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Several physiologic features make interpretation of PET studies
of liver physiology an exciting challenge. As with other organs, he-
patic tracer kinetics using PET is quantified by dynamic recording
of the liver after the administration of a radioactive tracer, with
measurements of time–activity curves in the blood supply. How-
ever, the liver receives blood from both the portal vein and the
hepatic artery, with the peak of the portal vein time–activity curve
being delayed and dispersed compared with that of the hepatic
artery. The use of a flow-weighted dual-input time–activity curve
is of importance for the estimation of hepatic blood perfusion
through initial dynamic PET recording. The portal vein is in-
accessible in humans, and methods of estimating the dual-input
time–activity curve without portal vein measurements are being
developed. Such methods are used to estimate regional hepatic
blood perfusion, for example, by means of the initial part of a dy-
namic 18F-FDG PET/CT recording. Later, steady-state hepatic
metabolism can be assessed using only the arterial input, pro-
vided that neither the tracer nor its metabolites are irreversibly
trapped in the prehepatic splanchnic area within the acquisition
period. This is used in studies of regulation of hepatic metabolism
of, for example, 18F-FDG and 11C-palmitate.
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Several physiologic features make the interpretation of
PET studies of liver physiology and pathophysiology a chal-
lenge compared with other organs. The liver is a large or-
gan that weighs around 1.2 kg, has a blood flow of about

1.2 L/min, and plays a key role in the regulation of body
metabolic homeostasis and the first-pass metabolism of all
substances absorbed from the intestines, including detoxifi-
cation processes. As illustrated in Figure 1, salient features

of importance for PET of the liver are the blood supply from

2 vessels, that is, the hepatic artery (HA; 25%) and the portal

vein (PV; 75%), a blood volume of 30%–40%, microcircu-

lation through highly permeable sinusoids, bile formation,

and numerous liver-specific metabolic pathways (1). Patients

with acute or chronic liver disease have reduced metabolic

functioning, and in patients with chronic liver disease the si-

nusoidal endothelium is less permeable because of reduced

fenestration of endothelial cells and deposits of collagen;

that is, the sinusoids have undergone “capillarization.” In-

creased vascular resistance leads to portal hypertension with

esophageal varices through which the blood bypasses the

hepatic first-pass metabolism of substances absorbed from

the blood (1); the accumulation of toxic substances can lead

to hepatic encephalopathy and toxic effects on other organs.
As readers of The Journal of Nuclear Medicine will know,

the detailed quantification of tracer kinetics using PET is
usually performed by kinetic modeling of data from dynamic
PET recordings of the organ or tissue examined after the ad-
ministration of a positron-emitting radioactive tracer with
simultaneous measurements of the time course of tracer con-
centrations in the blood supply. In this review, we will dis-
cuss the importance of taking into account the special liver
physiology in the interpretation of dynamic liver PET/CT.
First, we consider the tracer supply to the liver from both
the HA and the PV. Second, interpretation of PET measure-
ments of in vivo biochemistry is based on kinetic modeling
of metabolic pathways that have been determined by in vitro
and ex vivo studies; the numerous specific metabolic path-
ways in the liver make the interpretation of PET measure-
ments a challenge in liver studies. In addition, if radiolabeled
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metabolites formed in the liver, or elsewhere, enter the blood,
the blood will contain both unmetabolized tracer and radio-
labeled metabolites; this also has to be accounted for in the
kinetics modeling. Finally, the interpretation of PET data
must incorporate the fact that the PET camera cannot sepa-
rate radioactive tracers in the vascular and intracellular com-
partments; this factor is of special importance for PET of the
liver because of the large hepatic blood volume.
As is well known, PET/CT is an extremely valuable tool for

tumor diagnostics and the assessment of treatment effects, both
for primary and for secondary liver tumors (2–5), but this issue
is not a subject of the current review. Here, we will discuss the

importance of including physiologic aspects in the interpre-
tation of measurements of hepatic blood perfusion and me-
tabolism when examined by dynamic PET. Tracers that
have been used in such studies primarily include true tracers, for
example 15O-carbon monoxide, 15O-water, 13N-ammonia, and
11C-palmitate, and analog tracers such as the glucose ana-
logs 18F-FDG and 3-O-11C-methylglucose, the galactose an-
alog 2-18F-fluoro-2-deoxy-D-galactose (18F-FDGal), and the
free fatty acid analog 14(R,S)-18F-fluoro-6-thia-heptadeca-
noic acid.

TRACER SUPPLY FROM THE HA AND PV

Subsequent to a bolus administration of tracer, the arterial
time–activity curve rapidly increases to a peak (Fig. 2, left
panel). The HA time–activity curve is identical to that in any
other artery, such as the femoral or radial artery, that can be
sampled without disturbing the HA flow. For tracers that are
distributed throughout the intestines, the peak of the PV
time–activity curve is delayed and dispersed compared with
that of the HA as a result of passage of the tracer through the
prehepatic splanchnic area (Fig. 2: 18F-FDG). For 15O-labeled
carbon monoxide, which firmly binds to the erythrocytes, that
is, a vascular tracer, the peak of the PV time–activity curve is
delayed but not dispersed much (Fig. 2: 15O-carbon monox-
ide) (6). It is apparent from Figure 2 that after approximately
2 min the HA and PV concentrations coincide.

Assessment of the initial distribution of the tracer from
the blood to the cells after administration is sensitive to the
initial time–activity curves (7), and estimations of the
parameters for these processes must accordingly include
tracer inputs from both the HA and the PV; the use of only
an arterial input will lead to the systematic underestimation
of these rate constants (7–10). The flow-weighted dual-in-

FIGURE 1. (A) Liver is located in upper right part of abdominal
cavity. It receives blood from PV, which drains intestines and thereby

brings all ingested substances to liver, where they are subjected to

first-pass metabolism. Liver also receives arterial blood from HA,

which mixes with PV blood before entering specialized capillaries of
liver—sinusoids (Fig. 1B)—and empty into liver veins (LV). Liver also

produces bile, which is excreted into bile ducts that empty into duo-

denum. (B) Normal liver histology showing portal triad with branches

of PV, branches of HA (A), and bile ducts (D). Blood from PV and HA
enters sinusoids lined by hepatocytes, in which metabolism takes

place. Blood from sinusoids empties via central veins (not shown)

into liver veins (Fig. 1A). Bile flows from hepatocytes via bile canaliculi

into bile ducts in opposite direction of blood flow in portal triad.

FIGURE 2. Examples of time–activity

curves in blood supply to liver from HA and
PV and dual input. (Left) Time–activity curves

measured in femoral artery (red) and PV (blue)

after bolus administration of 15O-carbon

monoxide or 18F-FDG, respectively, to pigs.
Model-derived PV time–activity curves (green)

were calculated from arterial time–activity

curves using population means of tracer-spe-

cific parameters for passage of tracer from
intestinal arteries to PV (Eq. 2). (Right) For

each tracer, measured dual-input time–activ-

ity curve (blue) was calculated frommeasured
arterial time–activity curve and measured PV

time–activity curve (blue, left) and individually

measured HA blood flow fractions (Eq. 1).

Corresponding model-derived dual-input
time–activity curves (green) were calculated

from measured arterial time–activity curve,

model-derived PV time–activity curve, and

population mean HA blood flow fraction of
0.25 (Eq. 3). (Reprinted with permission of (6).)
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put time–activity curve to the sinusoids can be calculated in
pigs by sampling blood from the PV and a peripheral artery
combined with flow measurements of the PV and HA:

CdualðtÞ 5 fHACAðtÞ1ð1 2 fHAÞCPVðtÞ; Eq. 1

where CA(t) is the HA time–activity curve, CPV(t) is the PV
time–activity curve, Cdual(t) is the dual-input time–activity
curve, and fHA is the hepatic arterial flow fraction. Because
normal sinusoids are similar in transporter and enzyme
composition, the outlet blood concentrations from the dif-
ferent sinusoids emptying into the liver veins are, in prac-
tice, identical (1); liver kinetics can be modeled in terms of
a single equivalent sinusoid.
In humans, however, the PV is inaccessible for blood

sampling or direct flow measurements. Accordingly, several
attempts have been made to estimate the dual-input time–
activity curve from dynamic PET data without the need for
invasive blood flow or concentration measurements (11,12).
However, as yet, no method has successfully solved the prob-
lems of partial-volume effects of the PV, which unavoidably
affect the time–activity curve because of the size of the vessel
and respiratory movements. Respiration-gated recordings may
help resolve some of these problems. Once fully developed,
completely noninvasive methods will be attractive for use in
human studies; however, until this ambitious goal has been
reached, alternative methods will continue to be explored.
Various attempts have been made to calculate dual input

on the exclusive basis of measurements of the arterial time–
activity curve. In a pioneering study, Choi et al. (13) applied
a time delay to the arterial 18F-FDG time–activity curve to
account for the delay in the PV tracer input in healthy human
subjects, but they did not account for dispersion. In an at-
tempt to do so, and to keep the model as simple and phys-
iologically correct as possible, we recently successfully
applied a model of the transfer of the tracer from the intes-
tinal arteries through the splanchnic circulation to estimate
the PV time–activity curve (14). This PV model includes
a single parameter b (min) that accounts for both delay
and dispersion through the prehepatic splanchnic circulation:

~CPVðtÞ 5
ð t

0

hðt 2 tÞCAðtÞdt ; Eq. 2

where h(t), the 1-parameter impulse-function, is b=ðt1bÞ2,
~CPVðtÞ is the model-derived PV time–activity curve, and
CAðtÞ is the arterial time–activity curve. The parameter b
is the population mean of the tracer-specific b value; it
reflects, but is not identical to, the mean transit time of
the tracer through the PV-drained viscera. The PV model
provided a successful description of the PV time–activity
curves for all tracers tested (Figs. 2A and 2B) (6).
Next, a model-derived dual-input time–activity curve,

~CdualðtÞ, is calculated as the flow-weighted average of
CAðtÞ and ~CPVðtÞ (6):

~CdualðtÞ 5 fHACAðtÞ1
�
1 2 fHA

�
~CPVðtÞ; Eq. 3

where fHA is the population mean of the HA fraction of total
flow, being 0.25 in pigs and humans (6,15). As illustrated in
Figure 2 (right panel), the experimental pig data showed that
the model-derived dual-input time–activity curve agreed well
with the measured dual-input time–activity curve (6). More-
over, the use of ~CdualðtÞ and a value of 0.25 for fHA yielded
blood-to-cell clearances similar to those obtained using the
measured dual-input time–activity curves (16). These find-
ings validated the model-based estimation of the dual input.
The solidity of the model estimation of the dual-input time–
activity curve is promising for transfer to human studies, as
discussed below in the context of estimating hepatic blood
perfusion.

MEASUREMENTS OF HEPATIC BLOOD PERFUSION
AND METABOLISM

Blood Perfusion

The sinusoidal blood-to-hepatocyte transfer is practically
unlimited for most PET tracers because of the highly fen-
estrated endothelial cells, the numerous microvilli of the
hepatocyte plasma membrane extending into the extended
plasma volume between the endothelial cells and the
hepatocytes, that is, the Space of Dissé, and the numerous
high-capacity transporters on hepatocyte plasma mem-
branes. For such tracers, the blood-to-cell clearance (K1;
mL of blood/min/cm3 of liver tissue) is determined by he-
patic blood perfusion (7,9). Note that blood flow is given in
terms of, for example, mL of blood/min and blood perfu-
sion is given in mL of blood/min/cm3 of tissue. The K1 for
18F-FDG and 3-O-11C-methylglucose, determined from the
initial measurements only, that is, 3-min dynamic PET re-
cordings and using a model-derived dual input (Eq. 3), can
be used as a measure of hepatic blood perfusion (16).
The estimated K1 values for 18F-FDG and 3-O-11C-methyl-
glucose were insensitive to fairly large variations in b and
fHA, and although it did tend to overestimate the perfusion, the
method was able to detect small changes in hepatic blood
perfusion. Taken with the similar mean HA flow fractions
in pigs and humans, these findings are encouraging for the
transfer of the method to human studies for estimating re-
gional hepatic blood perfusion.

Metabolic Schemes

Glucose metabolism is usually assessed using the analog
tracer 18F-FDG. In most cells, the metabolism of 18F-FDG
essentially stops after phosphorylation to 18F-FDG-6-phos-
phate, that is, irreversible kinetics. Therefore, the modeling
of 18F-FDG metabolism usually includes the 3 rate constants
K1, k2, and k3. Hepatocytes, however, contain glucose-6-
phosphatase, which dephosporylates 18FDG-6-phosphate
(k4), that is, reversible kinetics (Fig. 3). Glucose-6-phosphate
is important for the liver’s role in regulating blood glucose
levels. Moreover, it was shown in a study using liver tissue
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samples from pigs that 18F-FDG-6-phosphate is metabolized
even further (17). Therefore, a more accurate model would
include additional rate constants, but even the use of a K1–k4
model would underestimate k4 because a fraction of the
metabolites is not 18F-FDG-6-P.
Hepatic lipid metabolism has been assessed using 11C-

palmitate PET (18,19). The data were analyzed by includ-
ing parallel oxidation and triglyceride formation in the liver
and partial release of labeled triglycerides into the circula-
tion. The model was validated by measuring 11C-palmitate
and 11C-triglyceride in the arterial, portal, and liver venous
blood in pigs (18). The interpretation of the data also ad-
dressed the interaction between hepatic metabolism and the
metabolism of intestinal fat. These studies clearly showed
that even complex hepatic metabolism and interactions with
other organs can be addressed by meticulous study designs
and experimental procedures.
The hepatic metabolism of ammonia shows a sinusoidal

zoning with periportal urea formation and perivenous forma-
tion of glutamine. This was quantified in a PET study in pigs
using an experimental procedure with the administration of
13N-ammonia into the HA and PV, respectively, and it was
shown that half the ammonia was converted into urea and half
into glutamine (20). Thus, the sinusoidal zoning of metabo-
lism was successfully assessed by PET.

Metabolic Clearance

The irreversible metabolism of a tracer can be assessed
through the metabolic clearance of a tracer from the blood to
intracellular metabolites, Kmet (mL of blood/min/cm3 of liver
tissue), when there is tracer equilibrium across the plasma-
cell membrane, that is, in quasi steady state. For tracers not
trapped in the prehepatic splanchnic area within the measure-
ment acquisition time, the arterial time–activity curve can be
used as an input function (7,21). Then, Kmet can be estimated
as the asymptote fitted to the linear part of the relationship
between the externally measured amount of radioactivity
in the region of interest, M(t), and arterial time–activity
curve, CAðtÞ (22,23):

M
�
t
��

CA

�
t
�
5 V1Kmet

� ðt
0

CA

�
t
�
dt

��
CA

�
t
�
; Eq. 4

where V(mL of blood/cm3 of tissue) is a virtual volume of
distribution and ½Ð t0 CAðtÞdt�=CAðtÞ is a virtual time (min).
The symbols V and M(t) refer to the total tissue volume
sampled (region of interest). At any given time point during
quasi steady-state metabolism, M(t) is a linear function of
the amount of tracer supplied by the blood up to the time
point in

Ð t
0 CAðtÞdt, with Kmet being the slope of the re-

lationship at quasi steady-state metabolism. The metabolic
clearance Kmet is a solid measure because

Ð t
0 CAðtÞdt is not

affected by minor inaccuracies in registering the starting
time point of blood sampling and PET recording, in con-
trast to the estimation of K1, which is based on the initial
tracer distribution (7). The relationship in Equation 4
requires only irreversible quasi steady-state metabolism
and is not confined to any specific kinetics model.

If the metabolic clearance Kmet (Eq. 4) is interpreted in
the context of a detailed compartmental model with irre-
versible metabolism (e.g., Fig. 3, when k4 5 0), the follow-
ing equation applies (22):

Kmet 5 K1
k3

k21k3
: Eq. 5

This equation relates Kmet to the rate constants of metabo-
lism, and it can be seen that if there is a back flux of tracer
from cell to blood, that is, k2 is not equal to 0, then Kmet is
less than K1 (24). As mentioned, however, this model also
requires a dual input.

The standard use of an average tissue radioactivity concen-
tration within a given time frame (static scan), such as, for
example, the standardized uptake value (i.e., radioactivity con-
centration in the tissue normalized to dose and body weight),
includes the concentrations of the tracer and possible metab-
olites in both cells and blood within the organ. In contrast,
Kmet, being a result of the mathematic relationship in Equation
4, does not include concentrations of the tracer or metabolites.
The large hepatic blood volume makes this difference between
Kmet and the tissue radioactivity concentration especially ap-
parent for the liver. In a dynamic 18F-FDG PET study on 24
patients with severe liver impairment due to primary sclerosing
cholangitis whowere screened for cholangiocarcinoma, images
of average tissue radioactivity concentrations of static PET re-
cordings were compared with parametric images of Kmet (25).
Hot spots, that is, areas with higher radioactivity or Kmet than in
the surrounding tissue, were identified on both images (Fig. 4)
in 3 of the patients, and the hot spot–to–reference tissue ratios
were markedly higher for Kmet than for the mean radioactivity
concentration. Thus, the use of Kmet parametric images in-
creased the sensitivity and specificity of tumor detection in
the liver compared with the images of radioactivity concentra-
tions. This finding demonstrates the merit of dynamic PET
compared with static PET.

FIGURE 3. Metabolic scheme of hepatic 18F-FDGmetabolism. K1 5
blood-to-cell clearance (mL of blood/min/cm3 of liver tissue); k2 5 rate
constant for back flux of 18F-FDG from cell to blood (min21); k3 5 rate

constant for intracellular enzymatic conversion of 18F-FDG to 18F-FDG-

6-phosphate (min21); and k4 5 rate constant for intracellular enzymatic

dephosphorylation of 18F-FDG-6-phosphate to 18F-FDG (min21).
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COMPARTMENTAL MODELING AND
LIVER MICROCIRCULATION

The rate constants of hepatic metabolic pathways are tra-
ditionally determined using compartmental models (Fig. 3). In-
tracellular tracer and possible metabolites, for example,
18F-FDG and 18F-FDG-6-P, are considered to be in separate
compartments and at uniform concentrations in each compart-
ment at each time point. The rate constants are determined by
fitting a tracer-specific model to the data using tissue time–
activity curves as the output and blood time–activity curves of
the tracer and possible radiolabeled metabolites as the inputs.
Compartmental models appear to be suitable for analyzing

PET data because PET recordings using external detection
provide data in the form of average radioactivity concentra-
tions in regions of interest. However, compartmental models
do not include tracer concentration gradients along the di-
rection of flow in the sinusoids and capillaries, resulting from
convective transport by blood perfusion, blood-cell exchange,
and intracellular metabolism (Fig. 5) (26,27). In a compart-
mental model, the blood concentration of the tracer through-
out the vascular compartment is assumed to be equal to the
input concentration. In other words, the model assumes “inlet

concentration equilibration” and ignores substrate concentra-
tion gradients along the vascular path. In an attempt to over-
come this problem, compartmental models are sometimes
combined with the Renkin–Crone relationship for first-order
steady-state removal kinetics in a capillary (28):

FIGURE 4. Example of 18F-FDGPET images
from patient with primary sclerosing chol-

angitis waiting for liver transplantation. (Top

left) Transaxial static PET image of mean

radioactivity concentrations (kBq/cm3 of
liver tissue) 60–90 min after 18F-FDG injec-

tion. Green lines intersect at hot spot. (Top

right) Corresponding horizontal and vertical
profiles. Hot spot–to–surrounding tissue

ratio was approximately 2. (Bottom left)

Transaxial parametric image of Kmet of
18F-FDG (mL of blood/min/cm3 of liver tis-
sue) at same level as above. Green lines

intersect at hot spot. (Bottom right) Corre-

sponding horizontal and vertical Kmet pro-

files. Hot spot–to–surrounding tissue ratio
was larger than 5. Explanted liver showed

cholangiocarcinoma in hilar region. Study

provides example of increased sensitivity
of dynamic vs. static PET (Reprinted with

permission of (25).)

FIGURE 5. Comparison between standard compartmental model

(left) and microvascular model (right). Ci(t) 5 tracer concentration in

input blood supply. In standard compartmental model, tracer is

uniformly and instantaneously distributed throughout compartment
with concentration Ci(t). In microvascular model, here at steady-

state metabolism, tracer concentration gradients develop along di-

rection of flow in sinusoid from Ci(t) to outlet concentration Co(t) as

described previously in detail (26,27,29,30).
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Kmet 5 2F lnð1 2 E�Þ; Eq. 6

where F is the blood perfusion and E* is the steady-state
extraction fraction of the tracer. However, this modification
of the standard compartmental model can lead to paradoxes,
such as the kinetic rate constants being time-dependent and
the tracers being cleared from a capillary more quickly than
they can be supplied by the blood flow (29,30). Moreover, in
the standard compartmental models, a tracer that has entered
the cells (K1 in Fig. 3) and then reenters blood (k2 in Fig. 3)
never enters the cells downstream (30). This is obviously not
physiologically correct.
In vivo, when a PET tracer bolus passes through the

capillaries or sinusoids, spatial and temporal concentration
gradients develop along the vascular path and in the sur-
rounding cells. Munk et al. developed models of microcir-
culation that account for these phenomena (30), which are of
special importance for the liver because of its large blood
volume. The microvascular models can be regarded as a re-
vision of tracer input from the sinusoidal blood. The models
make use of the spatial averaging of the concentrations in the
sinusoidal volume, which is what the PET camera actually is
recording. The microvascular models have been developed
for both single- and multicapillary systems and include the
effects of nonexchanging vessels. The application of the
model to pig experiments using dynamic 15O-carbon mon-
oxide PET yielded hepatic blood perfusion values that were
comparable to independent flow meter measurements (31).
During quasi steady-state metabolism, the sinusoidal tracer

concentration decreases from the sinusoidal inlet to the outlet
because of convective transport in the bloodstream and
substrate removal by the hepatocytes (26,27). The concentra-
tion profile of an analog tracer may differ from that of the
mother substance because of different enzyme affinities for the
2 substrates, as is reflected in the fact that the proportionality
constant between clearances of tracer and mother substan-
ces—that is, the lumped constant 5 ln(1 – E*)/ln(1 – E)—is
different from unity (32) (e.g., for 18F-FDGal and galactose
(21,33)).

HEPATIC METABOLISM STUDIED BY PET

Glucose Metabolism

The liver plays a critical role in regulating blood glucose
levels. By using dynamic 18F-FDG PET, Iozzo et al. were the
first to show that physiologic hyperinsulinemia enhances he-
patic glucose uptake in humans and pigs (34); in agreement
with these findings, the authors visualized insulin receptors in
the rat liver using 124I-labeled human insulin and PET (35).
They also demonstrated an inverse relationship between he-
patic glucose uptake and liver fat content (36).
K1, determined from the initial 3 min of a dynamic 18F-

FDG PET study, can be used as a measure of hepatic blood
perfusion in pigs (16). When validated in humans, an inter-
esting clinical perspective is that a bolus injection of 18F-FDG
can be used to combine the measurements of hepatic blood

perfusion (K1) and hepatic glucose metabolism (Kmet) using
only the arterial time–activity curve if the PET recording is
continued for 45–60 min. An interesting clinical perspective
of such an adaptation is that the detection of arterialized
tumor nodules in the liver could then be achieved using stan-
dard 18F-FDG administration and dynamic PET recording.

Fatty Acid Metabolism

The hepatic metabolism of fatty acids has been in-
vestigated using 11C-palmitate as a true tracer (18,19) and
14(R,S)-18F-fluoro-6-thia-heptadecanoic acid as an ana-
log tracer (37,38). PET studies of the latter found that
patients with impaired glucose tolerance had reduced he-
patic uptake of fatty acids compared with healthy sub-
jects—an example of the reciprocal hepatic regulation
of these metabolic processes (38). Using dynamic 11C-
palmitate PET/CT, Iozzo et al. showed that obese humans
have increased levels of hepatic oxidation of fatty acids
(19). These tracers could thus have potential for exploring
the pathophysiologic effects of severe obesity on hepatic
metabolism.

Galactose Metabolism

Galactose and its analog tracer 18F-FDGal comprise an
interesting pair of substrates for both methodologic and
clinical PET studies. Galactose is not normally present in
blood, and therefore the concentration of galactose can be
experimentally varied; also, galactose metabolism is inde-
pendent of blood glucose, insulin, and other hormones.
Galactose is almost exclusively metabolized by hepato-
cytes, with the first step of its metabolism being phos-
phorylation by galactokinase. Phosphorylated galactose is
trapped in the hepatocyte, and with the exception of
a minor proportion used for synthesis of phosphoglycoli-
pids, most galactose is converted to glucose via the Leloir
pathway (39). The hepatic removal of galactose follows
Michaelis–Menten kinetics in vivo (27,40). The hepatic
galactose elimination rate at near-saturating concentra-
tion, that is, the galactose elimination capacity, is used
as a measure of metabolic liver function (41), with docu-
mented prognostic information for patients with liver dis-
eases (42). However, the galactose elimination capacity
does not provide any information on possible intrahepatic
regional variations that are also clinically relevant and can
be explored by PET

18F-FDGal is produced by a procedure similar to that
used for the routine production of 18F-FDG (43). Like ga-
lactose, 18F-FDGal is phosphorylated in hepatocytes by
galactokinase (44). In a recent study we developed a method
for estimating regional hepatic metabolic function using
combined dynamic 18F-FDGal PET/CT of the liver and
measurements of blood concentrations of 18F-FDGal in a ra-
dial artery and liver vein in healthy humans (33). The 18F-
FDGal accumulates avidly in the liver, and there is no sign
of significant prehepatic splanchnic 18F-FDGal accumula-
tion (Fig. 6), thus validating the use of a single arterial input
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instead of a dual input for calculating the hepatic metabolic
clearance Kmet of 18F-FDGal.
A comparison of PET/CTwith and without simultaneous

intravenous galactose infusion showed that the accumula-
tion of radioactivity in the liver tissue and Kmet of 18F-
FDGal were significantly higher in the absence than in
the presence of galactose (Fig. 7) (33). This finding was
due to competitive inhibition of hepatic phosphorylation of
18F-FDGal by galactose and verifies that 18F-FDGal can be
used as a tracer for hepatic galactose metabolism.
When the PET/CT study was performed without

galactose infusion, that is, at true first-order kinetics,
the Kmet of 18F-FDGal was, on average, 85% of the in-
trinsic clearance of 18F-FDGal (V*max/K*m), which was
determined by blood sample measurements (33). Accord-
ingly, the Kmet of 18F-FDGal reflects regional V*max, pro-
vided that the Michaelis constant (K*m) is unaffected by
changes in physiologic or pathophysiologic conditions—
a reasonable assumption (45,46). In contrast, for native
galactose, the first-order kinetics in healthy human sub-
jects is flow-limited and the hepatic clearance flow-

determined (47). These differences are due to high and
low galactokinase activity in vivo for galactose and 18F-
FDGal, respectively. Thus, PET-determined Kmet values of
hepatic 18F-FDGal metabolism can be used as a measure
of regional hepatic galactokinase activity (33). These results
show promise for clinical assessments of the regional var-
iation and heterogeneity of metabolic functioning of the
liver in patients with liver cirrhosis and, for example, the
prognostic evaluation of metabolic liver functioning after
liver resection.

Preliminary results from patients treated with stereotactic
radiotherapy for liver tumors in otherwise healthy livers and
examined by dynamic 18F-FDGal PET/CT before and after
treatment showed a significant correlation between the regional
irradiation dose and the reduction in uptake of 18F-FDGal (48).
These findings have exciting prospects for clinical use of 18F-
FDGal PET/CT in planning stereotactic radiation therapy.

Bile Acid Excretion

Excretion of conjugated bile acids into bile is an essential
function of the liver, and impairment of canalicular bile acid

FIGURE 6. Coronal (A) and transaxial (B)
18F-FDGal PET/CT images of mean tissue

radioactivity concentration (kBq/cm3 of tis-

sue) from PET study without galactose infu-
sion in healthy human subject. Position of

liver vein catheter inserted via right femoral

vein can be seen. Tracer specifically accu-

mulates in liver tissue. (Reprinted from (33).)

FIGURE 7. In vivo quantification of human
hepatic 18F-FDGal kinetics by dynamic PET/

CT studies in healthy subject without simul-

taneous galactose infusion (A and B) and

with simultaneous galactose infusion (C
and D). (A and C) Liver tissue time–activity

curves. (B and D) Gjedde–Patlak plots (Eq.

4). (Reprinted from (33).)
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secretion leads to cholestatic liver injury. We recently syn-
thesized a conjugated bile acid analog, [N-methyl-11C]cho-
lylsarcosine, and PET studies with this analog in anesthetized
pigs showed that the hepatic handling of tracer uptake from
blood and excretion into the bile were comparable to that for
endogenous conjugated bile acids (49). Consequently, PET/
CT with this analog may prove to be useful in humans for
investigation of bile acid excretion during normal physiologic
conditions and in patients with intrahepatic cholestatic liver
disease or drug-induced cholestasis.

CONCLUSION

Recent developments in the use of dynamic PET for
examining liver physiology and biochemistry in vivo have
led to rapidly evolving methods for the direct quantification
of regional blood perfusion, metabolic processes, and
biliary excretory functions with clinical applications and
as promising research tools for gaining a deeper insight into
liver physiology and pathophysiology.
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