittal 2D ultrasound image of an arcuate uterus; B: Coronal 3D ultrasound image of an arcuate uterus with a smooth external contour 
and internal indentation ≥ 1 cm but ≤ 1.5 cm. 3D: Three-dimensional; 2D: Two-dimensional.
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is often classified as either diffuse or focal[27]. Rarely, it 
can present as a large adenomyotic cyst[28]. In assessing 
for changes due to adenomyosis, assessment of both 
the myometrium, as well as the JZ, are important 
features of diagnosing adenomyosis. In fact, in a recent 
consensus statement[28] describing ultrasound features 
of myometrial pathology, ultrasound features considered 
to be typical of adenomyosis include asymmetrical 
thickening, cysts, hyperechoic islands, fan shaped 
shadowing, echogenic subendometrial lines and buds, 

translesional vascularity, irregular JZ and interrupted 
JZ. While most of these features can be demonstrated 
on 2D ultrasound or colour Doppler, 3D ultrasound can 
be particularly useful for assessing the JZ in the coronal 
plane. 

The JZ may be regular, irregular, interrupted, not 
visible, not assessable, or may manifest more than one 
feature, as classified by a recent consensus[28]. Although 
detailed morphological assessment and measurement 
of the JZ is currently predominantly for research pur
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Figure 9  Malposition of an intrauterine device. Sagittal (A) and transverse (B) 2D ultrasound image showing the shaft within the endometrial cavity; C: Coronal 3D 
ultrasound image showing the IUD lying inverted with both arms embedded within the myometrium. 3D: Three-dimensional; 2D: Two-dimensional; IUD: Intrauterine 
device.

A B

Figure 10  Intramural fibroid with an intrauterine pregnancy. A: Transverse 2D ultrasound image showing an intrauterine gestation sac positioned towards the left 
endometrial cavity; B: 3D coronal ultrasound image showing an intramural fibroid distorting the endometrial cavity, thus deviating the intrauterine pregnancy towards 
the left endometrial cavity. 3D: Three-dimensional; 2D: Two-dimensional.

A B C

Figure 11  Endometrial polyp. A: Sagittal 2D ultrasound image of an endometrial polyp as identified by a vascular pedicle; B: Transverse 2D ultrasound image of the 
echogenic endometrial polyp; C: 3D coronal (VCI) ultrasound image showing the endometrial polyp better delineated as an echogenic mass. 3D: Three-dimensional; 
2D: Two-dimensional; VCI: Volume contrast imaging.
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poses, broadly categorizing the JZ as either normal, 
or abnormal (irregular/interrupted), or not visible/not 
assessable will give an indication of the likelihood of JZ 
disorders[28].

Both MRI and 3D ultrasonography have been used 
to diagnose adenomyosis. In a systematic review by 
Champaneria et al[29] comparing the accuracy of the two 
imaging modalities, both TVUS and MRI were shown 
to have sufficiently high diagnostic accuracy although 
the study did not distinguish between 2D and 3D 
ultrasound. As on T2-weighted MR images, the JZ on 
3D ultrasound appear as hypoechoic zone underlying 
the endometrium. 3D reconstruction of coronal sections 
of the uterine cavity has made it possible to assess 
minor changes in the lateral and fundal aspects of the 
JZ, which are impossible to delineate using standard 2D 
ultrasound. In additional, processing modalities such as 
VCI further enhance visualization of the hypoechoic JZ 
in comparison to that using 2D imaging[2,30,31]. Thus, 3D 
technology has made it possible to accurately assess and 
grade changes in the JZ architecture such as thickening, 
disruption and protrusion of the endometrium in to 

the inner myometrium. Exacoustos et al[2] correlated 
2D and 3D transvaginal ultrasound imaging with 
histopathological features of adenomyosis in a total 
of 72 premenopausal patients. The most specific 
2D-transvaginal ultrasound feature for the diagnosis of 
adenomyosis was presence of myometrial cysts (98% 
specificity; 78% accuracy), whereas a heterogeneous 
myometrium was most sensitive (88% sensitivity; 75% 
accuracy). On 3D-transvaginal ultrasound, the best 
markers were JZ difference ≥ 4 mm and JZ infiltration 
and distortion (both 88% sensitivity; 85% and 82% 
accuracy, respectively)[2].

Uterine synechiae 
Uterine synechiae or adhesions have a significant adverse 
effect on fertility. 2D ultrasound may present a diagnostic 
clue to adhesions within the endometrial cavity through 
the presence of bands seen within the endometrial echo, 
particularly with the aid of sonohysterography. However, 
the true narrowing or “bands” adherent across the 
cavity is usually well delineated on the coronal plane on 
3D imaging. Knopman et al[32] demonstrated that the 

491 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

A B

Figure 12  Adenomyosis with loss of the endometrial-myometrial junction. Sagittal (A) and transverse (B) 2D ultrasound images show the classic “venetian blind” 
shadowing of diffuse adenomyosis with loss of the endometrial-myometrial junction; B: 3D coronal ultrasound image (with VCI) showing the irregular endometrial-
myometrial junction. Note the left lateral intramural fibroid. 3D: Three-dimensional; 2D: Two-dimensional; VCI: Volume contrast imaging.

Figure 13  Saline infusion sonohysterography. A: 3D (VCI) A-plane image showing a thickened polypoid anterior endometrium upon distension with saline; B: 
3D coronal image showing delineation of the polypoid endometrium on SIS. SIS: Saline infusion sonohysterography; 3D: Three-dimensional; VCI: Volume contrast 
imaging.
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sensitivity of detection with 3D ultrasound was higher 
compared to hysterosalpingogram and that 3D ultrasound 
predicted adhesions and cavity damage with greater 
accuracy than hysterosalpingogram in patients with 
suspected Asherman’s syndrome. 

3D reconstructions with saline-instilled 
sonohysterography 
Saline-instilled sonohysterography (SIS) involves 
injection of sterile saline into the endometrial cavity 
via a catheter (Figure 13). The main purpose is to 
allow for assessment of the endometrial cavity for 
possible distortion of the endometrial cavity due to 
submucosal fibroids or endometrial polyps, congenital 
uterine anomalies or synechiae after distension of the 
cavity. Besides 2D SIS, 3D SIS to assess this data in 
the coronal plane is also helpful. 3D SIS may have 
the advantages over 2D SIS because by injection of 
saline, it will enhance the contrast of the endometrial-
myometrial junction. It will also allow the collection 
of volume data which can then be manipulated and 
analysed offline, hence potentially decreasing the time 
taken to perform the study[1].  

CONCLUSION
Advent in 3D imaging technology has seen 3D ultra
sound establish itself as a useful adjunct complementary 
to traditional 2D imaging of the female pelvis. This 
advantage largely arises from its ability to reconstruct 
the coronal plane of the uterus, which allows further 
delineation of many gynecological disorders. 3D imaging 
of the uterus is now the preferred imaging modality 
for assessing congenital uterine anomalies and IUD 
localization. Newer indications include the diagnosis of 
adenomyosis. It can also add invaluable information to 
delineate other endometrial and myometrial pathology 
such as fibroids and endometrial polyps.

REFERENCES
1	 Andreotti RF, Fleischer AC. Practical applications of 3D 

sonography in gynecologic imaging. Radiol Clin North Am 2014; 
52: 1201-1213 [PMID: 25444101 DOI: 10.1016/j.rcl.2014.07.001]

2	 Exacoustos C, Brienza L, Di Giovanni A, Szabolcs B, Romanini 
ME, Zupi E, Arduini D. Adenomyosis: three-dimensional 
sonographic findings of the junctional zone and correlation with 
histology. Ultrasound Obstet Gynecol 2011; 37: 471-479 [PMID: 
21433167 DOI: 10.1002/uog.8900]

3	 Andreotti RF, Fleischer AC, Mason LE. Three-dimensional 
sonography of the endometrium and adjacent myometrium: 
preliminary observations. J Ultrasound Med 2006; 25: 1313-1319 
[PMID: 16998104]

4	 Benacerraf BR, Shipp TD, Bromley B. Which patients benefit from 
a 3D reconstructed coronal view of the uterus added to standard 
routine 2D pelvic sonography? AJR Am J Roentgenol 2008; 190: 
626-629 [PMID: 18287431 DOI: 10.2214/AJR.07.2632]

5	 Martins WP, Raine-Fenning NJ, Leite SP, Ferriani RA, Nastri CO. 
A standardized measurement technique may improve the reliability 
of measurements of endometrial thickness and volume. Ultrasound 
Obstet Gynecol 2011; 38: 107-115 [PMID: 21465609 DOI: 
10.1002/uog.9016]

6	 Armstrong L, Fleischer A, Andreotti R. Three-dimensional 
volumetric sonography in gynecology: an overview of clinical 
applications. Radiol Clin North Am 2013; 51: 1035-1047 [PMID: 
24210443 DOI: 10.1016/j.rcl.2013.07.005]

7	 Abuhamad AZ, Singleton S, Zhao Y, Bocca S. The Z technique: an 
easy approach to the display of the mid-coronal plane of the uterus 
in volume sonography. J Ultrasound Med 2006; 25: 607-612 [PMID: 
16632784]

8	 Exacoustos C, Luciano D, Corbett B, De Felice G, Di Feliciantonio 
M, Luciano A, Zupi E. The uterine junctional zone: a 3-dimensional 
ultrasound study of patients with endometriosis. Am J Obstet 
Gynecol 2013; 209: 248.e1-248.e7 [PMID: 23770466 DOI: 
10.1016/j.ajog.2013.06.006]

9	 Steiner H, Staudach A, Spitzer D, Schaffer H. Three-dimensional 
ultrasound in obstetrics and gynaecology: technique, possibilities 
and limitations. Hum Reprod 1994; 9: 1773-1778 [PMID: 7836537]

10	 Bocca SM, Oehninger S, Stadtmauer L, Agard J, Duran EH, 
Sarhan A, Horton S, Abuhamad AZ. A study of the cost, accuracy, 
and benefits of 3-dimensional sonography compared with 
hysterosalpingography in women with uterine abnormalities. J 
Ultrasound Med 2012; 31: 81-85 [PMID: 22215773]

11	 Saravelos SH, Cocksedge KA, Li TC. Prevalence and diagnosis of 
congenital uterine anomalies in women with reproductive failure: a 
critical appraisal. Hum Reprod Update 2008; 14: 415-429 [PMID: 
18539641 DOI: 10.1093/humupd/dmn018]

12	 Buttram VC, Gibbons WE. Müllerian anomalies: a proposed 
classification. (An analysis of 144 cases). Fertil Steril 1979; 32: 
40-46 [PMID: 456629]

13	 The American Fertility Society classifications of adnexal adhesions, 
distal tubal occlusion, tubal occlusion secondary to tubal ligation, 
tubal pregnancies, müllerian anomalies and intrauterine adhesions. 
Fertil Steril 1988; 49: 944-955 [PMID: 3371491]

14	 Bermejo C, Martínez Ten P, Cantarero R, Diaz D, Pérez Pedregosa J, 
Barrón E, Labrador E, Ruiz López L. Three-dimensional ultrasound 
in the diagnosis of Müllerian duct anomalies and concordance with 
magnetic resonance imaging. Ultrasound Obstet Gynecol 2010; 35: 
593-601 [PMID: 20052665 DOI: 10.1002/uog.7551]

15	 Ghi T, Casadio P, Kuleva M, Perrone AM, Savelli L, Giunchi S, 
Meriggiola MC, Gubbini G, Pilu G, Pelusi C, Pelusi G. Accuracy 
of three-dimensional ultrasound in diagnosis and classification of 
congenital uterine anomalies. Fertil Steril 2009; 92: 808-813 [PMID: 
18692833 DOI: 10.1016/j.fertnstert.2008.05.086]

16	 Moini A, Mohammadi S, Hosseini R, Eslami B, Ahmadi F. 
Accuracy of 3-dimensional sonography for diagnosis and 
classification of congenital uterine anomalies. J Ultrasound Med 
2013; 32: 923-927 [PMID: 23716512 DOI: 10.7863/ultra.32.6.923]

17	 Ludwin A, Ludwin I. Comparison of the ESHRE-ESGE and 
ASRM classifications of Müllerian duct anomalies in everyday 
practice. Hum Reprod 2015; 30: 569-580 [PMID: 25534461 DOI: 
10.1093/humrep/deu344]

18	 Salim R, Regan L, Woelfer B, Backos M, Jurkovic D. A comparative 
study of the morphology of congenital uterine anomalies in women 
with and without a history of recurrent first trimester miscarriage. Hum 
Reprod 2003; 18: 162-166 [PMID: 12525460]

19	 Salim R, Woelfer B, Backos M, Regan L, Jurkovic D. Reproducibility 
of three-dimensional ultrasound diagnosis of congenital uterine 
anomalies. Ultrasound Obstet Gynecol 2003; 21: 578-582 [PMID: 
12808675 DOI: 10.1002/uog.127]

20	 Woelfer B, Salim R, Banerjee S, Elson J, Regan L, Jurkovic 
D. Reproductive outcomes in women with congenital uterine 
anomalies detected by three-dimensional ultrasound screening. 
Obstet Gynecol 2001; 98: 1099-1103 [PMID: 11755560]

21	 Jurkovic D, Mavrelos D. Catch me if you scan: ultrasound 
diagnosis of ectopic pregnancy. Ultrasound Obstet Gynecol 2007; 
30: 1-7 [PMID: 17587215 DOI: 10.1002/uog.4077]

22	 Lee A, Eppel W, Sam C, Kratochwil A, Deutinger J, Bernaschek G. 
Intrauterine device localization by three-dimensional transvaginal 
sonography. Ultrasound Obstet Gynecol 1997; 10: 289-292 [PMID: 
9383883 DOI: 10.1046/j.1469-0705.1997.10040289.x]

23	 Benacerraf BR, Shipp TD, Bromley B. Three-dimensional ultrasound 

492 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

Wong L et al . 3D uterus in coronal plane



detection of abnormally located intrauterine contraceptive devices 
which are a source of pelvic pain and abnormal bleeding. Ultrasound 
Obstet Gynecol 2009; 34: 110-115 [PMID: 19565532 DOI: 10.1002/
uog.6421]

24	 Sehgal N, Haskins AL. The mechanism of uterine bleeding in 
the presence of fibromyomas. Am Surg 1960; 26: 21-23 [PMID: 
14444585]

25	 Brosens I, Derwig I, Brosens J, Fusi L, Benagiano G, Pijnenborg 
R. The enigmatic uterine junctional zone: the missing link between 
reproductive disorders and major obstetrical disorders? Hum Reprod 
2010; 25: 569-574 [PMID: 20085913 DOI: 10.1093/humrep/dep474]

26	 Campo S, Campo V, Benagiano G. Adenomyosis and infertility. 
Reprod Biomed Online 2012; 24: 35-46 [PMID: 22116070 DOI: 
10.1016/j.rbmo.2011.10.003]

27	 Meredith SM, Sanchez-Ramos L, Kaunitz AM. Diagnostic 
accuracy of transvaginal sonography for the diagnosis of adeno
myosis: systematic review and metaanalysis. Am J Obstet Gynecol 
2009; 201: 107.e1-107.e6 [PMID: 19398089 DOI: 10.1016/
j.ajog.2009.03.021]

28	 Van den Bosch T, Dueholm M, Leone FP, Valentin L, Rasmussen 
CK, Votino A, Van Schoubroeck D, Landolfo C, Installé AJ, 
Guerriero S, Exacoustos C, Gordts S, Benacerraf B, D’Hooghe 

T, De Moor B, Brölmann H, Goldstein S, Epstein E, Bourne T, 
Timmerman D. Terms, definitions and measurements to describe 
sonographic features of myometrium and uterine masses: a 
consensus opinion from the Morphological Uterus Sonographic 
Assessment (MUSA) group. Ultrasound Obstet Gynecol 2015; 46: 
284-298 [PMID: 25652685 DOI: 10.1002/uog.14806]

29	 Champaneria R, Abedin P, Daniels J, Balogun M, Khan KS. 
Ultrasound scan and magnetic resonance imaging for the diagnosis 
of adenomyosis: systematic review comparing test accuracy. Acta 
Obstet Gynecol Scand 2010; 89: 1374-1384 [PMID: 20932128 
DOI: 10.3109/00016349.2010.512061]

30	 Abdallah Y, Naji O, Saso S, Pexsters A, Stalder C, Sur S, Raine-
Fenning N, Timmerman D, Brosens JJ, Bourne T. Ultrasound 
assessment of the peri-implantation uterus: a review. Ultrasound 
Obstet Gynecol 2012; 39: 612-619 [PMID: 21910147 DOI: 10.1002/
uog.10098]

31	 Naftalin J, Jurkovic D. The endometrial-myometrial junction: a 
fresh look at a busy crossing. Ultrasound Obstet Gynecol 2009; 34: 
1-11 [PMID: 19565525 DOI: 10.1002/uog.6432]

32	 Knopman J, Copperman AB. Value of 3D ultrasound in the 
management of suspected Asherman’s syndrome. J Reprod Med 
2007; 52: 1016-1022 [PMID: 18161399]

P- Reviewer: Peitsidis P, Tirumani SH    S- Editor: Ji FF   L- Editor: A    
E- Editor: Wu HL

493 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

Wong L et al . 3D uterus in coronal plane



Recovery of serum testosterone following neoadjuvant and 
adjuvant androgen deprivation therapy in men treated with 
prostate brachytherapy

Hideyasu Tsumura, Takefumi Satoh, Hiromichi Ishiyama, Shuhei Hirano, Ken-ichi Tabata, Shinji Kurosaka, 
Kazumasa Matsumoto, Tetsuo Fujita, Masashi Kitano, Shiro Baba, Kazushige Hayakawa, Masatsugu Iwamura

Hideyasu Tsumura, Takefumi Satoh, Shuhei Hirano, Ken-
ichi Tabata, Shinji Kurosaka, Kazumasa Matsumoto, Tetsuo 
Fujita, Shiro Baba, Masatsugu Iwamura, Department of 
Urology, Kitasato University School of Medicine, Sagamihara 
252-0374, Japan

Hiromichi Ishiyama, Masashi Kitano, Kazushige Hayakawa, 
Department of Radiation Oncology, Kitasato University School 
of Medicine, Sagamihara 252-0374, Japan

Author contributions: Tsumura H performed the majority of 
the work including collecting, analyzing, and interpreting the 
data and writing the report; Ishiyama H, Hirano S, Kurosaka 
S and Kitano M contributed to collecting the data; Tabata K, 
Matsumoto K and Fujita T were participated in analyzing and 
interpreting the data; Satoh T, Baba S, Hayakawa K and Iwamura 
M designed and coordinated the study.

Institutional review board statement: The study was reviewed 
and approved by the Institutional Review Board of Kitasato 
University School of Medicine and Kitasato University Hospital 
(B14-21). 

Informed consent statement: This retrospective study was 
performed under IRB approval, all data is de-identified for 
statistical analysis. Therefore, we think that a waiver of informed 
consent may be justifiable under this situation. 

Conflict-of-interest statement: Dr. Tsumura received honoraria 
for lecture fees from Nihon Medi-Physics Co, Ltd. Astellas 
Pharma Inc, and Takeda Pharmaceutical Co, Ltd. Drs Satoh, 
Ishiyama and Hayakawa received honoraria for lecture fees from 
Medicon Co, Ltd, and Nihon Medi-Physics Co, Ltd.

Data sharing statement: No additional data are available.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 

work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Hideyasu Tsumura, MD, Department 
of Urology, Kitasato University School of Medicine, 1-15-1 
Kitasato Minami-ku, Sagamihara 252-0374, 
Japan. tsumura@med.kitasato-u.ac.jp
Telephone: +81-42-7789091       
Fax: +81-42-7789374

Received: May 8, 2015
Peer-review started: May 9, 2015
First decision: July 27, 2015
Revised: August 13, 2015
Accepted: October 12, 2015  
Article in press: October 12, 2015
Published online: December 28, 2015

Abstract
AIM: To investigate the time course of testosterone 
(T) recovery after cessation of androgen deprivation 
therapy (ADT) in patients treated with brachytherapy. 

METHODS: One-hundred and seventy-four patients 
treated between June 1999 and February 2009 were 
studied. Patients were divided into a short-term usage 
group (≤ 12 mo, n  = 91) and a long-term usage 
group (≥ 36 mo, n  = 83) according to the duration 
of gonadotropin-releasing hormone agonist therapy. 
Median follow-up was 29 mo in the short-term group 
and was 60 mo in the long-term group.

RESULTS: Cumulative incidence rates of T recovery to 
normal and supracastrate levels at 24 mo after cessation 
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were 28.8% and 74.6%, respectively, in the long-term 
usage group, whereas these values were 96.4% and 
98.8% in the short-term usage group. T recovery to 
normal and supracastrate levels occurred significantly 
more rapidly in the short-term than in the long-term 
usage group (P  < 0.001 and P < 0.001, respectively). 
Five years after cessation, 22.6% of patients maintained 
a castrate T level in the long-term usage group. On 
multivariate analysis, lower T levels (< 10 ng/dL) at 
cessation of ADT was significantly associated with 
prolonged T recovery to supracastrate levels in the long-
term usage group (P  = 0.002). 

CONCLUSION: Lower T levels at cessation of ADT 
were associated with prolonged T recovery in the long-
term usage group. Five years after cessation of long-
term ADT, approximately one-fifth of patients still had 
castrate T levels. When determining the therapeutic 
effect, especially biochemical control, we should 
consider this delay in T recovery.

Key words: Androgen deprivation; Gonadotropin-
releasing hormone agonist; Prostate brachytherapy; 
Prostate cancer; Testosterone

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: We evaluated the time course of testosterone 
recovery and the prognostic factors associated with 
prolonged testosterone recovery after the cessation of 
long-term (≥ 36 mo) androgen deprivation therapy in 
patients treated with brachytherapy. Five years after 
cessation, 22.6% of patients maintained a castrate 
testosterone level. We should consider this delay when 
determining therapeutic effects. Lower testosterone 
levels at cessation were significantly associated with 
prolonged testosterone recovery.

Tsumura H, Satoh T, Ishiyama H, Hirano S, Tabata K, Kurosaka 
S, Matsumoto K, Fujita T, Kitano M, Baba S, Hayakawa 
K, Iwamura M. Recovery of serum testosterone following 
neoadjuvant and adjuvant androgen deprivation therapy in 
men treated with prostate brachytherapy. World J Radiol 2015; 
7(12): 494-500  Available from: URL: http://www.wjgnet.
com/1949-8470/full/v7/i12/494.htm  DOI: http://dx.doi.
org/10.4329/wjr.v7.i12.494

INTRODUCTION
Gonadotropin-releasing hormone (GnRH) agonists 
are widely used in various radiotherapies for the 
management of prostate cancer. The intended purpose 
and duration of hormonal therapy vary depending 
on the local extent of the cancer and the type of 
radiotherapy[1-3]. According to several randomized 
controlled studies, the use of 6 to 36 mo of hormonal 
therapy with external beam radiotherapy (EBRT) 

contributed to overall survival or cancer-specific survival 
in men with locally advanced or localized unfavorable-
risk prostate cancer compared with radiotherapy 
alone[4-7]. After the cessation of androgen deprivation 
therapy (ADT), serum testosterone (T) levels usually 
recover from castrate levels to normal levels. However, 
some patients maintain the castrate T levels for several 
years after cessation, especially if hormonal manipu
lation is used for prolonged periods. In these cases, 
clinicians cannot assess whether radiotherapy controls 
prostate-specific antigen (PSA) levels because there is a 
possibility that prolonged effects of ADT simply control 
the disease. Thus, clinicians should assess the recovery 
of T levels after cessation of ADT when they interpret 
PSA relapse-free survival rates. Although some studies 
have documented the time course of recovery of T 
levels after cessation of long-term ADT, these studies 
were intended for patients who had received less than 
36 mo of continuous GnRH agonist therapy or who were 
observed for shorter follow-up periods[8,9]. 

In this retrospective study, we estimated the time 
course of recovery of T levels after cessation of long-term 
use (≥ 36 mo) of ADT and short-term use (≤ 12 mo) 
of ADT in patients treated with prostate brachytherapy. 
In addition, the factors associated with T recovery were 
analyzed to determine which patients have the potential 
for prolonged time until recovery to supracastrate and/or 
normal T levels after cessation of ADT.

MATERIALS AND METHODS
Patients
There were 216 candidates for this study who received 
either 192Ir high-dose rate (HDR) brachytherapy or 125I 
permanent low-dose rate (LDR) brachytherapy for 
prostate cancer with neoadjuvant hormonal therapy 
(NHT) or adjuvant hormonal therapy (AHT) using GnRH 
agonists between June 1999 and February 2009 at 
our institution. Patients were divided into two groups 
according to the duration of GnRH agonist therapy: 
short-term (neoadjuvant) usage group (duration 3 to 12 
mo) and long-term (neoadjuvant and adjuvant) usage 
group (≥ 36 mo). A normal level of T and a castrate T 
level were defined as ≥ 207 ng/dL and ≤ 50 ng/dL, 
respectively. A T level of > 50 ng/dL was defined as 
a supracastrate level. Both supracastrate and normal 
levels were used for the definition of T recovery. 

The T level of each patient was measured 1 mo 
before the cessation of GnRH agonist therapy (baseline 
levels) and until it recovered to a normal level. A 
follow-up examination after the cessation of ADT was 
scheduled every 3 mo for the first year, and then every 
6 mo thereafter. Patients were removed from the 
study if PSA failure was observed during AHT because 
they needed to continue the administration of GnRH 
agonist therapy to maintain the castrate T level. All 
patients underwent a complete history and physical 
examination at the time of brachytherapy, including 
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body mass index and the presence or absence of 
diabetes and hypertension. ADT consisted of GnRH 
agonist as a 1-mo or 3-mo formulation with or without 
an oral anti-androgen. Either flutamide (375 mg/d) or 
bicalutamide (80 mg) was used as the nonsteroidal 
anti-androgen agent. Either goserelin (3.6 or 10.8 mg) 
or leuprorelin (3.75 or 11.25 mg) was administrated as 
the GnRH agonist. Serum T levels were measured by 
immunoradiometric assay. Approval was granted by the 
ethics committee of our institution. Median follow-up 
times from cessation were 29 and 60 mo for the short-
term and long-term groups, respectively.

LDR brachytherapy and hormonal therapy
Patients with low-risk or intermediate-risk prostate 
cancer were candidates for LDR brachytherapy. The 
prescribed dose to the periphery of the prostate was 
145 Gy using a prostate implant technique that was 
described previously[10,11]. Patients who had large glands 
or who were at intermediate risk were treated with 
combined androgen blockade for 3 to 12 mo as NHT. 
Neither EBRT nor AHT was administered. 

HDR brachytherapy and hormonal therapy
We previously mentioned about our protocol and 
procedure for HDR brachytherapy and hormonal 
therapy in high-risk prostate cancer[12,13]. Briefly, the 
mean dose to 90% of the planning target volume was 
6.3 Gy/fraction of 192Ir HDR brachytherapy. After five 
fractions of HDR treatment, EBRT with 10 fractions of 
3 Gy was administered. Patients received EBRT using 
a dynamic-arc conformal technique, administered with 
high-energy photons comprising 10-MV X-rays. The 
radiation field was limited to the prostate gland with 

or without proximal seminal vesicles with a 7-mm leaf 
margin using multileaf collimators. Testicular dose was 
not computed. All patients initially underwent 6 mo or 
more of neoadjuvant ADT. In patients who had high-
risk cancer, adjuvant ADT was continued for 36 mo 
after EBRT. Low-risk or intermediate-risk patients were 
treated without adjuvant ADT D’Amico criteria were 
used for risk group stratification[14].

Statistical analysis
The Kaplan-Meier method was used to estimate the 
cumulative incidence of T recovery. A Log-Rank test was 
performed to compare these estimates. Multivariate Cox 
regression models were created based on the covariates 
that were significant in univariate analysis. Differences 
were regarded as statistically significant at P < 0.05. 
Analyses were performed using SPSS version 11.0 
for Windows (SPSS, Inc., Chicago, IL, United States), 
GraphPad Prism, version 5 (GraphPad Software, Inc., 
CA, United States), and Microsoft Excel (Microsoft, 
Redmond, WA, United States).

RESULTS
Patient characteristics
Figure 1 provides the characteristics of the 216 patients 
who were candidates for the present study. Data for 
the 174 who were eligible for inclusion in the efficacy 
analysis were analyzed, and 42 patients (19.4%) were 
removed for reasons detailed in Figure 1: PSA failure 
during AHT (n = 13), severe disease (n = 1), missing 
data (n = 17), and ADT duration deviation from study 
protocol (n = 11). All patients reached castrate T 
levels at cessation of ADT. Table 1 shows the patient 
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Brachytherapy with GnRHa
216 patients

HDR + EBRT + 36 mo AHT
with NHT

114 patients

HDR + EBRT + NHT
9 patients

LDR + NHT
93 patients

11 patients were treated with GnRHa
for 13 to 24 mo

Withdrawal from the study
  PSA failure during AHT (n  = 13)
  Suffering from serious 
  disease (n  = 1)
  Missing data (n  = 17)

Long-term usage group
(36 mo or greater)

83 patients

Short-term usage group
(3 to 12 mo)
91 patients

Figure 1  Characteristics of the 216 candidates considered for the study. GnRHa: Gonadotropin-releasing hormone agonist therapy; HDR: High-dose rate 
brachytherapy; EBRT: External beam radiotherapy; AHT: Adjuvant hormonal therapy; NHT: Neoadjuvant hormonal therapy; LDR: Low-dose rate brachytherapy; PSA: 
Prostate-specific antigen.
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long-term usage group.  

Factors associated with T recovery 
Table 2 provides the univariate and multivariate results 
of factors that may influence T recovery to supracastrate 
levels in the long-term usage group. Age 73 years or 
older at cessation (n = 47; 57%) was significantly 
associated with slower recovery to supracastrate levels 
in the long-term usage group (multivariate analysis, P 
= 0.009). T level < 10 ng/dL at baseline (n = 39; 47%) 

background data for the short-term and long-term 
usage groups (n = 91 and n = 83, respectively). 

Cumulative incidence of T recovery
We compared the cumulative incidence of T recovery 
to normal levels (Figure 2A) and to supracastrate levels 
(Figure 2B) between the short-term and long-term 
usage groups. A Log-Rank test showed that T recovery 
to normal levels occurred significantly more rapidly in 
the short-term than in the long-term usage group (HR 
= 9.180; 95%CI: 5.883-14.32; P < 0.001). T recovery 
to supracastrate levels also occurred significantly more 
rapidly in the short-term than in the long-term usage 
group (HR = 5.051; 95%CI: 3.346-7.624; P < 0.001).
Cumulative incidences of T recovery to normal and 
supracastrate levels at 24 mo after cessation were 
28.8% and 74.6%, respectively, in the long-term usage 
group, whereas these values were 96.4% and 98.8% in 
the short-term usage group. Five years after cessation, 
22.6% of patients maintained a castrate T level in the 
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Figure 2  Cumulative incidence of testosterone recovery to normal levels (A) and supracastrate levels (B) according to duration of gonadotropin-releasing 
hormone agonist therapy. Significance (P < 0.05) was determined according to a Log-Rank test.

Short-term usage 
group (n  = 91)

Long-term usage 
Group (n  = 83)

Median Range Median Range
  Age at 
  cessation (yr)

69 54-78 73 53-90

  Body mass 
  index 

  24.1 18.6-32.5    24.3 17.1-32.5

  Duration of 
  GnRHa (mo)

6 3-12 47  36-66

  Follow-up 
  duration 
  from 
  cessation of 
  GnRHa (mo)

29 3-52 60 3-94

n % n %
  Diabetes, yes 10 10.9   8   9.6
  Hypertension, 
  yes

36 39.5 33 39.7

Table 1  Patient background data

GnRHa: Gonadotropin-releasing hormone agonist therapy.

  Factor Univariate analysis Multivariate analysis

HR 95%CI P  value HR 95%CI P  value
  At brachytherapy
     Body mass index
        < 25 1.249 0.733-2.130 0.413 - - -
        ≥ 25 1.000 (reference) - - -
     Diabetes 
        No 1.262 0.505-3.156 0.687 - - -
        Yes 1.000 (reference) - - -
     Hypertension 
        No 0.959 0.572-1.608 0.873 - - -
        Yes 1.000 (reference) - - -
  At cessation
     Age
        < 73 yr 1.98 1.182-3.317 0.009 2.020 1.190-3.429 0.009
        ≥ 73 yr 1.000 (reference) 1.000 (reference)
     T level at baseline1  
        < 10 ng/dL 1.000 (reference) 1.000 (reference)
        ≥ 10 ng/dL 2.261 1.316-3.883 0.003 2.327 1.354-4.000 0.002
  Drug formulation
     Duration of activity
        1 mo 1.000 (reference) - - -
        3 mo 1.419 0.821-2.454 0.209 - - -
     Material
        Goserelin 0.973 0.579-1.635 0.917 - - -
        Leuprorelin 1.000 (reference) - - -

Table 2  Univariate and multivariate analyses of factors 
associated with testosterone recovery to supracastrate levels 
in the long-term usage group

1Testosterone level at baseline was measured 1 mo before the cessation of 
androgen deprivation therapy. Statistical significance was assessed at P < 
0.05. T: Testosterone.
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was also significantly associated with slower recovery to 
supracastrate levels in this group (multivariate analysis, 
P = 0.002). Both age 73 years or older at cessation and 
T level < 10 ng/dL at baseline were also significantly 
associated with slower recovery to normal levels in 
the long-term usage group on multivariate analysis (P 
= 0.005 and P = 0.001, respectively). There were no 
significant factors associated with slower T recovery in 
the short-term usage group (data not shown).

Influence of different GnRH agonist agents on T 
recovery
To examine the influence of different GnRH agonist 
agents on T recovery in the long-term usage group, 
patients were divided into two groups according to 
drug material: Goserelin (n = 34; 41%) and leuprorelin 
(n = 49; 59%). Patients were also divided into two 
groups according to the duration of drug activity: 1-mo 
formulation (n = 34; 41%) and 3-mo formulation (n 
= 35; 42%). Fourteen patients (17%) were switched 
from the 1-mo formulation to the 3-mo formulation for 
various reasons and were removed from this analysis. 
There was no significant difference regarding the time 
course of T recovery to supracastrate levels between 
goserelin and leuprorelin (univariate analysis, P = 0.917). 
The 1-mo formulation was not significantly associated 
with more rapid recovery to supracastrate levels, nor was 
the 3-mo formulation (univariate analysis, P = 0.209). 

DISCUSSION
In the present study, we estimated the time course of 
recovery of T levels after cessation of long-term use 
(≥ 36 mo) of ADT in high-risk prostate cancer patients 
treated with brachytherapy. More than half the patients 
who received long-term ADT did not experience reco
very to normal T levels at 5 years after cessation. In 
addition, approximately one-fifth of the patients who 
received long-term ADT still had castration levels at 5 
years after cessation. In these cases, we have difficulty 
judging whether cure is attributable to radiotherapy, to 
sustained castration, or to both.

Several studies showed that the longer the ADT 
treatment, the more time that was required for T 
recovery[8,15-17]; some studies reported prolonged sus
tainment of castrate T levels after cessation of long-
term ADT. Giberti et al[18] performed testicular biopsies 
in seven patients who received long-term ADT. This 
revealed impaired Leydig cell masses with tubular 
derangement and fibrosis. The findings suggested that 
long-term ADT induces not only functional inhibition of 
testicular androgenesis but also anatomical testicular 
damage that is likely irreversible. We previously inves
tigated the changes in serum T and luteinzing hormone 
(LH) levels after withdrawal of long-term ADT in patents 
with intermittent endocrine therapy. Patients who 
maintained castrate T levels after long-term follow-
up had above-normal LH levels[16]. This indicated that 
the feedback system of the hypothalamo-pituitary 

responded normally to the low levels of T after cessation. 
Thus, the prolonged sustainment of castrate T levels 
after cessation of long-term ADT may be attributable to 
the testicular damage, which is likely irreversible.

Shahidi et al[19] reported serum T levels were 
restored to normal levels in the majority of patients 
(88%) after short-term (3 to 6 mo) GnRH agonist 
administration and radiotherapy. Murthy et al[20] found 
that T was maintained at normal levels 5 years after 
the combination of a short course of GnRH agonist 
therapy (median, 97 d; range, 28-167 d) and EBRT. Our 
findings also suggest that the suppression of T levels 
after short-term ADT is reversible, because the majority 
of men who underwent prostate brachytherapy had T 
that recovered to normal levels. Although prolonged 
sustainment of castrate T levels after cessation of ADT 
is of little concern for the short-term usage group (≤ 12 
mo), this sustainment occurred in approximately 20% of 
patients in the long-term usage group (≥ 36 mo) in the 
present study. Yoon et al[9] reported that approximately 
10% of patients maintained castrate T levels after 
cessation of long-term use (2 years) of ADT. The rates 
of prolonged sustainment have a tendency to increase 
with the duration of the use of ADT. The longer the ADT 
treatment, the more patients were unlikely to recover 
from castrate T levels. The use of more than 2 years of 
ADT is likely to increase the incidence of this prolonged 
sustainment of castrate T levels.

The prolonged sustainment of castrate T levels not 
only could affect the biochemical control rates in patients 
treated with prostate radiotherapy but also could 
maintain the adverse long-term effects in patients. This 
could put some men at risk for cardiovascular events, 
diabetes, and osteoporotic fracture[21-23]. Fracture rates 
increased with increasing cumulative GnRH dose. The 
osteoporotic fracture caused by long-term ADT could 
affect the prognosis in prostate cancer patients, and the 
mortality rate doubled for men experiencing a fracture 
after their diagnosis compared with that for men who 
did not experience a fracture[24]. Thus, the management 
of bone health and T recovery is important in those 
patients[21,25]. 

In accordance with our findings, previous studies 
reported that older age was a significant factor 
associated with slower T recovery when GnRH agonist 
therapy was used for at least 24 mo[9,17,26]. The produ
ction of T decreases with age[27,28]. This decline might 
also be related to later T recovery in older men treated 
with long-term ADT[9].

The present study has certain shortcomings. 
Previous studies suggested the impact of scatter 
radiation on T levels and Leydig cell function in men 
treated with EBRT[29,30]. It is still unclear how HDR 
or LDR brachytherapy influences T levels. Thus, the 
cumulative incidence of T recovery might be incom
mensurable among men undergoing different kinds of 
radiotherapy. Unlike previous studies[9,17], we could not 
evaluate the impact of pre-ADT T levels on T recovery 
because some patients had already received ADT when 
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they began treatment at our institution. In addition, 
we did not investigate how the prolonged sustainment 
of castrate T levels had an impact on patient quality of 
life. However, the present study is the first to find that 
a lower T level at cessation of ADT (≤ 10 ng/dL) is one 
significant factor that affected the slower T recovery to 
supracastrate levels in patients treated with long-term 
GnRH agonist therapy. 

In men treated with long-term ADT, 22.6% of the 
patients maintained castrate T levels at 5 years after 
cessation. When determining the therapeutic effects, 
especially biochemical control, we should consider this 
delay in time to T recovery. Older age (73 years or 
older) and lower T levels (< 10 ng/dL) at ADT cessation 
were significantly associated with slower T recovery to 
supracastrate levels in men treated with long-term ADT.

COMMENTS
Background
Some patients maintain the castrate testosterone (T) levels for several years 
after cessation of androgen deprivation therapy (ADT), especially if hormonal 
manipulation is used for prolonged periods. In these cases, clinicians cannot 
assess whether radiotherapy controls prostate-specific antigen (PSA) levels 
because there is a possibility that prolonged effects of ADT simply control the 
disease. Thus, clinicians should assess the recovery of T levels after cessation 
of ADT when they interpret PSA relapse-free survival rates. 

Research frontiers
Some studies have documented the time course of recovery of T levels after 
cessation of long-term ADT. These studies were intended for patients who had 
received less than 36 mo of continuous gonadotropin-releasing hormone (GnRH) 
agonist therapy. The present study is the first to evaluate the time course of 
recovery of T levels after cessation of ≥ 36 mo use of ADT.

Innovations and breakthroughs
Previous studies reported that older age was a significant factor associated 
with slower T recovery when GnRH agonist therapy was used for at least 24 
mo. The present study is the first to find that a lower T level at cessation of ADT 
(≤ 10 ng/dL) is one significant factor that affected the slower T recovery to 
supracastrate levels in patients treated with long-term GnRH agonist therapy. 

Applications
Five years after cessation of long-term ADT (≥ 36 mo), approximately one-fifth 
of patients still had castrate T levels. When determining the therapeutic effect of 
radiotherapy, especially biochemical control, researchers should consider this 
delay in T recovery.

Terminology
ADT: Prostate cancer usually requires androgen hormones such as T. GnRH 
agonists are widely used as ADT for the management of prostate cancer. GnRH 
agonists reduce the levels of serum T.

Peer-review
Very well written paper and the authors provided the important and clear 
message that GnRHa hormone therapy might cause long lasting androgen 
suppression. 
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Abstract
AIM: To measure the common bile duct (CBD) diameter 
by magnetic resonance cholangiopancreatography 
(MRCP) in a large asymptomatic population and analyze 
its some affecting factors.

METHODS: This study included 862 asymptomatic 
subjects who underwent MRCP. The CBD diameter was 
measured at its widest visible portion on regular end-
expiration MRCP for all subjects. Among these 862 
subjects, 221 volunteers also underwent end-inspiration 
MRCP to study the effect of respiration on the CBD 
diameter. The age, sex, respiration, body length, body 
weight, body mass index (BMI), portal vein diameter 
(PVD), length of the extrahepatic duct and CBD, cystic 
junction radial orientation and location were recorded. 
The subjects were divided into 7 groups according to 
age. All of the above factors were compared with the 
CBD diameter on end-expiration MRCP.

RESULTS: Among the 862 subjects, the CBD diameter 
was 4.13 ± 1.11 mm (range, 1.76-9.45 mm) and 
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was correlated with age (r  = 0.484; P  < 0.05), with 
a dilation of 0.033 mm per year. The upper limit of 
the 95% reference range was 5.95 mm, resulting in a 
reasonable upper limit of 6 mm for the asymptomatic 
population. Respiration and other factors, including 
sex, body length, body weight, BMI, PVD, length of 
the extrahepatic duct and CBD, cystic junction radial 
orientation and location, were not related to the CBD 
diameter.

CONCLUSION: We established a reference range 
for the CBD diameter on MRCP for an asymptomatic 
population. The CBD diameter is correlated with age. 
Respiration did not affect the non-dilated CBD diameter.

Key words: Adult; Biliary tract; Common bile duct; 
Magnetic resonance imaging

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: We measured the common bile duct (CBD) 
diameter by magnetic resonance cholangiopan
creatography (MRCP) for a large asymptomatic popu
lation and suggested the normal upper limit of the 
duct be set at 6 mm on MRCP. The CBD diameter was 
correlated with age, and gradually dilates 0.033 mm 
per year. Respiration didn’t effect on the non-dilated 
CBD diameter on MRCP. The significant changes of 
CBD diameter between inspiration and expiration may 
suggest a dilation of CBD.

Peng R, Zhang L, Zhang XM, Chen TW, Yang L, Huang XH, 
Zhang ZM. Common bile duct diameter in an asymptomatic 
population: A magnetic resonance imaging study. World J 
Radiol 2015; 7(12): 501-508  Available from: URL: http://www.
wjgnet.com/1949-8470/full/v7/i12/501.htm  DOI: http://dx.doi.
org/10.4329/wjr.v7.i12.501

INTRODUCTION
A dilated common bile duct (CBD) suggests obstructive 
causes, which may require invasive imaging or remedial 
procedures[1]. However, an accurate reference range 
for CBD size remains debatable[1-9]. Thus, to determine 
whether a spontaneous abnormality or atypical dilation 
is important, there needs to be a reference range such 
that CBD diameters exceeding the upper limit can be 
classified as abnormal.

With the widespread use of cross-sectional imag
ing and improvements in cross-sectional imaging 
technology, the diameter of the CBD is being detected 
incidentally with increasing frequency when using 
ultrasound, computed tomography (CT) and magnetic 
resonance cholangiopancreatography (MRCP)[1-9]. 
MRCP is a technique that uses T2 sequence magnetic 
resonance imagery to perform a noninvasive evaluation 
of the anatomy and pathology of the pancreatobiliary 

system[10]. MRCP can be used to measure the diameter 
of the CBD[11]. MRCP is the principal diagnostic modality 
that determines whether endoscopic retrograde 
cholangiopancretography is needed, particularly when 
ultrasound findings are equivocal[12]. Chen et al[1] 
measured the normal CBD diameter in 187 patients 
by MRCP and found that the CBD diameter was signifi­
cantly correlated only with age.

The diameter of the CBD changes in response to 
various factors, including age[1-3], cholecystectomy[2,3], 
measurement location[4], respiration[5], and body mass 
index (BMI, which was calculated as weight in kilograms 
divided by the square of height in meters)[3]. For some 
of these factors, such as age and gender, the effect on 
the CBD is not clear. More than 30 years ago, Wu et al[6] 
utilized ultrasound to determine that the CBD diameter 
increases by 1 mm every decade. Later, other studies 
supported this observation[1-4,9]. However, Horrow et 
al[7] obtained controversial results by ultrasound; they 
found that age was not associated with the size of the 
extrahepatic bile duct in 258 asymptomatic adults. 
Some studies[1,3,8] have suggested that gender has no 
significant effect on CBD diameter by ultrasound and 
MRCP, but Matcuk et al[9] reported that the extrahepatic 
bile duct was larger in females after performing an 
ultrasound on 1484 normal individuals. There has been 
only one study[3] concerning the effect of BMI on the 
CBD diameter. The anomalous junction of the cystic 
duct with the common bile duct may cause stagnation 
of bile[13]. Cystic duct anatomic variants (such as the 
cystic junction radial orientation variant) can be a source 
of confusion during surgery if unrecognized[14]. Low-
junction patients with a short CBD experience several 
complications, including congenital dilation of the 
cystic duct[13]. Choledochocele is a cystic or diverticular 
dilatation of the lower bile duct and is sometimes 
associated with cholangitis or pancreatitis[15]. To the 
best of our knowledge, there is no report concerning 
the relationship between the diameter and length of the 
extrahepatic duct and the CBD, the cystic junction radial 
orientation or the cystic junction location.

The purpose of our study was to evaluate the CBD 
diameter in a large cohort of asymptomatic patients 
using MRCP and to determine the normal size range of 
the CBD in this population. In addition, this study aimed 
to determine the effects of age, sex, respiration, body 
length, body weight, BMI, portal vein diameter (PVD), 
extrahepatic duct and CBD length, cystic junction radial 
orientation and cystic junction location on the CBD 
diameter as measured by MRI.

MATERIALS AND METHODS
Patients
This retrospective study was approved by our institu
tional review board. Patient informed consent was 
waived. During the period of January 2010 to March 
2014, we recruited all the patients who underwent an 
abdominal MRI in our hospital for our study. We recorded 
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the age, sex, medical history, list of medications, total 
serum cholesterol, liver function tests, and hepatitis 
status of each patient. In addition, body length, body 
weight and BMI were recorded for the volunteers.

The following search criteria were used: (1) normal 
abdomen; (2) hepatic cysts; (3) hepatic or splenic 
hemangiomas; and (4) renal cysts.

The exclusion criteria were the following: (1) pre-
existing hepatobiliary and pancreatic surgery; (2) 
intra- or retroperitoneal tumors, inflammation or 
hemorrhagic diseases; (3) biliary tract stones; (4) 
cholecystitis; (5) cirrhosis of the liver; (6) ascites; (7) 
abnormal liver function tests (total bilirubin, aspartate 
aminotransferasea, alanine aminotransferase); (8) 
current use of medication that causes relaxation of 
smooth muscle (e.g., calcium blockers and papave
rine hydrochloride); and (9) abnormal total serum 
cholesterol.

We identified 5792 patients who underwent abdo
minal MR imaging at our hospital. Of these patients, 
167 were excluded because of artifacts. A total of 
4763 patients met the exclusion criteria and were not 
included in the study. The final study cohort consisted of 
862 consecutive patients, including 450 male and 412 
female patients aged 5 to 87 years (mean age ± SD, 
46.10 ± 16.38 years). Among these 862 people, 221 
were volunteers, including 108 males and 113 females 
aged 17 to 80 years (mean age ± SD, 37.80 ± 17.77 
years).

The patients were divided into 7 groups according to 
their age: Group I, ≤ 20 years; Group II, 21-30 years; 
Group III, 31-40 years; Group IV, 41-50 years; Group V, 
51-60 years; Group VI, 61-70 years; and Group VII, > 
70 years.

The patients were divided into normal weight (BMI 
< 25 kg/m2), overweight (25 kg/m2 ≤ BMI < 28 kg/
m2) and obesity (BMI ≥ 28 kg/m2) groups according to 
their BMI[16,17].

MR imaging technique
MR imaging was performed on the patients after 
an overnight fast of at least 8 h prior to the MR 
examination. All the examinations were performed 
with a 1.5-T MR scanner with 38 mT/M gradients 
and a 120 mT/M-per-second slope (Signa Excite; GE 
Medical Systems, Milwaukee, WI, United States) using a 
phased-array torso-pelvis coil. The imaging sequences, 
including two-dimensional coronal and axial single-
shot fast spin-echo (SSFSE) T2-weighted imaging, axial 
respiratory gating fast-recovery fast-spin echo (FRFSE) 
T2-weighted imaging with fat suppression, fast-spoiled 
gradient-echo T1-weighted imaging with fat suppression, 
axial spoiled dual gradient-echo T1-weighted in- and out-
of-phase MR imaging, axial slab three-dimensional (3D) 
spoiled gradient-echo dynamic contrast-enhanced MR 
imaging with fat suppression, and SSFSE radial series 
slab MRCP, were performed when all the patients were 
at the end of expiration and were holding their breath. 
End-expiration MRCP was considered conventional MRCP 

for each patient. The volunteers also underwent MRCP at 
the end of inspiration.

Coronal and axial SSFSE T2-weighted images were 
obtained during breath-holding with the following 
parameters: echo time (TE) = 90-100 ms; 2 s between 
slice acquisitions; section thickness = 5 mm; inter
section gap = 0.5 mm; matrix = 384 × 224; one-half 
signal acquired; and field of view (FOV) = 33 cm × 33 
cm. FRFSE T2-weighted images were obtained with 
the following parameters: repetition time (TR) ms/TE 
ms = 10000-12000/90-100, with TR determined by 
the frequency of respiration; section thickness = 5 
mm; intersection gap = 0.5 mm; matrix = 256 × 192; 
number of signals acquired (NSA) = 3; and FOV = 
34 cm × 34 cm. The acquisitions were completed in 
approximately 3-4 min.

Radial oblique slab SSFSE images were obtained 
for end-expiration and end-inspiration MRCP with the 
following parameters: TE = 1300 ms; 6 s between 
image acquisitions; section thickness = 40 mm; matrix 
= 384 × 224; one-half signal acquired; and FOV = 30 
cm × 30 cm.

All of the other routine sequences mentioned above 
were not used in the analysis presented in this article; 
thus, we have not listed the parameters for those 
sequences.

It took approximately 30 min to complete all of the 
non-contrast MRI sequences and 35 min to complete 
the contrast-enhanced MR imaging.

MR image analysis
The original MRI data were loaded onto a workstation 
(GE, AW 4.1, Sun Microsystems, Palo Alto, CA, United 
States) for review. Two observers (with 4 and 6 years 
of experience interpreting abdominal MR images) 
retrospectively and individually reviewed the coronal 
and transverse T2-weighted and MRCP images to 
evaluate the CBD.

The widest diameter of the CBD was measured by 
placing an electronic caliper perpendicular to the long 
axis at the widest visible portion of the CBD on end-
expiration MRCP for all the patients (Figure 1A). To 
study the effect of breath on the diameter of the CBD, 
the volunteers also underwent end-inspiration MRCP. The 
measurements on end-inspiration MRCP were taken at 
the same location as those on end-expiration. Because 
the CBD frequently exhibits a tortuous or serpentine 
course, the length of the extrahepatic bile duct is the 
sum of the length from the hepatic hilum to the tortuous 
portion and from the tortuous portion to the ampulla 
(Figure 1B). Similarly, the length of the CBD is the 
sum of the length from the cystic duct insertion to the 
tortuous portion and from the tortuous portion to the 
ampulla (Figure 1C). The anteroposterior diameters of 
the portal vein were measured by placing the electronic 
caliper at the splenic veins into the portal vein on T2-
weighted images (Figure 1D). The radial orientation 
of the cystic junction was defined as lateral (insertion 
diagonally from the right), medial (insertion into the left 
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discrepancies in the discrete data were discussed by the 
two observers until a consensus was reached.

The inter-rater agreement for the prevalence of 
the cystic junction radial orientation and cystic junction 
location was assessed using the kappa (k) statistic. 
This statistic is generally interpreted as follows: A k 
value equal to or greater than 0.81 indicates very 
good agreement, a k value ranging from 0.80 to 0.61 
indicates good agreement, a kappa value ranging from 
0.60 to 0.41 indicates moderate agreement, and a k 
value of less than 0.41 indicates poor agreement.

The results of the CBD diameter, body length, body 

side of the common hepatic duct), or posteroanterior 
(overlap of the junction with the bile duct in the postero
anterior view)[14] (Figure 2). Proximal, middle and low 
insertion of the cystic duct into the bile duct was defined 
when the cystic junction was detected in the proximal, 
middle or distal third, respectively, of the bile duct 
between the hepatic hilum and the ampulla of Vater 
(Figure 3).

Statistical analysis
Data derived from the MR images were expressed 
as the average of the two observers’ findings. Any 
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Figure 1  The measurement method. A: Measurement of the common bile duct (CBD) diameter by placing an electronic caliper at the widest visible portion of the 
CBD on magnetic resonance cholangiopancreatography (MRCP); B: Measurement of the length of the extrahepatic bile duct on MRCP. It is the sum of the length from 
the hepatic hilum to the tortuous portion and from the tortuous portion to the ampulla; C: Measurement of the length of the CBD on MRCP. It is the sum of the length 
from the cystic duct insertion to the tortuous portion and from the tortuous portion to the ampulla; D: Measurement of the portal vein anteroposterior diameters by 
placing the electronic caliper at the splenic veins into the portal vein on T2-weighted images.
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Figure 2  The cystic junction radial orientation. An FRFSE T2-weighted image (A) shows lateral insertion of the cystic duct (arrow). A coronal SSFSE T2-weighted 
image (B) shows medial insertion of the cystic duct (arrow). An FRFSE T2-weighted image (C) shows posteroanterior insertion of the cystic duct (arrow). SSFSE: Single-
shot fast spin-echo; FRFSE: Fast-recovery fast-spin echo.
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weight, BMI, PVD, and extrahepatic duct and CBD 
length were expressed as the mean ± SD. The upper 
limit of the 95% reference range for the CBD diameter 
was defined as the mean + 1.64 SD.

The independent t test was used to compare the 
CBD diameter between patients younger and older 
than 60 years and between genders. CBD diameters 
were analyzed based on age, body length, body weight, 
PVD, and extrahepatic duct and CBD length using 
Pearson correlations. The CBD diameters in the end-
inspiration and end-expiration phases were analyzed 
using paired t tests. Analysis of variance (ANOVA) was 
used to compare the diameter by BMI, cystic junction 
radial orientation and cystic junction location. Linear 
regressions were used to confirm the relationships 
between the CBD diameters and age.

The data analysis was performed using Statistical 
Package for Social Sciences (SPSS) for Windows (Version 
13.0, Chicago, IL, United States). P values ≤ 0.05 were 
considered statistically significant.

RESULTS
Agreement between the two radiologists was good 
regarding the prevalence of the cystic junction location (κ 
= 0.79) and moderate concerning the prevalence of the 
cystic junction radial orientation (κ = 0.53).

Among the 862 subjects, the mean diameter of the 
CBD on end-expiration MRCP was 4.13 ± 1.11 mm 
(1.76-9.45 mm). There was a significant correlation 
between the CBD diameter and age (r = 0.484, P < 

0.05; Figure 4). According to the linear periodic model, 
the regression equation for diameter was as follows: 
0.033 × age + 2.624. Thus, the duct gradually dilated 
by 0.033 mm per year. Table 1 lists the mean CBD 
diameters of the subjects in each group. The upper 
limit of the 95% reference range for the CBD diameter 
was 5.95 mm, resulting in the reasonable upper limit 
of 6 mm for the asymptomatic population. The CBD 
diameter in people older than 61 years of age (4.93 
± 1.15 mm) was significantly different than that in 
subjects younger than 60 years of age (3.93 ± 0.99 
mm; t = -11.364, P = 0.000).

In the cohort of 862 subjects, the mean CBD 
diameter in females was slightly larger than that in 
males (4.18 ± 1.09 mm vs 4.09 ± 1.13 mm), although 
this difference was not statistically significant (t = 
-1.252, P = 0.211).

Among the 221 volunteers, the mean CBD diameter 
was slightly larger on end- inspiration MRCP (3.90 ± 0.96 
mm) than on end-expiration MRCP (3.88 ± 0.96 mm), 
but the difference was not statistically significant (t = 
-0.896, P = 0.371) (Figure 5).

In the cohort of 221 volunteers, the normal weight 
subjects (83.7%; 185/221) had a CBD diameter of 3.85
± 0.95 mm, the overweight subjects (14.5%; 32/221) 
had a CBD diameter of 4.09 ± 1.00 mm, and the obese 
subjects (1.8%; 4/221) had a CBD diameter of 3.61
± 1.14 mm. The CBD diameters are not significantly 
different among the normal weight, overweight and 
obese groups (F = 1.034, P = 0.357).

In the 221 volunteers, the mean CBD diameters 
were not significantly related to body length or body 
weight (Table 2). In the 862 subjects, the mean CBD 
diameters were not significantly related to the PVD, 
extrahepatic bile duct length or CBD length (Table 2).

Based on the different cystic junction radical orienta
tions, subjects (74.8%; 645/862) with a lateral junction 
had a CBD diameter of 4.09 ± 1.10 mm, subjects with 
a medial junction (7.9%; 68/862) had a CBD diameter 
of 4.25 ± 1.30 mm, and subjects with a posteroanterior 
junction (17.3%; 149/862) had a CBD diameter of 4.24 
± 1.03 mm. The CBD diameters were not significantly 
different between the subjects grouped based on cystic 
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Figure 3  The cystic junction location. Magnetic resonance cholangiopancreatography shows proximal (A), middle (B) and distal (C) third conjunction of the cystic 
duct with the common bile duct (arrow).

  Group 
  number

Age (yr) Patient 
number

Common bile duct diameter
Mean ± SD (mm)

  I ≤ 20   42 3.23 ± 0.77
  II 21-30 123 3.45 ± 0.67
  III 31-40 137 3.80 ± 0.97
  IV 41-50 234 4.01 ± 0.89
  V 51-60 155 4.50 ± 1.11
  VI 61-70 113 4.83 ± 1.18
  VII > 70   58 5.12 ± 1.10

Table 1  Common bile duct diameters in each age group
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junction radial orientation (F = 1.559, P = 0.211). 
Based on the cystic junction location, subjects with 
a proximal insertion (23.5%; 203/862) had a CBD 
diameter of 4.04 ± 1.17 mm, subjects with a middle 
insertion (73.8%; 636/862) had a CBD diameter of 4.30 
± 1.08 mm, and subjects with a low insertion (2.7%; 
23/862) had a CBD diameter of 4.16 ± 1.08 mm. The 
CBD diameters were not significantly different among 
the groups based on cystic junction location (F = 1.683, 
P = 0.186).

DISCUSSION
In this study, we found that the mean diameter of the 
CBD on end-expiration MRCP was 4.13 ± 1.11 mm, 
with a range of 1.76 to 9.45 mm. The CBD diameters 
were significantly different between patients younger 
and older than 60 years of age (P < 0.05). The CBD 
diameter was correlated with age (r = 0.484; P < 0.05) 
and gradually dilated 0.033 mm per year. We suggest 
that the normal upper limit of the duct should be set at 
6 mm. The CBD diameters were not significantly related 
to gender, body length, body weight, BMI, PVD, the 
length of the extrahepatic duct or the CBD, the cystic 
junction radial orientation or location. Respiration did 
not affect the non-dilated CBD diameter. Our results 
established a reference range for the CBD diameter on 
MRCP in an asymptomatic population that will be useful 
for evaluating suspected biliary tract disease.

Previous studies have shown that the mean dia
meter of the CBD is between 3.4 and 7.39 mm, with a 
range of 1.0 to 15.0 mm[1,2,4-8,18,19], and our results were 
well within the reported range. In our study, the upper 
limit of the 95% reference range for the CBD diameter 
was 5.95 mm, and the upper limit was 6 mm; these 
values are comparable to those from ultrasound[4] and 
CT[2]. The upper limit in our study was lower than that 
reported by Chen et al[1], possibly because of the larger 

population and wider age range in our study. 
A few reports have considered the important age-

dependent variations in the CBD diameter[1-4,6,8,9,18,19]. 
Some studies have revealed a slight increase in duct 
diameter with advancing age[6,9]. It has also been 
shown that the CBD diameter is directly proportional to 
age after patients were divided into two groups with 65 
years as the cut-off age[1]. Park et al[18] reported that 
the CBD diameter by CT in people older than 51 years 
of age was significantly different than that in subjects 
younger than 50 years of age. Additionally, Kaim et 
al[19] reported that the CBD diameter in asymptomatic 
elderly subjects (> 75 years) was considerably higher 
compared with the recommended borderline values in 
the ultrasound literature. However, Horrow et al[7] found 
no increase in the size of the extrahepatic bile duct 
with increasing age in an adult population, and their 
data do not support the rule of a 1-mm-per-decade 
increase in the size of the bile duct by ultrasound. In 
this study, we found that the CBD diameter increases 
with age and gradually dilates 0.033 mm per year. CBD 
diameters are significantly different between patients 
who are younger or older than 60 years of age, perhaps 
because longitudinal smooth muscle bands and their 
intervening connective tissue fragments with increasing 
age accompanied by the loss of the reticulo-endothelial 
network of the ductal wall[20], resulting in age-related 
biliary dilatation of the CBD.

Some previous studies have reported that gender 
has no significant effect on the CBD diameter[1,3,8]. 
However, Matcuk et al[9] found that the extrahepatic 
bile duct increases with female sex by ultrasound. Our 
studies support the notion that gender has no significant 
effect on the CBD diameter.

Wachsberg[5] demonstrated that the maximal bile 
duct measurement can increase during deep inspiration 
by ultrasonography. However, their study included thirty 
subjects with a maximal anteroposterior CBD diameter 
of 5 mm or greater, some of whom presented with biliary 
obstruction. An MRCP study[21] found that the mean 
maximal diameter of the extrahepatic bile duct was 
significantly larger on end-inspiratory MRCP in the group 
of subjects with an extrahepatic bile duct diameter of less 
than 10 mm. However, their study included 102 patients 
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Patient 
number

Mean ± SD R value P  value

  Body length (m) 221   1.60 ± 0.07 -0.067 0.325
  Body weight (kg) 221 57.01 ± 9.17  0.041 0.548
  Portal vein diameter (mm) 862   8.79 ± 0.91  0.034 0.318
  Length of the extrahepatic 
  bile duct (mm)

862 63.75 ± 9.07  0.045 0.185

  Length of the CBD (mm) 862   47.53 ± 10.44  0.003 0.922

Table 2  Pearson correlation coefficients between the 
common bile duct diameters and their relationship to different 
parameters

CBD: Common bile duct.
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Figure 4  Pearson correlation between the diameter of the common bile 
duct and age (r = 0.484, P = 0.000).
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with suspected biliary abnormalities by ultrasonography 
or computed tomography. Our results showed that the 
mean CBD diameters between end-inspiratory MRCP 
and end-expiratory MRCP were not statistically different. 
Our study is unique in that MRCP was used to evaluate 
the effect of respiration on the “normal” diameter of 
the CBD. Our results indicate that respiration does not 
affect the non-dilated CBD diameter. We speculate that 
the significant changes in the CBD diameter between 
inspiration and expiration[5,21] may suggest dilation of 
the CBD.

Previous studies have suggested that body length 
and body weight have no significant effect on the CBD 
diameter[3,8]. Our studies support these observations. 
Daradkeh et al[3] reported that the CBD diameter was 
correlated with BMI by ultrasound. In this study, we 
found that BMI had no significant effect on the CBD 
diameter, perhaps because ultrasound has limitations 
regarding overweight persons[22]. In our study, 14% 
(32/221) of the patients were overweight, and 1.8% 
(4/221) were obese. Ultrasound may have certain 
limitations in measuring the CBD diameter in these 
15.8% of the patients, thereby resulting in measureable 
differences.

In our study, we also found that the PVD was not 
associated with the CBD diameter on MRCP, a finding 
that is similar to that reported by Chen et al[1].

The most common or ‘‘normal’’ way of entry (up to 
65%) involves draining the cystic duct from the right 
lateral position[23]; however, in other series, a lateral 
junction was observed in only 31.8% of the cases[14]. 
In our study, lateral insertion of the cystic duct was 
detected in 74.8% of the cases, whereas medial and 
posteroanterior insertions accounted for the remainder. 
Our study of the cystic junction radial orientation 
supports the report by Turner et al[23]. The cystic duct 
usually joins the common hepatic duct about halfway 
between the porta hepatis and the ampulla of Vater (in 
75% of cases)[23]. We found that the cystic duct joins the 
common hepatic duct about halfway between the porta 
hepatis and the ampulla of Vater in 73.8% of cases, a 
rate similar to that reported by Turner et al[23]. We found 

no relationships among the diameter and length of the 
extrahepatic duct, length of the CBD, cystic junction 
radial orientation or cystic junction location.

There are some limitations to this retrospective 
study. First, the variation in the depth of individual 
patient inspiration may have affected the length and 
maximal diameter of the extrahepatic bile duct during 
respiratory MRCP, although all of the patients were 
instructed before the examinations to take a deep 
breath or to completely exhale. Second, there were only 
a few patients older than 70 (6.7%) or younger than 20 
(4.9%) years. This may have introduced bias regarding 
the imaging review and analysis.

In conclusion, in this study, we established a reference 
range for the CBD diameter on MRCP for an asymp
tomatic population. The CBD diameter is correlated with 
age, and its normal upper limit can be set at 6 mm. 
Respiration and other factors, such as gender, body 
length, body weight, BMI, PVD, extrahepatic duct and 
CBD length, and the cystic junction radial orientation 
and location, do not affect the non-dilated CBD diameter. 
The significant changes in the CBD diameter between 
inspiration and expiration may suggest dilation of the 
CBD. This is a useful reference for evaluating suspected 
biliary tract disease.

COMMENTS
Background
A dilated common bile duct (CBD) suggests obstructive. An accurate reference 
range for CBD size remains debatable. Magnetic resonance cholangio
pancreatography (MRCP) can be used to measure the diameter of the CBD.

Research frontiers
An accurate reference for CBD size on imaging.

Innovations and breakthroughs
To measurement the CBD diameter in a large cohort of asymptomatic patients 
(862) using MRCP.

Applications
The CBD diameter is correlated with age, and its normal upper limit can be set at 
6 mm. Respiration and other factors, such as gender, body length, body weight, 
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Figure 5  Deep respiratory magnetic resonance cholangiopancreatography obtained in a 32-year-old female volunteer. Breath-hold magnetic resonance 
cholangiopancreatography obtained during end-expiration (A) or end-inspiration (B) provides an overview of the common bile duct (arrow). There is no obvious 
change in the common bile duct diameter.
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body mass index, portal vein diameter, extrahepatic duct and CBD length, and the 
cystic junction radial orientation and location, do not affect the non-dilated CBD 
diameter.

Peer-review
This work is alright to publish. However, more relationships of diameter other 
than age should be presented. Relationships of diameter and say, gender, patient 
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Abstract
AIM: To assess the clinical diagnostic value of functional 
imaging, combining quantitative parameters of apparent 
diffusion coefficient (ADC) and standardized uptake value 
(SUV)max, before and after chemo-radiation therapy, 
in prediction of tumor response of patients with rectal 
cancer, related to tumor regression grade at histology. 

METHODS: A total of 31 patients with biopsy proven 
diagnosis of rectal carcinoma were enrolled in our study. 
All patients underwent a whole body 18FDG positron 
emission tomography (PET)/computed tomography 
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(CT) scan and a pelvic magnetic resonance (MR) 
examination including diffusion weighted (DW) imaging 
for staging (PET1, RM1) and after completion (6.6 wk) 
of neoadjuvant treatment (PET2, RM2). Subsequently 
all patients underwent total mesorectal excision and 
the histological results were compared with imaging 
findings. The MR scanning, performed on 1.5 T magnet 
(Philips, Achieva), included T2-weighted multiplanar 
imaging and in addition DW images with b-value of 
0 and 1000 mm²/s. On PET/CT the SUVmax of the 
rectal lesion were calculated in PET1 and PET2. The 
percentage decrease of SUVmax (ΔSUV) and ADC 
(ΔADC) values from baseline to presurgical scan were 
assessed and correlated with pathologic response 
classified as tumor regression grade (Mandard’s criteria; 
TRG1 = complete regression, TRG5 = no regression).

RESULTS: After completion of therapy, all the patients 
were submitted to surgery. According to the Mandard’s 
criteria, 22 tumors showed complete (TRG1) or subtotal 
regression (TRG2) and were classified as responders; 9 
tumors were classified as non responders (TRG3, 4 and 
5). Considering all patients the mean values of SUVmax 
in PET 1 was higher than the mean value of SUVmax 
in PET 2 (P  < 0.001), whereas the mean ADC values 
was lower in RM1 than RM2 (P  < 0.001), with a ΔSUV 
and ΔADC respectively of 60.2% and 66.8%. The best 
predictors for TRG response were SUV2 (threshold of 
4.4) and ADC2 (1.29 × 10-3 mm2/s) with high sensitivity 
and specificity. Combining in a single analysis both the 
obtained median value, the positive predictive value, 
in predicting the different group category response in 
related to TRG system, presented R2 of 0.95.

CONCLUSION: The functional imaging combining 
ADC and SUVmax in a single analysis permits to detect 
changes in cellular tissue structures useful for the 
assessment of tumour response after the neoadjuvant 
therapy in rectal cancer, increasing the sensitivity in 
correct depiction of treatment response than either 
method alone.

Key words: Advanced rectal cancer; Functional imaging; 
FDG-PET/CT; Magnetic resonance imaging; Apparent 
diffusion coefficient; Neoadjuvant treatment; Tumor 
regression grade 

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: In our study we evaluated the combination 
of changes of glucose metabolism values expressed 
as SUVmax and the changes of apparent diffusion 
coefficient (ADC map) values, before and after neoad
juvant therapy, in patients with advanced rectal cancer 
in order to predict, in vivo , the therapy response. The 
importance of this work consist of the possibility to 
offer, in the era of positron emission tomography (PET)/
magnetic resonance imaging scanner, a new advanced 
tool that allows the non-invasive evaluation of response 
to neoadjuvant chemotherapy treatment in patients with 

rectal cancer, by adding quantitative value information 
on diffusion weighted images and on PET/computed 
tomography imaging.

Ippolito D, Fior D, Trattenero C, De Ponti E, Drago S, Guerra 
L, Franzesi CT, Sironi S. Combined value of apparent diffusion 
coefficient-standardized uptake value max in evaluation of 
post-treated locally advanced rectal cancer. World J Radiol 
2015; 7(12): 509-520  Available from: URL: http://www.
wjgnet.com/1949-8470/full/v7/i12/509.htm  DOI: http://dx.doi.
org/10.4329/wjr.v7.i12.509

INTRODUCTION
The use of pre-operative chemoradiation treatment 
(CRT) induces downsizing and downstaging of primary 
rectal tumors, yielding a pathologic complete response 
(pCR) in up to 24% of patients[1]. A pCR is known to 
be associated with a favourable oncologic outcome, in 
regard to both recurrence and patients survival[2].

The trend in treatment of rectal cancer, although is 
still controversial, to date is toward a more conservative 
approach in patients identified as complete responders 
after CRT. Generally, a pCR is determined with histo
pathologic examination after surgery, but, if the determi
nation of CR before surgery may influence the subsequent 
treatment decision, an accurate clinical assessment of 
response becomes essential[3-5].

Recently, diffusion weighted magnetic resonance 
imaging (DW-MR) after CRT has demonstrated to be 
more valuable than standard morphologic MR study 
in differentiation between a pCR and the presence of 
residual disease. On DW images, the viable neoplastic 
remnants are more easily defined, since they appear 
hyperintense in comparison to the low signal intensity 
(SI) of the surroundings not neoplastic tissues[6,7]. 
Promising results have been shown with quantitative 
DW imaging analysis by quantifying the apparent 
diffusion coefficient (ADC) in the evaluation of treatment 
response to CRT in patients having rectal cancer[8-14].

Even positron emission tomography (PET)/computed 
tomography (CT) has been suggested to be an accurate 
imaging modality in the staging of newly diagnosed or 
in detection of recurrent rectal cancer. Furthermore, 
qualitative and quantitative assessment of fluoro­
deoxyglucose-PET provide helpful information regard
ing treatment response and prognosis of patients with 
rectal cancer[15,16] . 

Both DWI imaging and PET-CT imaging have been 
used separately in different fields of tumor evaluation, 
such as detection, characterization and CRT response 
assessment. As both ADC and standardized uptake 
value (SUV) have been associated with biological 
behaviour and treatment response in various tumors 
types a correlation between SUV values, which reflect 
metabolic activity and ADC values which reflect cellular 
density might be found[17].
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To date, there have been few comparative studies 
between ADC and SUVmax to evaluate the tumour 
response to preoperative CRT in locally advanced rectal 
cancer (LARC). The aim of this study was, along with 
brief review of literature, to evaluate the accuracy of 
combined ADC and SUVmax values in prediction of 
tumor regression grade (TRG) complete responders 
in LARC patients, using histological tumor regression 
grade as standard reference.

MATERIALS AND METHODS
Patients
Between June 2009 and April 2012, 53 consecutive 
patients with diagnosis of rectal cancer were considered 
for eligibility. Inclusion criteria were: (1) histopatholo
gically proved rectal adenocarcinoma (0 to 15 cm 
from anal verge, by means of endoscopic biopsy); (2) 
LARC staged by baseline MR imaging examination (≥ 
T3 or positive lymph nodes); (3) absence of distant 
metastases; (4) neoadjuvant preoperative CRT. The 
exclusion criteria were: (1) previous CRT for primary 
rectal carcinoma or tumour in other organ; (2) con
traindication to MR imaging study; (3) premature 
discontinuation of CRT; (4) delayed (more than 8 mo 
after CRT) or cancelled surgery; and (5) discontinued 
or non-diagnostic MR imaging examinations during 
therapy.

A total of 31 patients (22 men and 9 women, mean 
age of 64.5 years with a range of 42-80) met the study 
criteria. 

This prospective study was approved by our institu
tional review board, and informed consent was obtained 
from all patients. 

MR acquisition protocol 
The baseline MR imaging examination (MR1) was 
performed within a mean of 4.8 wk (I-III quartile: 3.8-6.3 
wk) before the treatment for tumour staging, while the 
second study (MR2) was performed within a mean of 6.6 
wk (I-III quartile: 5.3-7.7 wk) after the completion of 
CRT and before surgery. MRI was performed using a 1.5 
T magnet (Philips, Achieva 1.5 T, The Netherlands). The 
patients were positioned supine and feet first, and scan 
was performed by using a five-channel high resolution 
phased-array body coil.

The standard protocol included multiplanar T2- TSE-
weighted sequences without fat suppression, applying 
the following parameters: Repetition time msec/echo 
time msec 4750/120; slice thickness: 3 mm; slices: 18; 
matrix: 256 × 256; number of signal acquired (NSA): 
4; axial TSE T1-weighted axial sequence Turbo Spin-
Echo (TSE) T1-weighted (slice thickness: 3 mm; slice: 
20; gap: 3 mm; TR: 612 ms; TE: 14 ms; flip angle: 
90°; Field of View (FOV): 180; RFOV: 85; matrix: 272 
× 320; NSA: 4.

The images were obtained in three different planes: 
sagittal, coronal and transverse, with the latter two 

orientations angled perpendicularly to the long axis of 
the tumour according to sagittal images. At the end of 
the examination, DW images using a Multi-slice Spin 
Echo Eco-planar Single Shot (SE-EPI-SSh) sequence 
were obtained in the axial plane with the following 
parameters: Repetition time msec/echo time 3000/74; 
slice thickness: 6 mm; slices: 12; matrix: 240 × 256; 
NSA: 4; b values of 0 and 1000 mm2/s; time: 1.30 
min; SENSE factor 1.5. 

No intravenous contrast medium was injected as 
part of our routine acquisition protocol for rectal cancer 
evaluation, according to recent guidelines about clinical 
management of rectal cancer patients with MRI (recom
mendations from ESGAR, 2012).

MR image analysis
MR images were analyzed and ADC measurements 
were made by one radiologist experienced in abdominal 
radiology (DI), and who was blinded to the therapeutic 
response and to the histological results (Figures 1 and 2).

On post-CRT ADC maps, the region of interest (ROIs) 
were manually drawn on the basis of visual analysis 
of focal areas of residual high SI on the high-b-value 
images within the location of the primary tumour site, 
by comparing pre-CRT examination if needed. When no 
remaining high SI area could be depicted on the post-
CRT DW images, the ROIs were drawn on the rectal 
wall at the former location of the primary tumour, using 
pre-CRT DW and T2W images as reference. The lesions 
were manually contoured along their edge avoiding 
vessels distortion areas, vessels and motion artefacts. 
Then, the mean and standard deviation of the ADC 
values were automatically calculated.

The size of ROI of one section was not less than 20 
voxels. Diffusion-weighted images were of diagnostic 
quality in all patients, and no patients were excluded 
from the study. 

In order to determine percentage variation of ADC 
before and after CRT, the ADC values in the MR1 (ADC 
1) and MR2 (ADC 2) were used also to define delta ADC 
(ΔADC) as follows: ΔADC= [(ADC2 - ADC1)/ADC2] × 
100.

18F-FDG-PET/CT imaging technique
All patients were investigated by FDG-PET/CT prior to 
the onset of CRT (PET1) and 4 wk after the completion 
of the pre-operative treatment (PET2). All studies were 
performed on a PET scanner coupled with a 8-detector 
rows CT scanner (Discovery ST - GE Healthcare, 
Milwaukee, WI, United States), thus allowing one 
step acquisition of co-registered PET and CT images. 
According to the acquisition protocol, patients fasted for 
at least 6 h before the intravenous administration of 3.7 
MBq/kg body weight of 18F-FDG. Blood glucose levels 
were checked before tracer administration and patients 
with glucose level above 170 mg/dL were excluded 
from the study. All patients were orally hydrated (500 
mL of water) during the FDG uptake period and were 

511 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

Ippolito D et al . Functional imaging review of treated LARC 



of primary rectal cancer. Lesion uptake was identified 
as an area of pathologically increased 18F-FDG up
take, excluding causes of nonspecific or physiologic 
accumulation of the radio- tracer (Figures 1 and 2). 
ROIs were drawn over the region of pathological 
uptake on the baseline scan (PET1) for the calculation 
of SUV1. At subsequent PET/CT (PET2) images were 
co-registered with the baseline study by means of the 
anatomical CT and the ROIs were drawn in the same 
positions of PET1 in order to calculate SUV2. SUV values 
were calculated using the maximum activity values 
within each ROI on the transaxial slices, normalized to 
the injected dose and patient’s body weight, as per ADC 
values. The SUVmax values in the PET1 (SUV1) and 
PET2 (SUV2) were used to define ΔSUV in percentage 
as follows: ΔSUV1 = [(SUV1 - SUV2)/SUV1] × 100.

Histopathologic evaluation and TRG definition
Pathologic response was evaluated on resected speci
mens by a pathologist, with 15-year experience in 
gastrointestinal pathology. Each specimen was fixed 
in 10% buffered formalin for at least 48 h and inked. 
Serial transversal tissue blocks were cut at 5 mm 
intervals from the distal portion. Each block, consisting 
of full thickness of the rectal wall and the mesorectum, 

asked to empty their bladder before positioning for 
the scan. Sixty ± ten minutes after the trace injection, 
PET/CT study was performed. Unenhanced low-
dose CT (LD-CT) was acquired first with the following 
parameters: 120 kV, 60 mA, gantry rotation time of 0.8 
s, section thickness of 3.75 mm and pitch of 1.65. PET 
emission scanning was performed immediately after 
LD-CT, with the same coverage volume. All PET studies 
were acquired in 3D mode, with acquisition time of 3 
min per FOV. Images were reconstructed with ordered 
subsets expectation-maximization algorithm, 128 × 
128 matrix size, attenuation, random, and scatter 
correction. Attenuation correction was performed 
on the basis of CT scan data. The CT pixel values 
measured in hounsfield units were transformed into 
linear attenuation coefficients for the 511-keV energy 
radiation. CT and PET images were then matched and 
fused into transaxial, coronal, and sagittal images.

Image analysis and quantification of PET data
PET, CT, and fused PET/CT images were displayed on 
Xeleris workstation (GE Medical Systems, Milwaukee, 
WI). Images were interpreted by one experienced 
nuclear medicine physicians (LG) without knowledge of 
clinical and histological data, but only of the presence 
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Figure 1  A 72-year-old man with pathologically proven proximal rectal cancer, classified as non-responder after chemoradiation treatment. A: Pre-CRT 
T2-weighted axial MR image shows a circumferential pathological rectal mass, with largest thickening from 12 to 6 o’clock position, narrowing rectal lumen and with 
corresponding mesorectal fat spread around; B: Post-CRT T2- weighted axial MR image shows incomplete decrease in rectal wall thickening, with irregular and 
inhomogeneous neoplastic tissue still determining lumen narrow; C: Pre-CRT DWI image shows the presence of hyperintense area at the corresponding level of tumor 
mass (ADC: 0.63 × 10-3 mm²/s); D: Post-CRT DWI image demonstrated partial response, with focal hyperintense area still detectable (ADC: 1.25 × 10-3 mm²/s); E: Pre-
CRT axial pelvic scan examination image demonstrates a significant radiotracer uptake in the hight rectum, corresponding tumor region (SUVmax: 19.4); F: The partial 
metabolic response is also confirmed by CRT PET/CT scans, in particular a significant tumor uptake is still present (SUVmax: 4.3). CRT: Chemoradiation treatment; 
DWI: Diffusion weighted imaging; ADC: Apparent diffusion coefficient; SUV: Standardized uptake value. 
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was embedded in paraffin. Whole-mount sections were 
obtained and stained with hematoxylin and eosin. The 
TRG definition of Mandard et al[18] was adopted for 
clinical response classification. Patients with TRG1-2 
scores were considered as responders, while patients 
with TRG3-5 were classified as non-responders.

Statistical analysis
Mean and SD of the SUV1, SUV2, ADC1 and ADC2 
were calculated and the comparison between SUV1 
and SUV2, and between ADC1 and ADC2 was done 
with Wilcoxon paired test (Table 1). The comparison of 
the same quantitative parameter was also performed 
between histopathologic responders and non responders 
patients with the non parametric Mann-Whitney U test 
(Table 2). The correlation between histological TRG 
in the resected specimen and the ADC and SUVmax 
values assessed before and after surgery was analysed 
with the Pearson correlation test. Multivariate regression 
model was evaluated including those parameters with 
significant correlation in univariate regression analysis 
(Figure 3). The final model incorporated ADC and 
SUVmax values measured after surgery (ADCpost - 
SUVpost). Model predictions of histological tumour 
regression were also compared with true patients’ TRG 
and investigated with scatter diagram (Figure 4).

Receiver operating characteristic (ROC) analysis was 
performed to define the best accuracy of the metabolic 
parameters in predicting the response to treatment.

The sensitivity, specificity and overall diagnostic 
accuracy for each item were calculated under the 
optimal cut-off value.

Stata software 9.0 (Stata Corporation, College 
Station, Texas, United States) was used for performing 
statistical analysis and a P < 0.05 was deemed as 
statistical significant.

RESULTS
All patients underwent surgical excision within 8-10 
wk after CRT completion, i.e., low anterior resection 
(n = 24), abdominoperineal resection (n = 6) and 
extended resection (n = 1). The surgical approach was 
established considering the clinical response to CRT 
defined at conventional restaging.

ADC values analysis
In the whole sample of 31 patients, the mean tumor 
ADC before CRT in the responder group of 22 patients 
was 0.88 × 10-3 mm2/s; while in the non-responder 
group (9 patients) was 0.78 × 10-3 mm2/s. After CRT, 
the mean tumour ADC in the down-staged group was 
1.47 × 10-3 mm2/s, while in the nondown-staged group 
was 1.19 × 10-3 mm2/s. ΔADC showed to be statistically 
relevant between responders and non responders (P = 
0.0078), as shown in Table 2.

The regression analysis in comparing the ability 
of post-CRT ADC, ΔADC values in the identification of 
response to CRT demonstrates an optimal cut-off point 
of 1.294 for post-CRT measures [sensitivity = 86.4%, 
specificity = 66.7%, positive predictive value (PPV) 
= 86.4%, negative predictive value (NPV) = 66.7%], 
0.500 for ΔADC (sensitivity = 63.4%, specificity = 66.7, 
PPV = 82.4%, NPV = 42.9%). 

SUVmax analysis
The mean SUVmax and ΔSUV values of the rectal 
lesion for each PET/CT study are reported (Tables 1 
and 2). SUV1 was found significantly higher than SUV2 
(P < 0.0001). Figure 3 shows the results of univariate 
and multivariate linear regression analysis comparing 
metabolic parameters to TRG groups. In the univariate 
analysis, a statistically significant correlation was found 
for SUV2 (P = 0.009) with TRG (Table 2). 

Considering the TRG1-2 patients as responder and 
TRG3-5 patients as non-responder, the highest accuracy 
in defining the response to treatment was obtained 
with a SUV2 cut-off value of 4.4. With this threshold, 
metabolic response evaluation was true positive in 17 
patients, true negative in 8 patients, false positive in 
1 patients and false negative in 5 patients, obtaining 
sensitivity, specificity, accuracy, PPV and NPV of 77.3%, 
88.9%, 80.7%, 94.4% and 61.5%, respectively. 

DISCUSSION
Recently, a more conservative treatment has been 
advocated in patients with rectal cancer showing a good 
or a complete response to neoadjuvant treatments. The 

513 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

  Variable Mean ± SD P value (Wilcoxon paired)

  SUV1 16.3 ± 8.6 < 0.0001
  SUV2   4.5 ± 2.1
  ΔSUV (%)   66.8 ± 20.4
  ADC1   0.83 ± 0.15 < 0.0001
  ADC2   1.33 ± 0.13
  ΔADC (%)   60.2 ± 23.2

Table 1  Summarizing table of mean values of standardized 
uptake value and apparent diffusion coefficient, before and 
after chemoradiation treatment, and their variation in the 
overall patients

ADC: Apparent diffusion coefficient; SUV: Standardized uptake value.

  Variable Responders 
(Mean ± SD)

Not 
responders

(Mean ± SD)

P  value
(Mann-Whitney U  test)

  SUV1 15.1 ± 8.0 19.5 ± 9.8 0.151
  SUV2   3.6 ± 1.4   6.6 ± 2.1   0.0009
  ΔSUV (%)   68.5 ± 23.2   62.8 ± 10.5 0.151
  ADC1   0.88 ± 0.19   0.78 ± 0.09 0.076
  ADC2   1.47 ± 0.22 1.19 ± 0.2 0.009
  ΔADC(%)   72.6 ± 27.1   55.5 ± 18.5   0.0078

Table 2 Responders (TRG1-2) vs  non responders (TRG3-5)

Mann-Whitney U test was used to calculate and compare obtained values 
between SUV1 and SUV2 and between ADC1 and ADC2. ADC: Apparent 
diffusion coefficient; SUV: Standardized uptake value.
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selection of true responders is essential and the role of 
imaging for restaging after CRT has been the subject of 
several recent studies, suggesting that neither MRI nor 

endorectal ultrasound or FDG-PET are enough accurate 
for identifying the true complete responders, with an 
overall PPV ranging from 17% to 50%[6,19-23].
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Figure 2  A 63-year-old woman with pathologically proven cancer in low rectum. It was difficult to evaluated correctly the response after CRT treatment by 
using only the T2 morphological information. After the additional reading of DWI images, the radiologist changed his evaluation and correctly classified the patient 
as responder. A: Pre-CRT T2-weighted axial MR image shows a ulcerative narrowing rectal neoplastic lesion from 11 to 3 o’clock position; B: Post-CRT T2-weighted 
axial MR image shows a residual homogeneous rectal wall thickening, isointense and not clearly definable as fibrotic tissue; C: Pre-CRT axial DWI image shows 
a focal hyperintense area in the corresponding site of rectal mass (ADC: 0.84 × 10-3 mm2/s); D: Post-CRT axial DWI shows no residual hyperintense signal in the 
corresponding site of rectal wall (ADC: 1.39 × 10-3 mm²/s); E: Pre-CRT axial pelvic scan of PET/CT examination image demonstrated a significant focal radiotracer 
uptake in correspondence of rectal mass (SUVmax: 9.3); F: Post-CRT axial pelvic scan of PET/CT examination image shows no significant uptake (SUVmax: 2.6). 
CRT: Chemoradiation treatment; DWI: Diffusion weighted imaging; ADC: Apparent diffusion coefficient; SUV: Standardized uptake value. 
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Figure 3  Univariate linear regression analysis comparing mean standardized uptake value post and apparent diffusion coefficient post with tumor 
regression grade. ADC: Apparent diffusion coefficient; SUV: Standardized uptake value; TRG: Tumor regression grade.
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The correlation between therapy-related changes in 
FDG uptake and tumour response in rectal cancer has 
been previously reported by several groups. Despite 
the differences in study set-up, scan type, pathological 
and metabolic evaluation, the final metabolic response 
to CRT in rectal cancer with FDG-PET/CT have been 
demonstrated to correlate with the histopathological 
response and therefore to be a useful method for early 
assessment of treatment efficacy in rectal cancer. 
The different studies provided similar cut-off values, 
however the above mentioned differences make a direct 
comparison of the results not possible (Table 3).

Cascini et al[24] showed that early responder patients, 
evaluated with PET/CT 12 d after the beginning of 
therapy, had a higher decrease of SUV than non-
responder patients (62% vs 28%, respectively; P < 
0.0001). Conversely, the pre-surgical PET data did not 
demonstrate any statistically significant correlation 
between mean SUV late change and TRG findings (P 
= 0.2) obtaining a low correlation between overall 
changes and the TRG (P = 0.63).

Also Janssen et al[25] found an early significant 
decrease of the metabolic activity after the first week 
of CRT, both in SUVmean and SUVmax, that decreased 
from respectively 8.5 ± 2.8 (range: 4.0-15.1) and 16.4 
± 5.8 (range: 7.0-28.1) to 6.9 ± 2.2 (range: 4.3-12.7) 
(P < 0.001) and 13.0 ± 4.8 (range: 7.6-27.4) (P < 
0.001) after the first week of combined treatment. 
More recently Herrmann et al[26] found in 28 patients 
a decrease of mean SUV uptake from 9.5 at baseline 
to 5.5 (P < 0.001) 14 d after the onset of preoperative 
radiochemotherapy and in the third PET scan (4 wk 
after completion of treatment), mean SUV decreased to 
3.1 (P < 0.001).

Rosenberg et al[27] did not obtain the same result 
but reported that the percentage of early SUV reduction 
tended to be higher (44.3%) in responders than in non-
responder patients (29.6%; P = 0.085). However after 
the completion of therapy, the reduction of FDG uptake 
was 66% in histopathologically responding tumors and 
48.3% in non responding tumors (P = 0.040).

Similarly also Lambrecht et al[28] found, during 
CRT, a mean reduction in SUVmax of 59% in patients 

with histopathological complete response vs a mean 
reduction of SUVmax of 25% in patients without 
complete response (P = 0.0036). Additionally, 5 wk 
after the completion of CRT, a 90% SUVmax reduction 
in the first group vs 63% in second group (P = 0.013) 
was found.

Shanmugan et al[29] recently evaluated seventy 
patients that underwent pre- and post-CRT PET/CT 
followed by surgery and found that patients with pCR 
had a lower median post-CRT SUV compared with those 
without (2.7 vs 4.5, P = 0.01). Median SUV decrease 
was 63% (7.5%-95.5%) and predicted pCR (P = 0.002); 
the authors concluded that post-treatment SUV and 
%SUV decrease correlate with pCR.

Similar results were found by Sun et al[30] in a study 
group of 53 patients diagnosed with clinical T3- 4 and/or 
N+ rectal cancer and treated with CRT followed by radical 
surgery after 6-8 wk. A PET/CT scan was performed 
before (PET/CT1) beginning of treatment and a second 
scan (PET/CT2) was performed within 1 wk after the 
completion of CRT. Thirty-five out of 53 patients also 
underwent a third (PET/CT3) scan within 1 wk before 
surgery. When patients were regrouped as having a pCR 
and a non-pCR significant differences were found in the 
percentage difference between PET/CT1 and PET/CT3 in 
SUVmax [(Δ% SUVmax(1-3); 69.17% vs 57.77%)].

Also Bampo et al[31] evaluated the possible predi
ctive role of late FDG-PET/CT for the assessment of 
pathological response in locally advanced rectal cancer 
following neoadjuvant chemoradiation in 30 patients; 
significant differences in late SUV value and response 
index were observed between complete and non-
complete pathological responder (P = 0.0006 and 
0.03). Furthermore, with receiver operating characteris
tic curve analysis, a SUV threshold of 5.4% had 81% 
sensitivity and 100% specificity, with 90% overall 
accuracy.

Nevertheless the optimal timing of the post-treat
ment PET scan, for a proper assessment of early res
ponse to CRT, is still unclear. Radiation-induced reduction 
in glucose intake occurs due to cell loss, which is a 
prolonged effect[32]. However, this can be confounded 
by two transient processes that occur soon after radio

515 December 28, 2015|Volume 7|Issue 12|WJR|www.wjgnet.com

  Ref. No. of 
patients

Mean 
SUV 1

Mean 
SUV 2

Mean 
SUV 3

Sn 
(%)

Sp (%) Late cut-
off (%)

Sn (%) Sp (%) Delta SUV 
1 R (%)

Delta SUV 
1 NR (%)

Delta SUV 
2 R (%)

Delta SUV 2 
NR (%)

  Bampo et al[31] 30 17.5 7.1 73.1 50.2
  Cascini et al[24] 33 11.2 6 2.7 100 87 62 28
  Guerra et al[46] 31 16.3    8.1 4.3     63.2    55.6 60    77.3     55.6 51    43.1 68.5    62.8
  Hermann et al[26] 28   9.5   5.2 3.1  74 50 45 63 100
  Janssen et al[25] 46 16.4 13
  Lambrecht et al[28] 22 100 75 76 100   75 59 25 90 63
  Rosenberg et al[27] 30   9.5    5.5 3.5    74 70    57.5   79   70    44.3   29.6 66    48.3
  Shanmugan et al[29] 70 10.8 3.8 63   60   84 74 56
  Sun et al[30] 35 14.7 7.9    57.8

Table 3  Overview of studies analysing mean standardized uptake value and delta standardized uptake value values of the rectal 
lesion for each PET/CT study

R: Responders; NR: Non responders; SUV: Standardized uptake value; Sn: Sensibility; Sp: Specificity.
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chemotherapy. The first is defined as ‘‘stunning” of tumor 
cells and can lead to a transient reduction in glucose 
metabolism, increasing false negative results[33]. The 
second one is the possible increase in FDG uptake due 
to radiogenic inflammatory processes after radiotherapy 
and can lead to false positive results[34]. Increasing time 
interval between neoadjuvant treatment and PET scan 
should theoretically lead to a more accurate evaluation. 
Alternatively, 18F-FLT PET has been tested to minimize 
the influence of radiation-induced inflammation[35]. In 
previous animal studies, FLT uptake has been shown to 
be in inflamed tissue as compared with FDG. However, 
it has not shown to be a valid tool for a proper CRT 
response assessment in rectal cancer patients[36].

In Lambrecht et al[28] study ROC curve analysis 
identified a threshold value for ΔSUVmax of 40%, for 
differentiating patients with a complete response after 
2 wk, with a sensitivity of 100%, but a specificity of 
75% and a PPV of 60%. Similarly using a threshold 
for ΔSUVmax of 76% after CRT and before surgery, 
is possible to identify complete responders with a 
sensitivity of 100%, a specificity of 75% and a PPV of 
60%.

Considering our results, ROC curves analysis have 
shown that SUV2 has the best accuracy (80.7%) in 
predicting response to neoadjuvant treatment with a 
threshold value of 4.4. Interestingly, to note that in our 
study the PPV of SUV2 in predicting response was very 
high (94.4%) suggesting more conservative surgical 
approaches only in patients with evidence of lower 
glucose uptake at the end of neoadjuvant treatment. 

While evaluating the correlation between the changes 
of ADC before and after CRT we found that before CRT, 
the mean tumour ADC in the responder group was (0.88 
± 0.19) × 10-3 mm2/s, while that in the non-responder 
group was (0.78 ± 0.09) × 10-3 mm2/s. At the end of 
combined chemoradiation therapy the mean tumor 
ADC value for responder patients was (1.47 ± 0.22) × 
10-3 mm2/s. For non-responder patients the mean ADC 
value after therapy was (1.19 ± 0.20) × 10-3 mm2/s.

Our results are in line with the previously published 
by Jung et al[37]. Before neoadjuvant CRT, the mean 

ADC of responders and non-responders were (0.93 ± 
0.09) × 10-3 mm2/s and (1.03 ± 0.08) × 10-3 mm2/s, 
respectively. After neoadjuvant CRT the mean post-
CRT ADC in responders was higher than in non-
responders (P = 0.009), being respectively (1.29 ± 
0.13) × 10-3 mm2/s and (1.18 ± 0.08) × 10-3 mm2/s. 
Using a post-CRT ADC of 1.18 × 10-3 mm2/s as cut-
off value for discriminate between the responders and 
non-responders, the highest accuracy (77.1%) was 
obtained, with the following diagnostic predictive values: 
Sensitivity 91.3%, specificity 50.0%, positive predictive 
value 77.8%, and negative predictive value 75.0%.

Similarly Kim et al[6] reported that the mean ADC 
after CRT in the responders group [(1.62 ± 0.36) × 
10-3 mm2/s)] differed significantly from the one in the 
non-responders group [(1.04 ± 0.24) × 10-3 mm2/s)]. 
Moreover, when an ADC value of 1.20 × 10-3 mm2/s 
was used as cut-off, the authors obtained an accuracy 
of 85% with the following diagnostic predictive values: 
sensitivity 100%, specificity 79%, positive predictive 
value 65%, and negative predictive value 100%.

Recently, other studies[38-40] revealed similar data. 
Ha et al[38] comparing the mean post-CRT ADC for 
the RC group vs the non-CR group [(1.33 ± 0.25) × 
10-3 mm2/s vs (1.13 ± 0.32) × 10-3 mm2/s] found a 
significant increased (P = 0.001) of ADC value. When a 
post-CRT ADC of 1.20 × 10-3 mm2/s was used as a cut-
off value for discriminating CR, the accuracy was 67%, 
sensitivity was 52.1%, specificity of 80.8%, positive 
predictive value of 71.4%, and negative predictive value 
of 64.6%.

Even the best timing to perform the follow-up MR 
study for the assessment of response to CRT is still 
debated. Some Authors performed the diffusion-MR 
also during the first 15 d of the combined treatment. 
Sun et al[12] evaluated the ADC only one week after the 
beginning of CRT. Before CRT the mean tumour ADC 
value in the down-staged group was lower than that in 
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Figure 4  Univariate linear regression analysis of combined model with 
median value of standardized uptake value post and apparent diffusion 
coefficient post, in comparison with tumor regression grade. ADC: 
Apparent diffusion coefficient; SUV: Standardized uptake value; TRG: Tumor 
regression grade.
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the nondown-staged group (1.07 × 10-3 mm2/s ± 0.13 
vs 1.19 × 10-3 mm2/s ± 0.15, F = 6.91, P = 0.013). 
At the end of the first week, the mean tumour ADC 
increased significantly to 1.32 × 10-3 mm2/s ± 0.16 (F 
= 37.63, P < 0.001) in the down-staged group, while 
there was no significant ADC value increase in the 
nondown-staged group (F = 1.18, P = 0.291).

  Also Kim et al[41] reported that the mean percen
tage of tumour ADC change in the responder group 
after 2 wk of CRT was higher in comparison with that 
of the non-responder group, even if not statistically 
significant. Seierstad et al[42] found an increase in 
tumour ADC values on day 11 after the beginning of 
CRT. 

Cai et al[39] obtained an increase in the mean tumour 
ADC during the course of neoadjuvant CRT, especially at 
the 2th week (P = 0.004), with a significant increase in 
the mean ADC at the 2th week of neoadjuvant therapy 
in the T down-stage and tumour regression group (P 
= 0.011; 0.004). They also found a strong negative 
correlation between the mean pretreatment tumour 
ADC and tumour regression after neoadjuvant CRT (P = 
0.0021).

Hypotizing that disrupted membranes increase the 
extracellular volume since they demonstrated higher 
permeability, Authors concluded that the ADC values 
changes in this early phase of CRT are probably the 
result of irreparable radiation induced DNA damage. 
However considering the variability among the results 
obtained in the recent literature (Table 4), actual evi
dence suggests that DWI-MR performed early after the 
beginning of therapy could not provide accurate and 
reproducible results for the evaluation of early tumour 
response to CRT. Hence the attention should be focused 
on ADC values obtained after the end of the treatment.

As well as for SUV values, in order to evaluate the 
prognostic value of pretreatment MR, several authors 
assessed[6,7,38-40,43,44] the pre-CRT ADC, obtaining 
controversial results. Curvo-Semedo et al[43] demon
strated that lower pre-CRT ADC values were associated 
with a more aggressive tumour profile: in their study 
mean ADCs were significantly different for mesorectal 
fascia tumour free (MRF) vs MRF-invaded (P = 0.013), 
mrN0 vs mrNþ (P = 0.011), and for the different 

tumour differentiation grades at histology (P = 0.025). 
Particularly tumours with involved MRFs, nodal-
positive disease and those of less differentiated showed 
lower ADC values. Furthermore, a significant positive 
correlation (r = 0.374; P = 0.019) between ADC values 
and the distance of the tumour from the MRF was 
found.

Jung et al[37] recently reported that the mean pre-
CRT ADC obtained with a 3 Tesla MR of responders 
was lower than that of non-responders (P = 0.034). 
Other authors[39,40], obtained similar results with 1.5 T 
MR. For instance, in the study of Birlik et al[40], before 
CRT the mean tumour ADC in the responder group was 
significantly lower than that in the nonresponder group 
(P < 0.001).

Other authors, however, reported that pre-treatment 
ADC values were not statistically different for responders 
and non-responders and that may be limited in 
predicting treatment outcome[6,38,41,44,45]. For instance, 
Kim et al[41] reported that, predicting the treatment 
outcome based on TRG, there were no significant 
differences among responder and non-responder groups 
when comparing pre-CRT ADCs and early tumour ADC 
increase rates: As the tumour responds to treatment, 
ADC values will probably rise at first, due the initial 
disruption of cell membranes, and then decrease at the 
end of the treatment, for the post-irradiation ingrowth 
of fibrosis restricting water mobility. 

Considering these results and according to recent 
literature, the best reproducibility was obtained by 
studies that evaluated a post-treatment cut-off value of 
ADC and SUV; being the most promising and precise 
way of applying functional techniques in the clinical 
practice.

Moreover, as evaluated in our series of patients, 
combining in a single analysis the mathematical model 
of median values of ADC and of SUV values, the power 
of both functional technique improves, gaining a strictly 
and significant relationship with TRG system staging by 
linear regression analysis with R2 of 0.95 (Figure 5). 

In the era of PET/MRI scanner, the future approach 
should be represented by the combination of PET 
imaging with MRI not only to increase anatomical reso
lution but also for cell and molecular imaging, improving 
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  Ref. n  of patients Pre ADC mean R Pre ADC mean NR Post ADC mean R Post ADC mean NR ROC curve (highest accuracy)

  Ippolito et al[45]   30 0.88 ± 0.19 0.78 ± 0.09 1.47 ± 0.22 1.19 ± 0.20 1.28 (80%)
  Kim et al[41]   34 0.90 ± 0.06 0.94 ± 0.03
  Jung et al[37]   35 0.93 ± 0.09 1.03 ± 0.08 1.29 ± 0.13 1.18 ± 0.08   1.18 (77.1%)
  Kim et al[6]   40 1.62 ± 0.36 1.04 ± 0.24 1.20 (85%)
  Curvo Semedo et al[43]   50 1.07 ± 0.15 1.10 ± 0.19 1.39 ± 0.24 1.45 ± 0.28 1.41 (53%)
  Ha et al[38] 100 0.59 ± 0.29 0.49 ± 0.22 1.33 ± 0.25 1.13 ± 0.32 1.20 (67%)
  Genovesi[44]   28 1.01 ± 0.06 1.29 ± 0.02 1.79 ± 0.51 1.37 ± 0.43     29.5 (91.3%)
  Cai et al[39]   15 0.659 0.885 0.713 1.027
  Birlik et al[40]   43 0.66 ± 0.10 0.72 ± 0.14 1.22 ± 0.26 0.95 ± 0.20 1.20 (60%)

Table 4  Overview of studies analysing mean apparent diffusion coefficient and delta apparent diffusion coefficient values of the 
rectal lesion for each MR study

R: Responders; NR: Non responders; ADC: Apparent diffusion coefficient.
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the accuracy in the assessment of tumour response. 
Moreover, the synchronous acquisition of both technique 
is critical in order to avoid differences in patient position, 
organ motion, and tumor growth.

In conclusion, the combined functional analysis of 
MRI and PET imaging, by the quantitative analysis of 
ADC map on DW-MR imaging and glucose uptake by 
18F-FDG-PET, can contribute to the management of 
patients with locally advanced rectal cancer increasing 
the overall accuracy and sensitivity for treatment 
response evaluation in one step, since they permit to 
detect changes in cellular tissue structures useful in 
prediction the different group category response in 
relation to TRG system.

COMMENTS
Background
The treatment of locally advanced rectal cancer has shifted in recent years 
toward a more conservative policy for patients identified as complete responders 
after chemoradiation treatment (CRT). Therefore the determination of CR before 
surgery would influence the subsequent treatment choice, an accurate clinical 
assessment of response becomes essential. Conventional imaging modalities 
cannot distinguish fibrosis or scar from viable tumour cells in residual masses 
after chemoradiotherapy; therefore, these methods have a negligible impact 
on the prediction of pathologic findings. For these reasons, in recent years, the 
functional imaging studies are increasingly being conducted to add information 
about changes in tumour pathophysiology.

Research frontiers
[18F]fluorodeoxyglucose positron emission tomography (18F-FDG PET) is 
a non-invasive tool to detect tumour metabolic activity and can be used 
to assess changes in tumour glucose metabolism after a CRT treatment. 
The semiquantitative assessment of glucose metabolism by evaluating the 
standardized uptake value (SUV) has been shown to have clinical relevance 
in several tumour types, since a strong relationship between 18F-FDG SUV 
changes and pathological response has been proved in different types of cancer. 
DW-MRI enables noninvasive characterization of biologic tissues on the basis 
of their water diffusion properties (Brownian motion) microcirculation. Due to 
the restricted motion of water molecules, the diffusion coefficients obtained by 
quantitative DWI differ from the free diffusion values and are called apparent 
diffusion coefficients (ADC), and it can be measured. ADCs tend to decrease 
with increased tissue cellularity or cell density. Conversely, the cell density may 
be indicative of tumor aggressiveness; increased metastatic capacity of tumors 
with high cellularity.

Innovations and breakthroughs
The importance of this work consist of the possibility to offer, in the era of PET/
MRI scanner, a new advanced quantitative tool that allows the non-invasive 
evaluation of response to neoadjuvant chemotherapy treatment in patients with 
rectal cancer, by adding quantitative value information on DW images and on 
PET/CT imaging, combined in a single analysis. Moreover in this manuscript 
the authors reviewed and commented the recent literature findings on this field 
by using the two different techniques modalities [i.e., PET/CT and magnetic 
resonance imaging (MRI)].

Applications 
Considering the variability among the results obtained in the recent literature, in 
rectal cancer post-therapy imaging assessment, the actual evidence suggests 
that DWI-MR and PET/CT performed early after the beginning of therapy 
could not provide accurate and reproducible results for the evaluation of early 
tumour response to CRT. Hence the attention should be focused on functional 
quantitative evaluation of ADC and SUVmax obtained after the end of the 
treatment.

Terminology
DWI: Diffusion MRI (or dMRI) is a MRI method which allows the mapping of the 
diffusion process of molecules, mainly water, in biological tissues, in vivo and 
non-invasively. Molecular diffusion in tissues is not free, but reflects interactions 
with many obstacles, such as macromolecules, fibers, and membranes. Water 
molecule diffusion patterns can therefore reveal microscopic details about 
tissue architecture, either normal or in a diseased state. ADC is a measure of 
the magnitude of diffusion (of water molecules) within tissue, and is commonly 
clinically calculated using MRI with diffusion weighted imaging, the extent of 
tissue cellularity and the presence of intact cell membrane help determine the 
impedance of water molecule diffusion. This impedance of water molecules 
diffusion can be quantitatively assessed using the ADC value. This assessment 
can be done using different b values via changing gradient amplitude. ADC 
values are calculated automatically by the software and then displayed as a 
parametric map that reflects the degree of diffusion of water molecules through 
different tissues. Then, by use of a dedicated workstation, ADC measurements 
are recorded for a given region by drawing regions of interest (ROIs) on the 
ADC map. SUVmax: The SUV is often used in PET imaging for a simple 
semiquantitative analysis.  Its use is particularly common in the analysis 
of 18F-FDG images of cancer patients. It can also be used with other PET 
agents especially when no arterial input function is available for more detailed 
pharmacokinetic modeling. The SUV represents the ratio of the image derived 
radioactivity concentration found in a selected part of the body at a certain time 
point, and as reference the radioactivity concentration in the hypothetical case of 
an even distribution of the injected radioactivity across the whole body. 

Peer-review
This study is well designed and well described.  The conclusion that MRI and 
PET imaging including the quantitative analysis  of ADC map on DW-MR 
imaging and glucose uptake by 18F-FDG-PET can contribute to the management 
of patients with locally advanced rectal cancer is helpful in clinical practice.
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Abstract
AIM: To evaluate the feasibility of using therapeutic 
ultrasound as an alternative treatment option for organ-
confined prostate cancer. 

METHODS: In this study, a trans-urethral therapeutic 
ultrasound applicator in combination with 3T magnetic 
resonance imaging (MRI) guidance was used for real-
time multi-planar MRI-based temperature monitoring 
and temperature feedback control of prostatic tissue 
thermal ablation in vivo . We evaluated the feasibility 
and safety of MRI-guided trans-urethral ultrasound to 
effectively and accurately ablate prostate tissue while 
minimizing the damage to surrounding tissues in eight 
canine prostates. MRI was used to plan sonications, 
monitor temperature changes during therapy, and to 
evaluate treatment outcome. Real-time temperature and 
thermal dose maps were calculated using the proton 
resonance frequency shift technique and were displayed 
as two-dimensional color-coded overlays on top of the 
anatomical images. After ultrasound treatment, an 
evaluation of the integrity of cavernosal nerves was 
performed during prostatectomy with a nerve stimulator 
that measured tumescence response quantitatively and 
indicated intact cavernous nerve functionality. Planned 
sonication volumes were visually correlated to MRI 
ablation volumes and corresponding histo-pathological 
sections after prostatectomy. 

RESULTS: A total of 16 sonications were performed 
in 8 canines. MR images acquired before ultrasound 
treatment were used to localize the prostate and to 
prescribe sonication targets in all canines. Temperature 
elevations corresponded within 1 degree of the targeted 
sonication angle, as well as with the width and length 
of the active transducer elements. The ultrasound 
treatment procedures were automatically interrupted 
when the temperature in the target zone reached 
56 ℃. In all canines erectile responses were evaluated 
with a cavernous nerve stimulator post-treatment and 
showed a tumescence response after stimulation with an 
electric current. These results indicated intact cavernous 
nerve functionality. In all specimens, regions of thermal 
ablation were limited to areas within the prostate capsule 
and no damage was observed in periprostatic tissues. 
Additionally, a visual analysis of the ablation zones on 
contrast-enhanced MR images acquired post ultrasound 
treatment correlated excellent with the ablation zones on 
thermal dose maps. All of the ablation zones received a 
consensus score of 3 (excellent) for the location and size 
of the correlation between the histologic ablation zone 
and MRI based ablation zone. During the prostatectomy 
and histologic examination, no damage was noted in 
the bladder or rectum.

CONCLUSION: Trans-urethral ultrasound treatment of 
the prostate with MRI guidance has potential to safely, 
reliably, and accurately ablate prostatic regions, while 
minimizing the morbidities associated with conventional 
whole-gland resection or therapy.

Key words: Ultrasound therapy; Thermal tissue ablation; 
Prostate; Magnetic resonance imaging guided therapy; 
Intra-operative; Histology; Validation

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Therapeutic ultrasound is a promising treatment 
modality for minimally invasive thermal ablation of tissue. 
This study assessed a novel trans-urethral ultrasound 
therapy device with magnetic resonance imaging (MRI) 
guidance to ablate canine prostate tissue in vivo . Real-
time temperature monitoring and thermotherapy feed
back control was performed in a clinical 3T whole-body 
MR scanner. Post-treatment evaluation of cavernous nerve 
functionality was performed with a nerve stimulator. 
Treatment accuracy was assessed by correlation of 
treatment planning, thermal dose maps, and histo-
pathological results. Regions of thermal ablation were 
limited to areas within the prostate capsule and no 
damage was observed in adjacent anatomical structures. 
These results indicate that MRI-guided transurethral 
ultrasound therapy can accurately ablate prostatic 
regions with minimal damage to surrounding tissue.

Sammet S, Partanen A, Yousuf A, Sammet CL, Ward EV, 
Wardrip C, Niekrasz M, Antic T, Razmaria A, Farahani K, Sokka 
S, Karczmar G, Oto A. Cavernosal nerve functionality evaluation 
after magnetic resonance imaging-guided transurethral ultrasound 
treatment of the prostate. World J Radiol 2015; 7(12): 521-530  
Available from: URL: http://www.wjgnet.com/1949-8470/full/v7/
i12/521.htm  DOI: http://dx.doi.org/10.4329/wjr.v7.i12.521

INTRODUCTION
Cancer of the prostate is one of the most frequent 
malignant diseases and among the primary reasons 
of male cancer deaths in the United States[1]. Over­
treatment is described as an unnecessary aggres­
sive treatment of prostate cancer (Pca) including 
prostatectomy and radiation therapy and can lead to 
complications. The overtreatment of Pca is an important 
public health problem occurring in about 30%-40% 
of the cases[2]. Therefore, there is a need for the 
development of precise focal Pca treatment approaches 
to preserve continence and potency[3,4]. 

Ultrasound therapy is a novel, minimally invasive 
treatment option where an ultrasound transducer emits 
ultrasound waves with high acoustic intensities into the 
target regions. The deposited acoustic energy leads to 
temperature elevation and tissue destruction when the 
temperature exceeds ≥ 56 ℃ within the focal area; 
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a phenomenon defined as thermo-ablation[4-8]. The 
ultrasound treatment can be guided with diagnostic 
ultrasound (US) or magnetic resonance imaging (MRI). 
MRI is superior to diagnostic US due to its ability to better 
detect real-time temperature changes in multiple planes. 
High resolution anatomical imaging sequences with 
superior soft tissues contrast and physiological protocols 
such as diffusion and perfusion MRI allow to evaluate 
the extent of tissue destruction post-ablation[9-11]. A 
combination of therapeutic ultrasound and MR guidance 
is particularly beneficial for focal and regional therapy 
of Pca[8]. Preliminary clinical trials utilizing trans-rectal 
and trans-urethral ultrasound for focal ablation of Pca 
have reported feasibility of these techniques[6,12]. One 
of the important unwanted side effects of whole gland 
treatment is erectile dysfunction. Even though focal 
therapy is expected to be safer in this regard, there is 
limited data in the literature to support this hypothesis.

This study utilized a novel transurethral ultrasound 
therapy system to ablate canine prostate tissue in vivo 
while simultaneously monitoring tissue temperature 
with multi-planar MRI. This dual modality system can 
assess temperature in real-time and is equipped with 
temperature feedback control[13]. The goal was in vivo 
evaluation of possible side-effects of this transurethral 
ultrasound therapy device. In addition to rectal damage, 
we specifically assessed the post-treatment functionality 
of the cavernosal nerves by analyzing the tumescence 
response qualitatively and quantitatively with a nerve 
stimulator during prostatectomy.

MATERIALS AND METHODS
Animals
In this Institutional Animal Care and Use Committee 
(IACUC) approved (University of Chicago, IACUC 
protocol number: 72317) MRI guided ultrasound 
treatment study, 8 canines (age range: 6 to 57 mo, 
average age: 26 mo; weight range 24 to 35.8 kg 
average weight: 27.9 kg) were treated with therapeutic 
ultrasound. All procedures took place in facilities that 
are United States Department of Agriculture registered, 
and AAALAC International (Association for Assessment 
and Accreditation of Laboratory Animal Care) accredited.

Pre-treatment procedures
A perineal urethrostomy was performed at least one 
week before the ultrasound treatment in all canines to 
better accommodate the ultrasound applicator in the 
incurvated penile urethra of the canines. A cephalic IV 
catheter was placed to induce anesthesia with either 
Propofol (5.5 mg/kg) or a combination of Buprenex 
(9 mg/kg), ketamine (3 mg/kg) and Dexdomitor 
(15 mg/kg) followed by an endotracheal intubation 
of the canines. A continuous inhalation of isoflurane 
(2%-4%) maintained the anesthesia during ultrasound 
treatment and subsequent MR imaging. A 6-French 
Foley catheter was inserted for bladder voiding until 
treatment. A 20-French rectal tube was placed before 

the ultrasound treatment to release gases from the 
rectum. The ultrasound applicator was manually carefully 
forwarded in the penile urethra to the prostate and the 
correct position within the prostate was verified with 
MR imaging. Experienced veterinarians and veterinary 
technologists monitored each canine throughout the 
procedure continuously. Monitoring included an electro­
cardiogram, blood pressure, blood oxygenation, in- and 
expired gases and physiological saline infusion.

MRI-guided ultrasound therapy system
A transurethral MR-guided ultrasound therapy prototype 
system (Philips, Vantaa, Finland) was utilized for admi­
nistration of the ultrasound treatment on a clinical 
3T MRI system (Achieva, Philips Healthcare, Best, 
The Netherlands). The ultrasound therapy system 
included a therapy workstation to plan and control the 
treatment, a radio-frequency generator, a water-cooled 
trans-urethral ultrasound system [5 mm (15 French) 
diameter] with eight transducer elements (4 mm × 
5 mm/element) (Figure 1) and a motor to rotate the 
system (Figure 2). A clinical 8-channel cardiac receiver 
MR coil (Philips Healthcare, Best, The Netherlands) was 
used for MR imaging (Figure 3). The coil consisted of a 
4-element anterior and a 4-element posterior part and 
was immobilized with straps around the canine and on 
the patient table (Figure 4).

Ultrasound treatment was performed at a frequency 
of 6.0 MHz in continuous wave mode. The motor rotated 
the applicator around its long axis and the ultrasound 
propagated through a 25 µm polyester membrane into 
the prostate tissue. Aqueous ultrasound gel was used to 
improve acoustic coupling. The urethras of the canines 
were cooled by pumping degassed water that circulated 
along the membrane and the transducer elements. 
Ablation depths from the urethra and ablation volumes 
were controlled by regulating the number of active 
transducer elements, output power of each element and 
the duration of sonication.

Ultrasound therapy planning, real-time MR thermometry, 
and post-therapy evaluation
MRI was used to localize the targets, plan ultrasound 
exposures, and to provide real-time intraprocedural 
temperature-monitoring during sonications. MRI images 
were also used to assess treatment outcome. Cumu­
lative equivalent minutes at 43 ℃ (CEM43) were used as 
a metric to quantify thermal tissue damage. Thermal 
doses in excess of 240 CEM43 were defined as ablative 
exposures[14]. MRI treatment planning included two-
dimensional multi-slice T2-weighted Turbo Spin Echo 
sequences in coronal, sagittal, and axial orientations. 
Seven slices were acquired in each dynamic in all 
orientations. Temporal resolution was 4.1 s/8 slices with 
spatial resolution of 1.5 mm × 1.5 mm in-plane and a 5 
mm slice thickness. The MRI-guided ultrasound planning 
software allows the MRI slices to be automatically aligned 
with the ultrasound beam to monitor temperatures 
and to calculate thermal doses in the target region as 
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ultrasound transducer and the location of the heated 
volume. The rotation angle of the ultrasound transducer 
was modified with the control software if necessary to 
reach the target volume precisely, and a sonication was 
performed. A cool down period (> 5 min) was applied 
to allow the sonicated prostatic tissue to return to its 
baseline temperature. In each canine prostate this 
procedure was repeated in two discrete locations. 

Treatment volumes were selected in different loca­
tions of the prostate and MRI-based temperature 
monitoring was used in each ablation location. A tempera­
ture feedback control volume of 5 voxels was selected 
at radial distances of 1.3 to 1.9 cm from the applicator. 
The acoustic power level ranged from 1.1 to 1.8 W per 
transducer element and it was kept constant during 
all independent treatments. The software stopped the 
sonications automatically once the mean temperature 
reached 56 ℃ in the control volume[18]. 

Evaluation of the integrity of cavernosal nerves 
post-treatment
Following the procedure, during the prostatectomy to 

well as in the peri-prostatic tissues. The MRI-based 
proton resonance frequency shift (PRFS = 0.0094 
ppm/℃) method was used to calculate temperatures 
and thermal dose maps in real-time[15]. Color-coded 
temperature and thermal dose maps were displayed 
on top of anatomical MR images and updated in real 
time. Baseline temperature drift was accounted for by 
normalizing average apparent temperature changes in 
tissues outside the heated volumes. 

Following ultrasound treatment, an axial T2-weighted 
sequence was acquired in the same locations and 
orientation as the pre-treatment sequence. Diffusion 
weighted MR images (DWI) were acquired before a T1-
weighted fast-field echo sequence was used to monitor 
the inflow of an FDA approved gadolinium-chelate MRI 
contrast agent (Multihance, Bracco Diagnostics, 0.1 
mmol/kg). The use of DWI and contrast-enhanced T1-
weighted MRI to visualize necrotic tissue were validated 
in previous studies[16,17]. 

Feedback control of thermal ablation
Before thermal ablations, a test-sonication (Pac = 1.1 W 
of one active element, t = 12 s) was performed to verify 
sufficient acoustic coupling, the correct angle of the 
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Figure 1  Trans-urethral ultrasound therapy probe. Rigid, water-cooled 
trans-urethral ultrasound applicator with 5 mm (15 French) diameter and eight 
transducer elements (4 mm × 5 mm/element).

Figure 2  Magnetic resonance imaging-compatible ultrasound therapy 
device. Set-up of the trans-urethral ultrasound applicator on the MRI patient 
table with control cables, and motor unit to control the rotation of the ultrasound 
transducer. MRI: Magnetic resonance imaging.

Figure 3  Equipment integration for magnetic resonance imaging-guided 
ultrasound therapy. Frontal oblique view of the 3T Philips MRI scanner with 
an 8-channel cardiac MR coil on the anterior part of the scanner table and 
ultrasound transducer on the posterior part of scanner table. MRI: Magnetic 
resonance imaging.

Figure 4  Canine positioning for magnetic resonance imaging-guided 
ultrasound therapy. Positioning of a canine in supine orientation on the 
patient table and preparation for the placement of the transurethral ultrasound 
transducer in the canine prostate.
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harvest the prostate, CaverMap Surgical Aid (Blue Torch 
Corporation, Norwood, MA) was used intra-operatively 
to identify and map the integrity of cavernosal nerves 
responsible for potency (Figure 5)[19]. The CaverMap 
Surgical Aid includes a nerve stimulator and an erectile 
response detection system. The CaverMap Surgical 
Aid has three major components: (1) A control unit 
with the electronics, connectors for the probe handle 
and disposable kit and a user interface to control the 
system; (2) A sterile and reusable probe handle for 
controlling the device during surgeries; and (3) A 
disposable kit including a probe tip that can be attached 
to the probe handle and a tumescence sensor. The 
electrical current is emitted by the probe tip.

The system applies a mild electrical stimulation for 
a measured tumescence response. The probe tip was 
inserted in close proximity to the cavernous nerves 
(Figures 6 and 7). A biphasic current pulse train with 
pulse duration of 800 μs and a current of 8 mA to 
20 mA was applied for stimulation. The current was 
automatically increased every 20 s from 8 to 20 mA. 
Stimulating the cavernous nerves with the CaverMap 
Surgical Aid leads to an erectile response that can 
be measured in penile circumference changes in the 
tumescence sensor loop that is placed around the 
canine’s penis. Stimulation with the probe tip produces 
a small erectile response that leads to an increased 
penile circumference. The integrity and functionality 
of the cavernous nerves after ultrasound therapy was 
evaluated by measuring erectile responses quantitatively 
by analyzing relative penile circumference changes with 
the tumescence sensor loop. Circumference changes 
of the sensor loop produced a change in the electric 
resistance in the mercury filled sensor. Tumescence 
changes of 0.5% produce a audible signal and a change 
of light-emitting diode scale (Figure 8).

Once an erectile response was measured, in a 
certain location of the neurovascular bundle, the 
position of stimulation was recorded and the probe tip 
was moved to another location[20].

Post-treatment procedures
Following treatment, post-treatment imaging, and caver-
mapping, canines were euthanized by injecting 150 mg/
kg sodium pentobarbital IV followed by a prostatectomy. 
Potential thermal damage to periprostatic anatomical 
structures (e.g., rectal wall, bladder wall) were also 
resected (Figure 9) for a detailed histological analysis 
(Figure 10).

Histopathological analysis 
Following prostatectomies, the specimens were fixed in 
10% formalin. The prostates were then sliced at 5 mm 
thickness parallel to the MRI axial slices and submitted 
for further processing. The processed paraffin blocks 
were cut at 4 μm and stained with haematoxylin and 
eosin stain. The immunohistochemical stain cytokeratin 
8 (CK8) was used to analyze cell viability[21,22]. Photo­
graphs of the histological sections show visible lesions 
from the ultrasound treatment (Figure 10). 

Ultrasound therapy analysis
The ultrasound therapy console allows the measurement 
of the mean temperature, the maximum temperature, 
and a calculation of thermal dose (> 240 CEM43) 
volumes by using the Sapareto-Dewey equation[23].

An experienced genitourinary pathologist and a 
radiologist then visually correlated thermal dose (> 240 
CEM43) volumes, non-perfused volumes on immediate 
post-ablation contrast-enhanced MR images with 
whole-mount sections of the prostate. In each case, 
the correlation between MRI and pathology for location 
and size of the ablation zone was separately scored 
on a consensus scale of 3 (no correlation: 1; modest 
correlation: 2; and excellent correlation: 3).

RESULTS
MRI 
MRI was performed in this study to plan the ultrasound 
treatment and to monitor temperature changes (Figure 
11). The canine prostate was identified in the pre-treat
ment MR images and target locations were prescribed 
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Figure 5  The CaverMap Surgical Aid nerve stimulator control unit. Device 
control unit with connectors for the stimulation needle, display of the applied 
current in mA, and light-emitting diode display (blue and red) to visualize 
tumescence response on an ordinal scale.

Figure 6  Surgical preparation of the canine prostate for nerve stimulation 
of the cavernosal nerves.
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(Figure 11A, Figure 12A and B). Temperature elevations 
(Figure 11B and C) were in alignment of the direction 
of the transducer elements and corresponded to the 
element length and width. Figure 11D shows a corre­
sponding histological slide of the canine prostate in 
haematoxylin and eosin staining to evaluate ultrasound 
treatment effects.

Feedback control of thermal ablation
A total of 16 sonications were performed in 8 canines. 
The ultrasound treatment procedures were auto­
matically interrupted when the temperature in the 
target zone reached 56 ℃. The MRI-guided trans-
urethral ultrasound therapy system provided multi-
planar thermal maps of the prostate and periprostatic 
tissues, allowing for well-prescribed and controlled 
ablation of the selected targets. 

Example temperature elevations in direction of the 
ultrasound beam propagation at the end of a sonication 
are shown in Figure 11B and C. The time period to 

reach the target mean temperature of 56 ℃ within the 
control volume was 1-3 min, and depended on the local 
tissue characteristics, control point distance, number 
of active elements, and acoustic power. The ultrasound 
treatment was stopped after reaching the target tem­
perature. Tissue temperature dropped to their baseline 
values after approximately 5 min.

Thermal dose estimation, MR image evaluation, and 
histopathological evaluation
An exemplary T2-weighted planning image, contrast-
enhanced MR-image, temperature maps, and thermal 
dose maps are displayed in Figure 12. Contrast-
enhanced-images were acquired in all canines after 
ultrasound treatment for visualization of non-perfused 
tissue (Figure 12G). Thermal dose assessments in the 
ablation zones are displayed in Figure 12E and F. In all 
specimens, regions of thermal ablation were limited to 
areas within the prostate capsule and no damage was 
observed in peri-prostatic tissues (Table 1). 

In all canines erectile responses were evaluated with 
a cavernous nerve stimulator in average 5 d (range 
0 to 15 d) post-treatment and showed tumescence 
responses ≥ 2 on an ordinal scale ranging from + 2 to 
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Figure 7  Placement of the CaverMap Surgical Aid nerve stimulator (A and B). Intrasurgical placement of the stimulation needle of the CaverMap Surgical Aid 
nerve stimulator close to the cavernosal nerves of the canine prostate.

A B

Figure 8  The CaverMap Surgical Aid nerve stimulator display. Control 
unit and display of the CaverMap Surgical Aid nerve stimulator to measure 
tumescence response on an ordinal scale intraoperatively. Below the digital 
display are the connectors for the probe handle, the tumescence sensor, and 
the lead for connecting the tumescence sensor to the control unit. The electric 
current for stimulation is emitted by the probe tip.

Figure 9  Explanted canine prostate and bladder after prostatectomy.
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+ 4 after a stimulation with a maximum current of 14 
mA (Table 1). These results indicated intact cavernous 
nerve functionality. 

Additionally, a visual analysis of the ablation zones 
on contrast-enhanced MR images acquired post ultra­
sound treatment correlated excellent with the ablation 
zones on thermal dose maps. All of the ablation zones 
received a consensus score of 3 (excellent) for the 
location and size of the correlation between the histologic 
ablation zone and MRI based ablation zone during the 
review of the lesions by a genitourinary pathologist and 
radiologist (Table 1). During the prostatectomy and 

histologic examination, no damage was noted in the 
bladder or rectum. 

DISCUSSION
Image guided focal therapy of prostate cancer is a 
promising new technology that may provide high 
efficacy with reduced treatment-related morbidity. 
Focal therapy options to treat prostate cancer are laser 
ablation, electroporation, cryotherapy and ultrasound 
therapy[4]. Focal ultrasound therapy delivers ablative 
hyperthermia to the prostate and may be efficacious in 
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Figure 10  Histology of treated canine prostate. Series of histological slides of a canine prostate after H and E staining show ultrasound ablation zones and hemorrhage.

A B

C D

Figure 11  Example images of planning, treatment, and histological outcome. A: Coronal MR image of the intra-urethral catheter placement in the canine prostate 
for treatment planning with the canine in supine position: The ultrasound applicator is forwarded in the penile urethra to the prostate; B: Color-coded axial temperature 
map overlaid on the corresponding anatomical MR image demonstrates the typical temperature distribution post ultrasound treatment. Proton Resonance Frequency 
Shift measurements with a FFE-EPI imaging sequence were used for temperature monitoring and control; C: Sagittal temperature map during ultrasound treatment; D: 
Histological slide of the canine prostate in haematoxylin and eosin staining to evaluate ultrasound treatment effects. MR: Magnetic resonance; FFE: Fast-field echo.

Sammet S et al . MRI-guided transurethral ultrasound therapy of the prostate in vivo



the treatment of prostate cancer[4]. Multiple clinical trials 
have demonstrated the value of high intensity focused 
ultrasound to treat cancer[6,12,24,25]. 

Ultrasound therapy
Trans-rectal ultrasound therapy has been successfully 
applied as a focal prostate cancer treatment before[4,6,12], 
but limitations of trans-rectal ultrasound, imaging and 
trans-rectal biopsies have also been demonstrated[26]. 

It has been documented that multi-parametric MRI is 
superior to trans-rectal biopsy for detection of prostate 
carcinoma[27] with high specificity and sensitivity[28]. 
The combined use of multi-parametric MRI with trans-
urethral ultrasound therapy could improve diagnosis 
and clinical outcomes in prostate cancer[13]. 

The results of this canine study demonstrate the 
feasibility of MR-guided trans-urethral ultrasound for 
the treatment of prostatic tissue. Our results suggest 
that focused ultrasound has sufficient spatial accuracy 
and precision to safely apply treatment of prostate 
tissue without damaging the neurovascular bundle 
or the surrounding organs. The nerves around the 
prostate responsible for erection remained functionally 
and anatomically intact following ultrasound treatment. 
We also demonstrated with MRI-based temperature 
monitoring that temperatures sufficient for ablation in 
target zones can be achieved while avoiding substantial 
increases in temperature in adjacent critical anatomical 
areas. Target locations in this study were located in 
different zones of the prostate and adequate depth of 
sonication could be achieved within the prostate. The 
ability to target diseased tissue in the prostate while 
avoiding thermal damage to periprostatic structure 
(especially to the neurovascular bundles) will be critical 
to the success of future clinical transurethral ultrasound 
ablation studies.

Although these pre-clinical results are promising, 
further investigations are needed to optimize trans-
urethral MR-guided ultrasound therapy for use in humans 
with prostate cancer. In our feasibility study we chose 
not to rotate the applicator during ultrasound exposures. 
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Figure 12  Representative images of magnetic resonance imaging-guidance. A: T2-weighted image for positioning and treatment planning in axial and sagittal 
orientation (B); C: MR temperature map during ultrasound treatment in axial and sagittal orientation (D); E: MR dose map during ultrasound treatment in axial and 
sagittal orientation (F); G: Contrast enhanced T1-weighted image after ultrasound treatment. MR: Magnetic resonance.

  Canine Tumescence 
response

Inspection of 
peri-prostatic 

tissues

Correlation between 
MRI, thermal dose (> 

240 CEM43) volumes and 
pathology for location 
and size of the ablation 
zone (no correlation: 1; 

modest correlation: 2; and 
excellent correlation: 3)

  1 3 No damage 3
  2 4 No damage 3
  3 3 No damage 3
  4 2 No damage 3
  5 4 No damage 3
  6 2 No damage 3
  7 3 No damage 3
  8 3 No damage 3

Table 1  Intra- and post-surgical evaluations after the 
treatment of eight canine prostates in vivo  with magnetic 
resonance imaging-guided ultrasound therapy: Tumescence 
response on an ordinal scale, assessment of thermal damage 
to peri-prostatic tissues, and correlation between magnetic 
resonance imaging, thermal dose (> 240 CEM43) volumes 
and pathology for location and size of the ablation zone

MRI: Magnetic resonance imaging.
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Future experiments could explore the system’s capability 
for regional or whole prostate treatments using this 
feature[29,30]. In particular, modifying the transducer 
orientation while sonicating may shorten the time it takes 
to treat the tissue[29,31]. Moreover, studies that employ 
a more flexible ultrasound applicator could facilitate 
urethral placement and improve tolerance of the therapy. 
Future research should also investigate the potential 
of this thermoablative therapy for the management of 
benign prostatic hypertrophy. 

This study evaluated feasibility and precision of 
MRI-guided transurethral ultrasound in prostatic tissue 
in vivo and was therefore limited by not assessing the 
short-term or long-term outcomes of the therapy. As 
our canine subjects were cancer-free, we did not have a 
physiological target region. We instead defined a target 
region, applied only one ablation in this region, and 
assessed for correlation between planned targets and 
treatment. This may not adequately simulate clinical 
practice where several ablations may be required to 
treat the cancerous lesions. This study was also limited 
in its use of pre-pubertal canines. We recommend post-
pubertal canines for future pre-clinical ultrasound therapy 
studies of the prostate to assure large enough prostate 
sizes for treatment of multiple locations.

In summary, a promising new dual-modality device 
which combines MRI guidance with a trans-urethral 
ultrasound therapy probe was able to precisely ablate 
canine prostate tissue while simultaneously providing 
accurate thermal maps of the prostate and periprostatic 
tissue. Real-time, multi-planar temperature mapping 
equipped with feed-back control allowed for well-
targeted ablation of prescribed lesions. There was no 
impact of ablation on the function of the neurovascular 
bundle or surrounding organs such as rectum and 
bladder. Functionality of the cavernosal nerves after 
trans-urethral ultrasound therapy was confirmed with a 
nerve stimulator measuring the tumescence response. 
Results of the feasibility study reported here indicate 
that future research into the efficacy and functional 
outcomes of ultrasound therapy for prostate cancer 
should be explored. 
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COMMENTS
Background
Cancer of the prostate is one of the most common malignant diseases and 
among the leading reasons of male cancer deaths in the United States. There 
is a need for the development of precise focal Pca treatment approaches to 
preserve continence and potency. Ultrasound therapy is a novel, minimally 
invasive treatment option where an ultrasound probe emits a high intensity 
beam that can be used to destroy or “ablate” cancerous tissue. This study 

evaluated possible side-effects of prostate tissue ablation in vivo with an 
magnetic resonance imaging (MRI) guided transurethral ultrasound therapy 
system.

Research frontiers
In this study, an MRI guided transurethral ultrasound therapy system was tested 
in dogs. The authors evaluated the feasibility and safety of MRI-guided trans-
urethral ultrasound to effectively and accurately ablate prostate tissue while 
minimizing the damage to surrounding tissues in canine prostates. In addition 
to assessing rectal and bladder damage, the authors specifically assessed 
the post-treatment functionality of the nerves by analyzing their response 
qualitatively and quantitatively with a nerve stimulator. 

Innovations and breakthroughs
In this study, MRI was performed for treatment planning, ultrasound guidance 
and post-treatment evaluation in all canines. Prostate tissue was successfully 
ablated with the MRI-guided ultrasound therapy unit and regions of thermal 
ablation were limited to areas within the prostate capsule and no damage was 
observed in tissues surrounding the prostate. In all canines erectile responses 
were evaluated with a nerve stimulator post-treatment and indicated intact 
nerve functionality. No damage was noted in the bladder and rectum.

Applications 
Image guided focal ultrasound therapy could help to treat prostate cancer with 
fewer side effects than standard treatment methods. The authors’ results in a 
canine model suggest that MRI-guided trans-urethral focal ultrasound treatment 
is a safe and accurate approach to ablate prostatic tissue without damaging the 
neurovascular bundle and surrounding organs.

Terminology
Thermo-ablation: Energy absorption to increase in temperature for tissue 
destruction when the temperature exceeds ≥ 56 ℃ within the focal area. 
Thermocoagulation: The use of heat to bring about localized destruction and 
congealing of tissue. Transurethral: A medical procedure performed via the 
urethra. Neurovascular bundle: The nerves, arteries, veins and lymphatics 
that travel together in the body, specifically in this article, around the prostate.
Cavernous Nerve: The nerves that facilitate penile erection.
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Abstract
AIM: To gather existing radiographic classifications of 
mandibular canals branching, considering the criteria on 
which these were based.

METHODS: The search for studies on mandibular 
canals based on imaging exams included literature 
reviews, epidemiological studies of prevalence, descri
ptive studies, or case reports. An electronic search in 
the MEDLINE (OvidSP), PubMed, EMBASE (OvidSP), 
Web of Science (Thompson Reuters), and Scopus 
(Elsevier) databases was performed, as well as a 
manual evaluation of the references of the selected 
articles. Combinations of key words were placed in each 
database. No restrictions were imposed regarding the 
year of publication or language. References collected 
in duplicate were removed by the authors. A table 
was drawn up, containing the included studies and 
respective interest data.

RESULTS: Six classifications of mandibular canals bran
ching were selected for the present literature review. 
Four were based on two-dimensional radiographic 
exams, and two were performed based on three-
dimensional tomographic exams. Three-dimensional 
classifications were determined based on the analysis 
found in the least number of exams, comparatively to 
two-dimensional studies. The prevalence of mandibular 
canal branching varied from 0% to 38.75% in the works 
based on two-dimensional exams, while those found in 
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three-dimensional exams ranged from 15.6% to 65%. 
The studies were mostly referred to branches that 
began in the mandibular ramus. Just one classification 
considered the branches that began in the mandibular 
body region.

CONCLUSION: Three-dimensional exams appear to be 
the best method to view mandibular canal branching. 
Further studies are warranted to determine its true 
prevalence and questions concerning to associations. 

Key words: Inferior alveolar nerve; Mandibular canal; 
Bifid mandibular canal; Dental radiography; Cone-beam 
computed tomography

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: The identification of the mandibular canal 
and its branching are important for the planning of 
dental procedures. Due to the limitations of the two-
dimensional exams, the three-dimensional view of the 
structures provided by computed tomography (CT) 
exams allowed for greater sensitivity for the detection 
and evaluation of mandibular canals. Nevertheless, 
some studies performed with CT exams continued to 
use the classifications based on two-dimensional exams. 
Given the variability of information on this aspect, this 
study aimed to gather existing information in an attempt 
to provide researchers and clinical professionals with a 
stronger basis for their studies and procedures.
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INTRODUCTION
Mandibular canals are intraosseous ducts, normally 
unique in each hemimandible. These begin in the 
mandibular foramen, located in the lingual surfaces of 
the mandibular bodies and stretch until they emerge 
in the mental foramen, in a vestibular direction in the 
pre-molar region. Located inside of these canals is the 
inferior alveolar neurovascular bundle, the largest ramus 
of the mandibular division of the trigeminal nerve, 
responsible for the innervation of the posterior teeth, of 
the surrounding bone structure, and of the mucosa of 
the tongue coating of the posterior region[1].

The identification of the mandibular canal is important 
for the planning of a wide range of dental procedures, 
especially surgical procedures. The insertion of implants, 
extraction of impacted teeth, surgical planning of 
biopsies, enucleations of pathologies, orthognathic 
surgeries, and the defining of differential diagnoses are 

only a few examples of the clinical importance of its 
localization[2-7]. The occurrence of anatomical branching 
in mandibular canals constitutes a complicating factor 
and requires care for the proper planning of such cases 
in order to avoid inferior alveolar neurovascular bundle 
lesions.

As this study treats intraosseous anatomic stru
ctures, imaging exams are recognized as the main 
diagnostic resource for their localization and evaluation. 
The radiographic study of human fetal mandibles, 
performed by Chávez-Lomeli et al[8], detected that 
bifid or trifid canals are the main anatomical branching 
of the mandibular canals. For this reason, radiographic 
classifications were developed according to conventional 
exams. These systems considered their origins, locali
zation, aspect, and direction as core criteria[1,9-12]. Due 
to the limitation inherent to the two-dimensional exams, 
Langlais et al[11] contemplated the possibility of the 
existence of undetected or undescribed canals.

The three-dimensional view of the structures pro
vided by computed tomography (CT) exams allowed for 
greater sensitivity for the detection and evaluation of 
mandibular canals, in addition to the three-dimensional 
classification of the mandibular canal. CT studies have 
presented different prevalence levels and other types of 
mandibular canal branches (Figure 1)[13-15]. Nevertheless, 
some studies performed with CT exams continued to use 
the classification of the variation of mandibular canals 
based on two-dimensional exams[14,16].

Bearing this finding in mind, the present review 
seeks to list the classifications and descriptions of the 
branching of existing mandibular canals, considering the 
applied diagnostic resources and the criteria on which 
these were based. Given the variability of information on 
this aspect, as well as the prevalence and classification, 
this study aimed to gather existing information in an 
attempt to provide researchers and clinical professionals 
with a stronger basis for their studies and procedures.

MATERIALS AND METHODS
Eligibility criteria
This literature review proposed the search for radio
graphic studies on mandibular canals in humans, based 
on conventional and digital two-dimensional exams and 
on CT exams. This work included literature reviews, 
epidemiological studies of prevalence, descriptive 
studies, or case reports. No letters to the editor, animal 
studies, abstracts, or personal opinions were included.

Sources
This study performed an electronic search in the 
PubMed, Embase, Web of Science (Thompson Reuters), 
and Scopus (Elsevier) databases. The references of 
the selected articles were also manually evaluated to 
detect relevant studies that might have been lost in the 
electronic search. A complementary search was also 
conducted using Google Search and Google Scholar 
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search tools.

Research strategy
Combinations of key words were placed in each data
base, using the following key words: Mandible, man
dibular nerve, inferior alveolar nerve, mandibular 
canal, bifid mandibular canal, bifid canals, radiography, 
panoramic radiography, cone-beam computed tomo
graphy, dental implant, and anatomic variation. No 
restrictions were imposed regarding the year of publi
cation or language. References collected in duplicate 
were removed by the authors.

Study selection
After having removed the duplicates, the abstracts 
of all of the chosen articles were read to verify the 
appropriateness of the theme. The main objective 
was to find articles that defined the classification of 
mandibular canal branching. After having selected the 
articles that met the eligibility criteria, these were read 
in full and incorporated into the present review.

Synthesis of the collected data
A table of the included studies was drawn up, con
taining the following data: Authors’ names, year of 
publication, sample size, exam per image used in each 
study, prevalence of mandibular canal branching, and 
description of the defined classification, including the 
name adopted for the branches, the frequency of each 
type, the location of origin, aspect, direction, and end 
location.

RESULTS
Six radiographic classifications of the branching in 
mandibular canals were selected for the present litera
ture review (Table 1)[1,9-12,14,15].

Within the listed classification, four were defined 
by evaluating the canals and their branching in two-
dimensional radiographic exams[1,9-12], and two were 
performed based on three-dimensional CT exams. 

Two of the classifications based on two-dimensional 
evaluations also conducted dissections of the anatomical 
parts[10,12].

The classifications based on two-dimensional exams 
were carried out by analyzing the samples with the 
highest number of exams (9717 in total, with an average 
of 2429.25 exams). Nortjé et al[1,9] evaluated 3612 
panoramic radiographs, while Langlais et al[11] evaluated 
6000 exams. Three-dimensional classifications were 
determined based on the analysis found in the least 
number of exams (374 in total, with an average of 187 
CT exams).

The prevalence of the mandibular canal branching 
varied from 0% to 38.75% in the works based on two-
dimensional exams, with an average of 10.15%. The 
prevalence of branches found in CT exams ranged from 
15.6% to 65%, with an average of 40.3%.

Only the classification defined by Kieser et al[12] 
considered the branches that began in the mandibular 
body. All others referred to those initiated in the man
dibular ramus.

DISCUSSION
Radiographic studies of the prevalence branching in 
mandibular canals presents variability, ranging from 
0.08%[17] to 38.75%[10] when based on two-dimensional 
exams, and from 15.6%[14] to 65%[15]. This variability 
is related to the use of different methods, including 
panoramic radiographic evaluations and CT exams.

Claeys et al[18] warned that, although panoramic 
radiographs offer diagnostic conditions, the recognition 
of the branching in mandibular canals is rare. The 
authors defined that the cross-sectional cuts of the 
mandibular bodies, made possible through CT exams, 
were the best method to identify and locate their 
route. In an attempt to establish a more efficient 
method, capable of detecting the real prevalence and 
localization of these alterations, the CT exam has truly 
sparked great progress and has proven to be better 
as regards the limitations presented by the panoramic 
radiographs[3,15,19]. For this reason, it is recommended as 
the method of choice for the planning of a wide range of 
surgical procedures in dentistry[20]. 

However, the comparison among the methods 
reaches beyond that referent to the absolute preva
lence of the occurrence of anatomical branching in 
mandibular canals. The comparison of the prevalence 
of different types of canals detected in panoramic 
radiographs and in the three-dimensional exams is 
of outmost importance due to the highest and lowest 
clinical significance that each type can represent. 
Furthermore, this comparison is made more difficult 
by the lack of a standardization of the classifications 
adopted in the different studies. The classification of 
the branches detected through tomographic exams 
(Figure 2)[15,16,21,22], though similar to those from two-
dimensional exams, presented some differences and 
some new criteria[1,10-12].
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Figure 1  White arrow showing the origin of a mandibular canal branch 
in the mandibular body found by Rouas et al[13] (2007) on a computed 
tomography exam.
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  Ref. Exam Sample Prevalence 
(mandibular 

canal 
branching)

Classification Frequency 
of the types

Region of 
origin

Aspect Direction Local of 
termination

  Carter et al[10] 
  (1971)

Unilateral 
radiographs 

and dissection

80 38.75% Type I 61.25% Ramus region, 
from a single 
Mandibular 

Foramen

Single large 
structure 
with very 

short dental 
branches

Superior to 
the tips of 

molars roots

Mental 
arborization

Type II 13.75%
(types 1 or 

2)

Ramus region, 
from a single 
Mandibular 

Foramen

Substantially 
lower down, 
with dental 

branches 
given off more 

posteriorly, 
longer and 

oblique

Oblique, 
toward the 

tips of molars 
roots

Mental 
arborization

Type III 25% (types  
2 or 3)

Ramus region, 
from a single 
Mandibular 

Foramen

Two large 
branches 
initiated 

posteriorly

Uppers like 
alveolar 
branches

Upper to the 
tips of the 

roots;
Lower to 
mental 
forame

  Nortjé et al[1]

  (1977)
Panoramic 

radiographs
3612 0.9 Type Ia 30.3% of 

duplication 
cases

Ramus region, 
from a single 
Mandibular 

Foramen

Two canals 
of a similar 

width (lower 
slightly 

narrower)

Inferior 
narrower

Type Ib Ramus region, 
from a single 
Mandibular 

Foramen

Double 
(Superior 
narrower)

Anterior

Type II Ramus region, 
from a single 
Mandibular 

Foramen

Duplo 
(Superior 
shorter)

Anterior Superior: 
toward 

2nd and 3rd 
molars and 

inferior: 
toward 
mental 

foramen
Type III Ramus 

region, from 
separated 

Mandibular 
Foramens

Double (Join 
in the molars 

region)

Anterior Molars 
region

  Nortjé et al[9] 
  (1977)

3612 Type IV Ramus region, 
from a single 
Mandibular 

Foramen

Double 
(Superior 
narrower 

than the main 
canal)

Anterior Ramus 
region

  Langlais et al[11] 
  (1985)

Radiografias 
panorâmicas 

convencionais

6000 0.95 Type I 38.6% Ramus region, 
from a single 
Mandibular 

Foramen

Double 
(Superior 
shorter)

Anterior 3rd molar and 
adjacente 

region

Type II 54.4% Ramus region, 
from a single 
Mandibular 

Foramen

Double 
(Joining 

anteriorly)

Anterior Ramus or 
mandibular 

body regions

Type III 3.5% Ramus region, 
from a single 
Mandibular 

Foramen

Double 
(Combination 
of types II and 

III)

Anterior Ramus, 
retromolar 

ou 3rd molar 
regions

Type IV 3.5% Ramus 
region, from 

separated 
Mandibular 
Foramens

Double 
(Joining 

anteriorly)

Inferior Ramus 
region

Table 1  Classifications of mandibular canal branching (1971-2010)
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In one three-dimensional exam, Kuribayashi et al[14], 
although they had defined an additional classification 
criterion by evaluating the diameter of the branches 
of the mandibular canals in relation to the main canal, 
primarily used the two-dimensional classification set 
forth by Nortjé et al[1] for detected canals. Their results 
pointed towards a greater prevalence of mandibular 
canal branching when compared to that found by Nortjé 
et al[1] Moreover, when compared to the diverse types of 
branches, a difference could also be observed regarding 
the most prevalent type of canal. While Nortjé et al[1] 
found greater prevalence for type I bifid canals (78.8%), 
Kuribayashi et al[14] found a greater prevalence of type II 
branches (13.2%).

Likewise, Correr et al[16] used the two-dimensional 
classification, as defined by Langlais et al[11], for a 
tomographic evaluation of mandibular canal branching. 
It was not possible to compare the prevalence of these 
studies, given that the samples evaluated by Correr et 
al[16] consisted, in its totality, of previously diagnosed 
exams referent to the occurrence of branches. However, 
as regards the proportion among the different types 
of branches, differences were observed. The type I 
standard was the most commonly detected in tomo
graphic exams (72.6%), followed by the type II (19.3%), 
whereas the types I and II were detected in 38.6% and 
54.4% of the panoramic radiographs, respectively. No 
type IV branches were detected in the scans.
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  Kieser et al[12] 
  (2005)

Oclusal and 
unilateral 

radiographs 
and dissection

107 mandibles
(25 

radiographic 
exams)

0% Type I
(detected 

by mean of 
dissections 

and 
radiographs)

Ramus region, 
from a single 
Mandibular 

Foramen

Single, 
without 
branches

Anterior Mental 
foramen 
region

Type II
(detectado em 
dissecações)

Mandibular 
body region

Series of 
individual 
branches

Superior Alveolar 
process 

(Edentulous 
mandibles)

Type III 
(detectado em 
dissecações)

Molars region Molar plexus Superior Molar region 
(Edentulous 
mandibles)

Type IV
(detectado em 
dissecações)

Distal and 
proximal 
regions

Distal and 
proximal 

plexus

Distal plexus 
forward.
Proximal 
plelxus 
toward 

superior

Alveolar 
process 

(Edentulous 
mandibles)

  Naitoh et al[15] 
  (2009)

CBCT 122 65% Type I
Retromolar

29.8% Ramus region Superior Superior Retromolar 
region

Type II
Dental Canal 

(3º molar)

7% Ramus region Superior Anterior Root Apex 
of the third 

molar
Type II

Dental Canal 
(2º molar)

1.8% Ramus region Superior Anterior Root Apex of 
the second 

molar
Type III
Forward 

Canal (with 
confluence)

4.5% Ramus region Superior 
(Joining to the 

main canal)

Anterior Mandibular 
body

Type III
Forward 

Canal 
(without 

confluence)

55.3% Ramus region Superior Anterior Mandibular 
body

Type IV
Buccal or 

lingual canal

1.8% Ramus region Lateral Inferior 
(Buccal or 
lingual)

Ramus 
region

  Kuribayashi et al[14] 
  (2010)

CBCT 301 unilateral 
exams from 
252 patients

15.60% Less than 
50% of the 
diameter of 

the main canal

51% Narrower 
(Less than 
50% of the 
diameter 

of the main 
canal)

Equal or 
bigger than 
50% of the 
diameter of 

the main canal 

49% Equal or 
bigger than 
50% of the 
diameter of 

the main canal

CBCT: Cone beam computed tomography.
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These results reveal the existence of differences in 
the diagnostic accuracy of the methods. Nevertheless, 
the analysis of the different two- and three-dimensional 
classifications calls attention to some other relevant 
differences. As regards the evaluation of the diameters 
of the branches referent to the main canals[14], this 
can contribute to the greater or lesser relevance of the 
findings. While higher caliber branches may represent 
a greater risk of injury, one must also bear in mind that 
the branches of a lesser volume may be referent to 
nutrient canals, such as that found in the dissections 
performed by Carter and Keen[10].

Another aspect to be considered refers to the 
direction of the branches. Whereas the two-dimensional 
classification includes the description of the direction 
only in the anteroposterior and superoinferior directions, 
the three-dimensional classification set forth by Naitoh et 
al[15] is also concerned with the situation of the branches 
in the vestibular-lingual direction. This is an important 
factor to be considered in the surgical planning of 
cases[2,6,23,24] thus contributing to improvements in the 
definition of the localization of the surgical access route 
as well as better estimations of the risk of injury to the 
surrounding anatomical structures.

In conclusion, the detection of mandibular canal 
branching is important to determine the proper conduct 
to be taken with patients with dental problems, and 
imaging exams represent the standard method to view 
these alterations. Three-dimensional exams appear 
to be the best method, however, further studies are 
warranted to determine the true prevalence these 
alterations, some possible associated factor, and other 
such questions concerning three-dimensional systems. 

COMMENTS
Background
Mandibular canals are intraosseous ducts that contain the inferior alveolar 
neurovascular bundle, responsible for the innervation of the posterior teeth 

and of the surrounding structures of the posterior region. The identification 
of the mandibular canal is important for the planning of a wide range of 
dental surgical procedures. The occurrence of mandibular canals branching 
constitutes a complicating factor and requires care for the proper planning of the 
procedures in order to avoid neurovascular lesions. The present review seeks 
to list the classifications and descriptions of the mandibular canal branching, 
considering the applied diagnostic resources and the criteria on which these 
were based. Given the variability of information on this aspect, this study aimed 
to gather existing information in an attempt to provide researchers and clinical 
professionals with a stronger basis for their studies and procedures.

Research frontiers 
Bifid or trifid canals are the main anatomical branching of the mandibular canals, 
according Chávez-Lomeli et al (1996). As the mandibular canals are intraosseous 
anatomic structures, imaging exams are recognized as the main diagnostic 
resource for their localization and evaluation. Radiographic classifications were 
mainly developed according to conventional exams. Due to the limitation of the 
two-dimensional exams, Langlais et al (1985) contemplated the possibility of the 
existence of undescribed canals. 

Innovations and breakthroughs
The three-dimensional view of the structures provided by computed tomography 
(CT) exams allowed for greater sensitivity for the detection and evaluation 
of mandibular canals, in addition to the three-dimensional classification of 
the mandibular canal. CT studies have presented different prevalence levels 
and other types of mandibular canal branches. Nevertheless, some studies 
performed with CT exams continued to use the classification of the variation of 
mandibular canals based on two-dimensional exams.

Applications
This review suggests that three-dimensional exams appear to be the best 
method to view mandibular canal branching. Further studies are warranted to 
determine its true prevalence, new classifications and questions concerning to 
associations.

Terminology
Both cone beam computed tomography and CT exams were equally referred as 
the generic term CT in this study. These types of three-dimensional exams have 
greater sensitivity for the detection of mandibular canal branching in comparison 
to two-dimensional exams and a comparative evaluation of the sensitivity of 
these methods was not a goal of this review.

Peer-review
In this paper the authors conducted an internet based search on the different 
radiographic classifications as regards the identification of the mandibular canal 
and its branching. The review is concise and well written one.
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