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Review Article
Quantitative PET of liver functions
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Abstract: Improved understanding of liver physiology and pathophysiology is urgently needed to assist the choice
of new and upcoming therapeutic modalities for patients with liver diseases. In this review, we focus on functional
PET of the liver: 1) Dynamic PET with 2-deoxy-2-[*®F]fluoro-D-galactose (**F-FDGal) provides quantitative images of
the hepatic metabolic clearance K (mL blood/min/mL liver tissue) of regional and whole-liver hepatic metabolic
function. Standard-uptake-value (SUV) from a static liver *®F-FDGal PET/CT scan can replace K. and is currently
used clinically. 2) Dynamic liver PET/CT in humans with *C-palmitate and with the conjugated bile acid tracer [N-
methyl-*1C]cholylsarcosine (*1C-CSar) can distinguish between individual intrahepatic transport steps in hepatic lipid
metabolism and in hepatic transport of bile acid from blood to bile, respectively, showing diagnostic potential for in-
dividual patients. 3) Standard compartment analysis of dynamic PET data can lead to physiological inconsistencies,
such as a unidirectional hepatic clearance of tracer from blood (K,; mL blood/min/mL liver tissue) greater than the
hepatic blood perfusion. We developed a new microvascular compartment model with more physiology, by including
tracer uptake into the hepatocytes from the blood flowing through the sinusoids, backflux from hepatocytes into the
sinusoidal blood, and re-uptake along the sinusoidal path. Dynamic PET data include information on liver physiology
which cannot be extracted using a standard compartment model. In conclusion, SUV of non-invasive static PET with
18F-FDGal provides a clinically useful measurement of regional and whole-liver hepatic metabolic function. Secondly,
assessment of individual intrahepatic transport steps is a notable feature of dynamic liver PET.

Keywords: PET kinetics, liver PET, liver hemodynamics, liver metabolism, hepatobiliary excretion, hepatic drug
metabolism, hepatic galactose PET, hepatic glucose PET, bile acid PET, hepatic palmitate PET

Introduction ning of the liver following intravenous adminis-
tration of a positron-emitting radioactive tracer
and calculation of physiological parameters us-

ing tracer-specific analysis.

The liver plays a key role in the regulation of
metabolic homeostasis in the body, first-pass
metabolism of ingested substances, detoxifi-
cation processes, and hepatobiliary excretion.
Impairment of these functions can lead to seri-
ous, and even life-threatening liver failure.
Examination of the liver in vivo is difficult be-

In this review, we first discuss how to account
for physiological features concerning tracer
supply and kinetic modeling, and we then dis-
cuss examples of PET studies of hepatic meta-

cause of its “hidden” position between the
splanchnic and the systemic circulation. Conse-
quently most standard liver blood tests are
quite non-specific. Additionally, knowledge of
specific changes in liver functions is increas-
ingly needed in view of the rapid development
of novel therapeutic modalities. Some of these
challenges may be successfully approached by
functional positron emission tomography (PET),
which has a unique capability for imaging and
quantifying regional and whole-organ functions
in vivo [1]. Functional liver PET comprises scan-

bolism, hepatobiliary excretory processes, and
drugs in the liver.

Tracer supply

Kinetic parameters of hepatic tracer metabo-
lism or hepatobiliary excretion are traditionally
estimated from dynamic PET scan data by fit-
ting a compartment model (Figure 1) to the
time courses of the radioactivity concentrations
in liver tissue, and using the concentration in
the blood supply as a model input function. The
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Figure 1. Compartment models fitted to PET data (from top to bottom):
11C-MG undergoes no metabolism; *8F-FDGal undergoes irreversible intra-
cellular phosphorylation; *¥F-FDG undergoes reversible intracellular phos-
phorylation; 1*C-CSar undergoes no metabolism but undergoes backflux to
blood and hepatobiliary secretion into intra-hepatic and then, extra-hepatic
bile. **C-palmitate undergoes intrahepatic metabolism (esterification, oxida-
tion, production of triglyceride (k,)) and secretion of metabolites into blood
(k). Rate constants describe exchange of tracer (and metabolites): K, (mL
blood/min/mL liver tissue), unidirectional rate constant of transport from
blood to hepatocytes (hepatic systemic clearance); k, (min™), backflux of
tracer from hepatocytes to blood; K, (min), metabolism in hepatocytes for
18F-FDGal, *®F-FDG, and **C-palmitate; and for **C-CSar transport from hepa-
tocytes into intrahepatic bile canaliculi; k, (min™), dephosphorylation in he-
patocytes of **F-FDG-6-P; k (min™) for **C-CSar, transport from intrahepatic
bile into extrahepatic bile, and for *:C-palmitate, transport of **C-triglyceride
(**C-TG) from hepatocytes to blood.

tracer supply to the liver is dual from the sys-
temic circulation via the hepatic artery (25%)
and from the splanchnic circulation via the
portal vein (75%). Following intravenous bolus
administration of tracer, the arterial blood trac-
er concentration rapidly increases to a peak FDG) [2],
and then decreases (Figure 2, left panel, and (*8F-FDGal)
Figure 3). The concentration of tracer in the
hepatic artery (C,_,(1) is identical to that in other
arteries, such as the femoral or radial artery
C,(t), from which blood can be sampled. The
peak of the portal vein concentration of tracer
(C,,(1) is delayed and dispersed compared to
that in the HA (Figure 2, left panel, and Figure
3). Blood from the HA and PV mix at
the entry of the sinusoids which receives flow-
weighted dual-input tracer concentration
C,,.(D, which can be calculated directly from
measured blood concentrations of tracer com-
bined with blood flow measurements of the HA
(F,,) and PV (F, ) using the hepatic artery flow

fraction, 1, = F,/(F,, + F.):
[(;j]ual(t) = fHA CA(t) +(1- HA) CPV(t)

In humans, the PV is inacces-
sible for blood sampling, and
we therefore developed a PV-
model for the transfer of tra-
cer from the intestinal arteri-
es through the pre-hepatic
splanchnic bed to the PV (with
no net loss or addition of trac-
er in the intestines) [3]. The
model consists of an impulse-
response function with a sin-
gle tracer-specific parameter
(min), which reflects the mean
transit time of the tracer
through the PV-drained vis-
cera. In pigs, the PV-model pro-
vided successful prediction of
measured PV concentrations
of several tracers (Figure 2,
left panel). Consequently, the
model-derived C, _(t), using
mean f, = 0.25, was consis-
tent with the measured C,_ (1)
(Figure 2, right panel) [4].

The kinetic parameters of the
rapid transfer of tracer bet-
ween blood and hepatocytes
are estimated from the initial
dynamic phase after tracer

injection using C_ _(t) (K, and k,; Figure 1). This
calculation was successfully performed in PET
experiments in pigs with blood-sample mea-
sured arterial and portal vein tracer concentra-
tions of 2-deoxy-2-[*®F]fluoro-D-glucose (*8F-
2-deoxy-2-[*8F]fluoro-D-galactose

and the bile acid tracer

[N-methyl-**C]cholylsarcosine (*'C-CSar) [6]. In
a PET study of the liver kinetics of *C-CSar
in healthy human participants and patients
with liver disease [7], values of K, and k, for
11C-CSar were estimated using the PV-model
transfer parameter for 1*C-CSar in pigs [6].

At steady-state after the first minutes after
tracer administration, C
FDG [2] and of *8F-FDGal [5], respectively,
become similar (Figure 3). Consequently, the
hepatic metabolic clearance K__, of these car-
bohydrate tracers (mL blood/min/mL liver tis-
sue), calculated by the graphical Gjedde-Patlak

t) and C,(t) of *®F-

dual(
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Figure 2. Time courses of the concentrations of 3-O-[*'C]methylglucose (**C-MG) in the blood supply to the liver
from the HA and PV (left) and dual-input (right). Left: Concentrations measured in the femoral artery (red) and the
PV (blue) in a pig experiment following intravenous bolus administration of **C-MG. The model-derived PV concen-
tration (green) was calculated from the arterial concentration using the PV-model for passage of 11C-MG from the
intestinal arteries to the PV (see text). Right: The measured dual-input time courses of the radioactivity concentra-
tions in the blood supply (blue) and that calculated from the measured arterial concentration and the PV-model
(green) and the individually measured HA blood flow fractions. (Reproduced from Winterdahl M, et al. Eur J Nucl
Med Mol Imaging 2011; 38: 263-270; open access under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/)).

400 tions in each compartment at
each time point. The rate con-
stants for exchange of tracer
and metabolites between the
compartments are estimated
by fitting a tracer-specific
kinetic model (Figure 1) to
the time course of radioactivi-
ty concentration in liver tissue
using C, () or C,(t) as an
input function, as mentioned
above (Table 1). Although the
L standard compartment analy-
J sis of dynamic PET data has
...................................................................................................................... 1 provided Valuable Ins'ght into
liver physiology and patho-
physiology, this analysis also
shows physiological inconsis-
tencies, as discussed in these
three examples:
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Figure 3. Time courses of concentrations of 8F-FDGal in an artery (red) and
the portal vein (blue) after injection of *®F-FDGal in a pig experiment.

representation of data 10-20 minutes after
tracer injection, can be calculated using the
C,(t) as input function [2, 5] which, for **F-FDGal
in humans, can be extracted by an image-
derived input function from the abdominal
aorta [8].

Kinetic models
Compartment models
Currently, most analyses of dynamic PET mea-

surements are performed by compartment
models that assume uniform tracer concentra-
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1) The compartment model assumes the trans-
port of tracer from blood to hepatocytes to
occur at the blood inlet concentration C, . This
ignores uptake of tracer by the hepatocytes
from blood flowing through the sinusoids
in vivo and the resulting sinusoidal tracer
concentration gradients [9, 10].

2) The compartment model assumes backflux
of tracer from the hepatocytes directly into the
systemic blood circulation (k, in Figure 1) and
the systemic circulation before it eventually
enters the HA and PV. In reality, the backflux of
tracer should enter the sinusoid and be avail-
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Table 1. Models for data analysis

PET procedure Blood tracer concentration Estimated parameters”
Standard compartment model Dynamic PET Dual-input C, (1) K, Ky Y,
Gjedde-Patlak linear representation Dynamic PET Arterial input Kot
Microvascular compartment model  Dynamic PET Dual-input Cdual(t) F, PS, v, Vv,
Radioactivity conc. in liver tissue Static PET No Suv
Microvascular model No PET Dual-input C_ _(t), hepatic vein conc PS, CI

*SUV, standardized uptake value (radioactivity concentration kBg/mL liver tissue)/(Injected dose kBq/g body weight); K
hepatic metabolic clearance (mL blood/min/mL liver tissue); K

tocytes (mL blood/min/mL liver tissue); k,,

met’

hepatic unidirectional systemic clearance from blood to hepa-
rate constant for backflux of tracer from hepatocytes to blood (min™); V,, vascular

volume parameter used in the standard compartment model (mL blood/mL liver tissue); F, hepatic blood perfusion (mL blood/
min/mL liver tissue); PS, Permeability-Surface-Area-Product for transport from blood to hepatocytes (mL blood/min/mL liver tis-

sue); Vb,
Cl

int”

able for re-uptake before leaving on the venous
side.

3) The transfer of most blood-borne tracers
across the hepatocyte plasma membrane is
practically unlimited for most PET tracers
because of highly fenestrated endothelial cells
and numerous efficient transporters on the
hepatocyte plasma membrane. The unidirec-
tional clearance of tracer from blood to hepat-
ocytes K, (Figure 1) is therefore commonly
assumed equal to the hepatic blood perfusion.
However, for several tracers, K, calculated from
compartment modeling of the initial 3-min
dynamic PET scan in pigs exceeds the blood
perfusion rate [11]. Thus, the liver apparently
takes up more tracer than supplied to it by the
hepatic blood flow, which is a “supply paradox”
[42].

Microvascular compartment model

Because of the abovementioned physiological
inconsistencies in the compartment model, we
developed a microvascular compartment mo-
del that includes more physiology such as trac-
er uptake from blood into hepatocytes at tra-
cer concentrations along the perfused sinu-
soids, backflux of tracer from hepatocytes into
the sinusoidal blood, and multiple re-uptakes
during the passage of tracer through the sinu-
soid [13]. Using measured data from the 3-min
dynamic PET of in vivo pig livers following in-
jection of 3-O-[*'C]methylglucose (**C-MG) [2],
this new model generated estimates of hepatic
blood perfusion that were consistent with inde-
pendent measurements whereas the standard
compartment model overestimated the perfu-
sion. In addition, the microvascular compart-
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blood volume including non-exchanging vessels (mL blood/mL liver tissue); V., hepatocyte volume (mL/mL liver tissue);
hepatic intrinsic clearance (mL blood/min/mL liver tissue).

ment model accurately predicted the time cou-
rse of tracer concentrations in the liver vein, a
prediction fundamentally unobtainable using
the standard compartment model because it
assumes no return of tracer from hepatocytes
into sinusoidal blood. The results of the micro-
vascular compartment model demonstrate that
dynamic PET data includes information that
cannot be extracted using a standard compart-
ment model. Models that include sinusoidal
tracer concentration gradients should be pre-
ferred when analyzing the blood-hepatocyte
exchange of any tracer. However, the classic
microvascular model [14, 15] only accounts for
unidirectional tracer uptake along the perfus-
ed sinusoid with estimates of the hepatocyte
plasma membrane permeability surface area
(PS) and the overall flow-independent intrinsic
clearance (CI, ) of metabolism or hepatobiliary
excretion (Table 1), but no backflux. Microva-
scular compartment models for tracers metab-
olized in hepatocytes are currently being devel-
oped (Munk, unpublished data 2018).

Hepatic carbohydrate metabolism
18F-FDGal PET

Galactose and its ‘8F-labeled analog *¥F-FDGal
(Figure 4) are both almost exclusively metabo-
lized in hepatocytes with the rate-limiting step
being 1-phosphorylation by galactokinase [10,
16, 17]. The hepatic removal of galactose in
vivo follows Michaelis-Menten saturation kinet-
ics in vivo [10, 18, 19], and the hepatic galac-
tose removal rate at near-saturating galactose
concentration, the galactose elimination capac-
ity (GEC), is used clinically as a measure of the
hepatic metabolic function [20, 21]. GEC has
documented prognostic information for pati-
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enzyme-determined [19] in
contrast to galactose, for
which the hepatic systemic
clearance (at 1. order kinetics)
is predominantly flow-deter-
mined in healthy human par-
ticipants [29]. These differenc-
es are due to high and low
affinity of the galactokinase
for galactose and *8F-FDGal,
respectively [16, 30]. PET-
determined K__ of **F-FDGal
can be used as a measure of
the in vivo regional hepatic
galactokinase activity [28],
i.e., a local GEC.

Notably, we recently showed
that in both healthy human
participants and patients with
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Figure 5. Relationships between SUV and K__, of *®F-FDGal PET in healthy
humans (open symbols) and patients with cirrhosis (closed symbols) with
linear regression lines. Left panel: regional values, right panel: whole-liver
values. (Reproduced from Bak-Fredslund KP, et al. EINMMI Res 2017; 7: 71,
open access under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/)).

ents with liver diseases [22-26], but it does not
provide information on intrahepatic regional
variations of the hepatic metabolic function
that can be measured by '8F-FDGal PET and
may be clinically important.

18F-FDGal is easily produced in facilities similar
to those used for production of 8F-FDG [27].
Using dynamic PET of the liver and measure-
ments of blood concentrations of 8F-FDGal
in an artery and the portal vein (Figure 3), we
developed an *®F-FDGal PET method for imag-
ing and quantification of whole-liver and region-
al hepatic metabolic function by using the
hepatic metabolic clearance K__ of **F-FDGal
[5]. In healthy human participants [28] and
patients with liver disease [19], K __ of **F-FDGal
was estimated by the Gjedde-Patlak analysis
from 20-min dynamic PET after intravenous
administration of the tracer and from image-
derived abdominal aorta *¥F-FDGal concentra-
tion [8]. The K __, of *®F-FDGal is predominantly

7

Kmet (mL blood/min/mL liver tissue)

liver disease, the mean stan-

dard-uptake-value (SUV) of
f:o%?o‘: 8F-FDGal from a static scan
- \ of the liver at 10-20 min after
" 18F_-FDGal injection was linear-

ly related to K, from dynamic
scans of the liver (Figure 5)
[31]. Consequently, SUV can
replace K__ for the quantifica-
tion of whole-liver and re-
gional metabolic function. The
average SUV of 8F-FDGal was
significantly lower in patients
with decompensated cirrhosis than in healthy
participants and patients with compensated
cirrhosis [31]. We proposed that the regional
SUV of *¥F-FDGal may be used for preoperative
calculation of remnant metabolic liver function,
which is of special importance for patients
with cirrhosis.

Another promising application of **F-FDGal
PET/CT is optimizing the dose-planning of ste-
reotactic body radiotherapy of liver tumors. For
patients treated with stereotactic body radio-
therapy for colorectal liver metastases, there
was a clear correlation between the regional
irradiation dose of surrounding non-malignant
liver tissue and the reduction in regional SUV
of 18F-FDGal after treatment [32]. This finding
led to a recent study in patients with liver
metastases where it was possible to minimize
the radiation dose to areas with the best func-
tioning liver tissue as assessed by *®F-FDGal
PET/CT (Figure 6) [33]. Therefore pretreatment

Am J Nucl Med Mol Imaging 2018;8(2):73-85



Functional liver PET

Tradttional CT-based constraints

O

Y

HQ E _,—\
LN
l/[ S H COH
~/
H
T
HO L) OH

Including '*F-FDGal PET #

Figure 6. Example of how functional treatment planning using *F-FDGal PET/CT significantly reduced the radiation
dose delivered to regions with the best functioning liver tissue in a patient with colorectal liver metastases.
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Figure 7. Top: Chemical structures of the endogenous bile acid conjugates cholylglycine and cholyltaurine. Bottom:
Chemical structures of *C-labeled cholylsarcosine, N-methyl-taurine-conjugated bile acids, and *8F-FBCGly.

18F-FDGal PET/CT may be used to spare the
radiation dose to the surrounding liver tissue in
the planning of stereotactic body radiotherapy
of liver tumors.

18F.FDG PET

Hepatic *¥F-FDG metabolism is usually ana-
lyzed by the K -k, model shown in Figure 1 or by
a K-k, model using the linear representation of
data according to Gjedde-Patlak [2]. Howev-
er, in the hepatocytes, 8F-FDG-6-phosphate
(*8F-FDG-6-P) undergoes dephosphorization as
well as oxidation to 2-[*F]fluoro-2-deoxy-6-ph-
osphogluconate (*8F-FD-6-PG1) [34]. The sim-
ple K, - k, model may still apply to **F-FDG PET
liver studies, but the calculated rate constant
for the dephosphorization of **F-FDG-6-P (k,)
will be somewhat underestimated because a
fraction of the metabolites is not *®F-FDG-6-P.
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The 8F-FDG metabolism is competitively inhib-
ited by glucose and it is not clear how ?&F-
FDG metabolism quantitatively reflects glucose
metabolism [35]. Hence, it is problematic to
use BF-FDG PET to measure this key function
of the liver for body metabolic homeostasis.

Studies of hepatic '8F-FDG metabolism may
nevertheless be used to show how drugs and
hormones may affect hepatic glucose metabo-
lism at the physiological conditions at which it
is studied. A recent PET study demonstrated
that hepatic 8F-FDG uptake was twice as high
in men as in women [36], which may to some
extent explain the lower overall glucose dispos-
al observed in women. Compartment modeling
of hepatic *8F-FDG metabolism at different con-
centrations of insulin demonstrated that insu-
lin-resistant individuals have a significantly
reduced k. /k, ratio [37]. This kinetics may

Am J Nucl Med Mol Imaging 2018;8(2):73-85
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Figure 8. Time courses of radioactivity concentrations of 8F-FBCGly in liver
tissue (blue curve) and bile duct (red curve) measured by PET in a rat. Inset
is a PET/MR image recorded 2 min after administration of tracer.
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Figure 9. *1C-CSar liver PET images of an otherwise healthy patient during
drug-induced liver injury (left), and after recovery (right). The images, mean
of *C-concentrations 5-15 minutes after tracer administration, illustrate
severely reduced hepatobiliary secretion of *C-CSar during the cholestatic
condition compared to the normal condition after recovery with high *'C-
concentration in the intra- and extrahepatic bile ducts.

patients with non-alcoholic
fatty liver disease [39]. Thus,
8F-FDG PET/CT will increas-
ingly be used to determine
whether already approved and
used antidiabetic drugs have
the liver as their primary target
organ.

HC-MG PET

3-O-[**C]methylglucose  (*'C-
MQ) is taken up from blood by
the hepatocytes by the same
GLUT-2 transporter as glucose
and undergoes backflux to
from hepatocytes to blood but
it is not metabolized by the
hepatocytes [34] (Figure 1). It
is therefore a suitable tracer
for studies of exchange be-
tween blood and hepatocytes
as utilized in the abovemen-
tioned studies of the micro-
vascular compartment model
[12, 13].

Hepatobiliary secretion of bile
acids

Bile acids play an essential
role in the hepatobiliary excre-
tory functions, absorption of
lipids from the intestines, and
metabolic signaling. Prior to
secretion from hepatocytes in-
to bile, bile acids are conjugat-
ed (N-acyl amidated) with the
amino acids glycine or taurine.
Conjugated bile acids undergo
enterohepatic circulation 10-
15 times daily, with absorption

translate into a rapid dephosphorization or
oxidation of glucose and loss of glucose into
the circulation. In addition, 8F-FDG PET/CT
studies showed that the hepatic *®F-FDG
metabolism is inversely related to liver fat
content and overall insulin sensitivity [38],
which implies that imbalance in intrahepatic
phosphorylation/dephosphorization of glucose
results in reduced hepatic glucose uptake,
adding to overall hyperglycemia in patients with
non-alcoholic fatty liver disease. As a final
example, the glucose lowering drug exenatide
enhanced hepatic *¥F-FDG metabolism in
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in the terminal ileum into the portal vein.
We have developed radiosynthesis methods
of various bile acid tracers for PET studies
of these processes (Figure 7).

11C-CSar PET

Frisch et al. developed the radiosynthesis of
11C-CSar (radioactive half-life, 20.4 min) [40] of
a conjugate of cholic acid and N-methyl-glycine
(sarcosine) that, based on studies of unlabeled
cholylsarcosine in animals and humans, has
physiochemical and physiological properties

Am J Nucl Med Mol Imaging 2018;8(2):73-85
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similar to endogenous cholylglycine and cholyl-
taurine, but unlike the endogenous bile acids,
cholylsarcosine is not metabolized in vivo [41].
We developed a kinetic model for analysis of
the hepatic transport of 1*C-CSar from blood to
bile in pigs, including flow of *1C-CSar with bile
out of the liver (Figure 1) [6]. The model was
applied to !C-CSar PET studies of healthy
human participants and patients with liver dis-
ease [7], using the PV-model pre-hepatic
splanchnic transfer parameter for 'C-CSar
determined in pigs [6] for calculation of the PV
concentration of **C-CSar from arterial blood-
sample measured concentrations of *C-CSar.
The fit of the kinetic model (Figure 1) to the PET
measurements demonstrated that the trans-
port of 1*C-CSar from hepatocytes into intrahe-
patic bile canaliculi (k,) worked against a con-
centration gradient of *C-CSar of about 3,500
in healthy participants and a residence time
averaging 2.4 minutes [7]; this finding can be
interpreted as the liver parenchyma allows
rapid transfer of bile acids from blood to bile,
with no significant accumulation in the hepato-
cytes. In agreement herewith, microvascular
modeling of measurements of C_ _ and hepatic
vein concentrations (Table 1) showed high val-
ues of the intrinsic hepatic clearance of
11C-CSar of the overall transfer from blood to
bile (CI.,; mL blood/min/mL liver tissue) in
healthy participants but not in patients with
cholestatic liver disease [7]. This finding illus-
trates that parameters of whole-liver functions
can be obtained by microvascular modeling
of blood measurements and that quantification
of individual intrahepatic transport parameters
can be obtained by combined dynamic PET
and blood measurements (see Table 1).

PET with N-[**C]methyl-taurine conjugated bile
acid tracers

Glycine conjugates dominate in healthy hu-
mans, whereas taurine conjugates can domi-
nate in patients with cholestatic liver diseases
and in many other species. We have developed
the radiosynthesis for the preparation of a
range of N-[*C]methyl-taurine conjugated bile
acids (Figure 7) [42]. PET/CT studies in pigs
showed that the N-[*!C]methyl-taurine conju-
gated tracers were rapidly taken up by the liver
and secreted into bile, followed by accumula-
tion in the gallbladder and secretion into the
small intestine [42]. We propose that these
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new bile acid tracers will prove useful for pre-
clinical tests in animals with a naturally high
level of taurine-conjugated bile acids and for
detailed studies of patients with intrahepatic
cholestatic disorders.

PET with 8F-labeled bile acid tracers

The enterohepatic circulation of bile acids is
impaired during cholestatic liver diseases and
diseases of the terminal ileum. This can lead to
compromised absorption of bile acids which in
turn can lead to severe diarrhea. The 20.4 min
radioactive half-life of 1*C-labeled bile acid trac-
ers is too short to enable quantitative studies
of the enterohepatic circulation. We therefore
developed a radiosynthesis of a novel 1&F
(radioactive half-life of 109.8 min) labeled de-
rivative of the endogenous bile acid conjugate
cholylglycine, N-(4-[*8F]fluorobenzyl)-cholylgly-
cine (*8F-FBCGly), and we used PPET/MRI of
anesthetized rats to show that *¥F-FBCGly un-
dergoes enterohepatic circulation with a rapid
trans-hepatic transport into bile (Figure 8) [43].
Elevated concentrations of endogenous bile
acid conjugates (cholyltaurine), typical for cho-
lestatic liver diseases, markedly delayed trans-
hepatic transport and the enterohepatic circu-
lation of *8F-FBCGly. This novel tracer may prove
useful for in vivo quantification of the enterohe-
patic circulation of conjugated bile acids by PET
during intrahepatic cholestasis and intestinal
bile acid malabsorption. Moreover, as an 8F-
tracer with a relatively long half-life, *8F-FBCGly
has the advantage of being easily distributed
for use in centers without a cyclotron.

Other groups have also reported the develop-
ment of *8F-labeled tracers derived from bile
acids for PET of hepatic transport [44-46] as
well as ®*Cu-labeled tracer for targeting bile
acid receptors [47]. However, none of these
tracers have so far been evaluated for PET of
the enterohepatic circulation.

Lipid metabolism

H1C-palmitate is a labeled natural fatty acid
tracer that undergoes intrahepatic esterifica-
tion, oxidation, secretion of triglyceride into
blood, and a rapid recirculation of metabolites
in the systemic circulation in humans [48]. A
compartment model describing the transfer of
H1C-palmitate from blood into hepatocytes and
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the three metabolic processes (Figure 1) was
introduced by lozzo and co-workers [49] and
validated in PET studies of pigs with measure-
ments of *'C-palmitate and metabolites (**C-
CO, and *C-triglyceride) in arterial, portal and
hepatic vein [50]. This approach demonstrated
that hepatic lipid oxidation is greater in obese
individuals than in lean subjects [51]. Employing
HC-palmitate PET/CT and the same model, we
recently tested whether the lipid lowering effect
of metformin is caused by increased lipid oxida-
tion as suggested by in vitro and animal stud-
ies. However, this effect was not observed,
since treatment with metformin for 3 months
did not affect the intrahepatic handling of fatty
acid in patients with type-2 diabetes or heal-
thy participants [52]. Intriguingly, using *'C-
palmitate PET/CT, it was shown that subjects
with mutations in a cell membrane fatty acid
transporter (CD36) had similar hepatic fatty
acid uptake as subjects with the wild-type gene,
suggesting that the liver relies on other fatty
acid transporters than CD36 [53].

Hepatic fatty acid metabolism assessed by the
fatty acid analog 14(R,S)-[*®F]fluoro-6-thia-hep-
tadecanoic acid (*®F-FTHA) was reduced in
patients with impaired insulin glucose toler-
ance [54], a finding consistent with recent data
from our lab [52]. Fatty acid PET/CT therefore
shows potential to determine whether the lipid
lowering effects of a range of newer anti-dia-
betic drugs are caused by changes in hepatic
fatty acid metabolism or whether these effects
are merely by-products of improved glucose
homeostasis.

Protein metabolism

Hepatic amino acid metabolism and protein
secretion are essential liver functions that may
be altered in patients with liver disease, as
reflected in reduced plasma protein concentra-
tion and waste of muscle tissue in patients with
severe cirrhosis. Using dynamic liver PET in
pigs with the amino acid *'C-methionine and
model analysis by an extended Gjedde-Patlak
model, we estimated the values of K__ of *'C-
methionine and secretion rate of *'C-protein +
"C-metabolites into blood [55]. K, was signifi-
cantly correlated with the appearance rate of
11C-proteins in plasma and it would be interest-
ing to translate this novel method to human
studies for the development of a clinical quanti-
tative test of hepatic protein secretion.
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Drugs and the liver

The liver is the main organ responsible for the
metabolism of ingested as well as injected
drugs. We have already discussed human stu-
dies on how metformin affects hepatic !C-
palmitate metabolism and how exenatide
affects hepatic *F-FDG metabolism. Here we
discuss three examples of radio-labeled drugs
taken up by the liver, as studied by PET:

1) Following the radiosynthesis of **C-metformin
by Sugiyama’s group, the hepatobiliary trans-
port in mice was studied by PET [56] and by
PET/MRI [57]. In a recent liver PET study in
human subjects, **C-metformin was similarly
avidly taken up by the liver, but in contrast to
the mice studies, there was no detectable eli-
mination of *C-metformin through the bile;
instead excretion through the kidneys was ob-
served [58]. These studies contribute to our
understanding of the hepatic handling of met-
formin in vivo and illustrate the importance of
species differences for studies of hepatic drug
metabolism and drug development.

2) Ribose is a naturally occurring monosaccha-
ride that contributes to the synthesis of DNA,
RNA, and energy production via the pentose
phosphate pathway. Evdokimov et al. devel-
oped a novel ribose-based tracer [*8F]-2-deoxy-
2-fluororibose (*¥F-DFR), which is metabolized
in the liver by the same enzymes as ribose;
18F-DFR PET was able to distinguish between
healthy liver and liver damaged by acetamino-
phen in mice [59] and has perspectives for
direct quantification of a vital liver function
when approved for use in humans.

3) In PET studies of anesthetized baboons,
11C-rifampicin and/or its metabolites accumu-
lated in the liver and gallbladder whereas
11C-isoniazid was excreted via the kidneys [60].
To our knowledge, there are no human studies
yet, but PET using these tracers may be of inter-
est for studying the mechanisms of hepatotox-
icity associated with the standard therapy of
tuberculosis with rifampicin and isoniazid.

Finally, we recently reported a case of drug-
induced liver injury demonstrated by *'C-CSar
PET/CT of a patient under conditions of drug-
induced liver injury following treatment with
antibiotics for a lung infection and six months
after recovery; there was nearly no, or rather
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slow biliary excretion of *'C-CSar during the
phase with liver injury and normalization after
recovery (Figure 9); the respective rate con-
stants k, were 0.17 min™ and 0.90 min™ [61].
These findings show that the patient suffered
from reversible impairment of bile acid secre-
tion from the hepatocytes into the intrahepatic
bile ducts governed by the Bile Salt Export
Pump (BSEP). Thus, *'C-CSar PET/CT shows
potential as a useful instrument for diagnosing
the cholestatic effects of known drugs as well
as drugs under development.

Conclusions

Functional PET of the liver offers unique possi-
bilities for novel insight into in vivo liver bio-
chemistry, physiology and pathology. The
choice of tracer must fit the questions exam-
ined and the kinetic model must fit the specific
tracer metabolism or hepatobiliary excretion -
and include as much physiology/pathophysiol-
ogy as possible. For estimation of the parame-
ters of the rapid exchange of tracer across the
hepatocyte plasma membrane - and transport
from hepatocytes into bile of for example bile
acid tracers, tracer supply from both the hepat-
ic artery and the portal vein has to be taken
into account, typically in terms of the initial
flow-weighted dual input concentration after a
bolus injection of tracer. Following the initial
events, approximate steady-state becomes
prevalent and estimation of the steady-state
Kinetic parameters can typically be estimated
by the use of arterial blood concentration only
as input function. Today, compartment models
assuming spatial and temporal equilibration of
tracer concentrations in separate blood and
cell compartments are mostly used, but new
models are under development that takes into
account blood tracer concentration gradients
along the liver sinusoids due to uptake from
blood into hepatocytes, backflux, reuptake,
and possible excretion into bile.

In practice, SUV of non-invasive static PET with
18F-FDGal provides a clinically useful measure-
ment of regional hepatic metabolic function,
while the assessment of individual intrahepa-
tic transport steps is a notable feature of the
dynamic PET of the liver, as demonstrated here
for *C-CSar and *!C-palmitate, which makes
it possible to differentiate between different
pathological situations and hence aid in the
treatment of patients.
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