
Determination of hepatic galactose elimination capacity using 2-
[18F]fluoro-2-deoxy-D-galactose PET/CT: reproducibility of the
method and metabolic heterogeneity in a normal pig liver model

MICHAEL SØRENSEN
PET Centre, Aarhus University Hospital, Aarhus, Denmark

Abstract
Objective—A PET method is developed for non-invasive measurement of regional metabolic
liver function using the galactose analog 2-[18F]fluoro-2-deoxy-D-galactose, FDGal. The aim of
the present study was to determine the reproducibility of the method in pigs before translating it to
human studies.

Material and methods—Five anesthetized pigs were studied twice within an interval of three
days. A dynamic PET recording was performed with an injection of 100 MBq FDGal. Non-
radioactive galactose was administered throughout the PET recordings to achieve near-saturated
elimination kinetics. Arterial blood samples were collected for determination of blood
concentrations of FDGal and galactose (cgal). Net metabolic clearance of FDGal, KFDGal, was
calculated from linear representation of data. The approximate maximal hepatic removal rate,
Vmax, of galactose (mmol/l tissue/min) was calculated as KFDGal cgal. The estimates from Day 1
and Day 2 were compared and the coefficient of variation, COV, of the estimates calculated.
Functional heterogeneity in normal pig liver was evaluated as COV of the tissue concentration of
radioactivity during quasi steady-state metabolism.

Results—There was no significant difference between Vmax from Day 1 and Day 2 (p = 0.38),
and the reproducibility was good with a COV of 14% for the whole liver. In normal pig liver
tissue, mean COV after an injection of FDGal was on average 15.6% with no day-to-day variation
(p = 0.7).

Conclusions—The novel FDGal PET method for determination of hepatic metabolic function
has a good reproducibility and is promising for future human studies of regional liver function.
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Introduction
The galactose elimination capacity, GEC, is a clinical liver test that gives an approximate
measure of the liver’s maximum removal rate of galactose, Vmax, and is interpreted as a
measure of metabolic liver function [1–4]. Galactose is converted to galactose-1-phosphate
by galactokinase, an enzyme found almost exclusively in the cytosol of hepatocytes. The
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GEC is performed as a single intravenous injection of galactose to a blood concentration of
galactose high enough to ensure near-saturation of the galactokinase enzyme, followed by
measurements of the declining blood concentration of galactose in arterialized, capillary
blood samples. When corrected for the amount of galactose excreted in urine, an
approximate estimate of the hepatic Vmax for galactose is achieved from the blood
disappearance curve using blood concentrations ensuring near-saturation of the enzymatic
system [1–4]. The GEC accurately assessed survival prognosis of patients with acute liver
failure [5], chronic liver disease [6,7], and patients undergoing liver resection [8]. More
interestingly, it has been shown that quantitative liver function tests such as the GEC are far
more predictive of the remaining liver function following partial hepatectomy than
measurements of liver volumes [9–11].

The GEC is, however, biased by a minor but variable extra-hepatic galactose metabolism
which cannot be corrected for [12,13]. Also, the test gives an estimate of metabolic function
of the whole liver but does not provide information on potential regional differences which
in some cases could be of particular interest, for example, in clinical evaluation of patients
with liver cirrhosis or in patients undergoing local treatment of diseases of the liver such as
stereotactic body radiation therapy.

We recently developed an in vivo method for measuring local hepatic GEC in pigs using
PET and the galactose-analog 2-[18F]fluoro-2-deoxy-D-galactose, FDGal [14]. The method
is based on Michaelis-Menten saturation kinetics of the hepatic galactose elimination:

(1)

where v is the removal rate of galactose and Km is the concentration (mM) at which v =
½Vmax. When the blood concentration of galactose, c, is >10 Km, then v approximates Vmax
with more than 90% [15]. The mean hepatic Km for galactose in pig in vivo is 0.25 mM [16]
and the hepatic galactose metabolism may hence be considered at near-saturation at c >3
mM. In this case, the approximate Vmax can be calculated from PET data using the equation
[14]:

(2)

where cGal is the arterial concentration of galactose and KFDGal is the net metabolic
clearance of FDGal calculated from the PET data. The number 6.92 in Equation (2) is the
reciprocal of the lumped constant for FDGal, which corrects for the different affinity by
galactokinase for galactose and FDGal [14].

As the PET method provides 3-dimensional images of the galactose metabolism, we expect
that this novel method will make it possible to measure potential regional variations in
metabolic liver function in patients with diseases of the liver and to evaluate regional
metabolic effects of treatment such as radiation therapy. In addition, because the PET
camera records the concentration of radioactivity in liver tissue, the FDGal PET-GEC
estimate is unaffected by any extrahepatic distribution and metabolism of FDGal and
galactose. For the novel PET method to have clinical potential it must, however, be precise
and reproducible within reasonable limits; the classic GEC had a reproducibility of 10% [4].
Therefore, the aim of the present study was to study the reproducibility of the FDGal PET-
GEC in pigs. This was done by studying the same animal twice on two different days and
comparing the estimated values. Normal functional heterogeneity in pig liver was also
assessed from the PET data.
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Methods
Animals and preparation

Five female pigs (Yorkshire and Danish Landrace crossbreed; body weight 37–39 kg; mean
38 kg) underwent duplicate FDGal PET/CT recordings on two separate days, three days
apart. The animals were fasted for 16 h before each experiment but had free access to water.
On Day 1, the animal was given an intramuscular (i.m.) injection of 600 mg amoxicillin on
arrival to the PET center in order to prevent infections from the procedures. The pig was
sedated with an i.m. injection of 50 mg midazolam + 250 mg S-ketamine. A cannula was
placed in an ear vein and anesthesia induced by intravenous (i.v.) injection of 50 mg
midazolam + 125 mg S-ketamine. The animal was then intubated and ventilated
mechanically (Hallowell EMC model 2000 respirator). Anesthesia was maintained by
isoflurane administered through the respirator (Hallowell EMC Model 200 Respirator).
Using sterile procedures, an open incision was made in the left femoral region and catheters
(Cordis, Waterloo, Belgium) were placed into the left femoral artery and the femoral vein.

At the end of the PET study, anesthesia was terminated and the femoral catheters were
removed. The blood vessels were compressed until complete hemostasis was obtained and
the incision in the femoral region was closed by single sutures using sterile procedures. The
pig was extubated when spontaneous respiration was observed. An analgesic (75 mg
flunixin) was injected i.m. and the animal observed closely for the rest of the day. The next
day, the animal received an i.m. injection of 75 mg flunixin and 600,000 IE
benzylpenicillinprocain.

On Day 2, the animals were prepared as on Day 1 except that the catheters were placed in
the right femoral artery and vein and no antibiotics were given. At the end of the PET study,
the anesthetized animals were euthanized by an i.v. injection of a pentobarbital overdose.
The liver was removed and the liver tissue density was measured (mean 1.05 g/ml; range
1.02–1.07 g/ml).

Physiological parameters (body temperature, arterial pO2, pCO2, pH, and blood glucose)
were monitored throughout each study and kept within normal reference values by proper
correction, if necessary [14].

Infusion of unlabeled galactose
In order to achieve steady-state blood concentrations of galactose high enough to ensure
near-saturation of the hepatic galactose metabolism, non-radioactive galactose (Kabi,
Sweden) dissolved in 0.9% saline was administered by means of a constant i.v. infusion
(2.77 mmol/ml; infusion rate 27–30 ml/h) preceded by a priming dose of 70 mmol galactose
in 50 ml 0.9% saline. Doses were based on experiences from the in vivo PET study in pigs
[14]. The infusion was started 1 h before (mean 69 min, range 58–80) and continued
throughout the PET experiment. On Day 2, the time from infusion start to the start of the
PET recording was kept as similar as possible to that on Day 1.

PET/CT protocol
The pig was placed in a supine position on the scanner bed of a combined PET/CT camera
(40-slice Siemens Biograph TruePoint PET/CT; Siemens AG, Erlangen, Germany). Before
each PET-study, a CT scan of the liver was performed 35 s after i.v. injection of 60 ml
contrast media (Visipaque 270 mg/ml; Nycomed Amersham). A 60 min dynamic PET
recording was performed with an i.v. injection of 100 MBq FDGal given over the initial 15
s. PET data were recorded in list-mode and reconstructed in a Gaussian filtered back-
projection mode using the CT scan for attenuation correction of emission data and corrected
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for radioactive decay back to start of the scan. This yielded pictures with a resolution of 6.7
mm full width at half maximum and a voxel size of 2.4 × 2.4 × 3.1 mm3. Data were
reconstructed using a time-frame structure of 18 × 5 s, 15 × 10 s, 4 × 30 s, 4 × 60 s, and 6 ×
300 s, and 2 × 600 s (total 60 min). During each PET recording, arterial blood samples (0.5
ml) were collected manually (18 × 5 s, 6 × 10 s, 3 × 20 s, 3 × 60 s, 1 × 120 s, 1 × 240 s, 1 ×
360 s, and 4 × 600 s) for determination of arterial blood concentration of FDGal. The
samples were counted in a Packard well-counter (Packard Instruments, Meridin, CT) and
corrected for radioactive decay back to start of the scan, generating an arterial blood time-
activity-curve (TACartery; kBq/ml blood vs. minutes after tracer injection). Additional blood
samples were collected at time 0, 20, 40, and 60 min for determination of arterial blood
concentration of galactose [17].

Data analysis
Using the fused FDGal PET and contrast enhanced CT images, volumes of interest (VOIs)
were drawn in the liver avoiding large blood vessels and the very top of the liver which is
subject to respiratory movements. Two types of VOIs were used for analysis; a whole liver
VOI encircling as much liver tissue as possible and five minor VOIs placed in different
regions of the liver. Larger hepatic blood vessels were avoided using the contrast-enhanced
CT image. For the whole liver VOI, the mean VOI size was 740 ml (range 690–1020) on
Day 1 and 800 ml (ranges 670–910) on Day 2, the difference being statistically insignificant
(p = 0.7). The mean size of the small VOIs was 1.92 ml (range 1.17–3.96) on Day 1 and
2.05 ml (range 1.10–4.43) on Day 2. For each pair of the small VOIs, the difference in
volume between Day 1 and Day 2 was statistically insignificant (p = 0.38).

The full time course of the tissue concentration of radioactivity in each VOI was generated
from the dynamic PET data (TACliver; kBq/ml tissue vs. minutes after tracer injection). The
net metabolic clearance of FDGal, KFDGal, was calculated from the data during quasi steady-
state metabolism (17.5–40 min after injection of the tracer, [14]) according to the Gjedde-
Patlak representation of data [18,19]. KFDGal was used to calculate the maximum hepatic
galactose elimination, Vmax, according to Equation (2) [14]. The estimated Vmax has the unit
mmol/l tissue/min and was calculated for Day 1 (Vmax–1) and Day 2 (Vmax–2). For
comparison with estimates from other studies, a Vmax corrected for tissue density (1.05 kg/l
tissue) was also calculated. Additionally, an estimate of the total liver function, Vmax–total
(mmol/min), was calculated by multiplying the Vmax with the corresponding volume of the
VOI for the whole liver.

Day-to-day differences in measured parameters were assessed using the paired t-test. The
reproducibility of the method was evaluated by the coefficient of variation (SD/mean),
COVestimate, for the duplicate estimates of Vmax.

Functional heterogeneity within the liver tissue was evaluated as COVtissue calculated for the
tissue radioactivity concentration measured by PET during quasi steady-state metabolism.
COVtissue was calculated as the standard deviation of the radioactivity concentrations in the
voxels within the VOI divided by the mean radioactivity concentration in the voxels which
is a sensitive measure of metabolic heterogeneity [20].

Results
Table I gives the individual mean arterial blood concentrations of galactose during each
PET-recording. Good approximation to steady-state of the arterial concentrations of
galactose was obtained in all 10 studies; on average, the concentrations did not deviate more
than 2% within each experimental time period. For calculation of approximate Vmax values,
the individual mean of the four concentrations from the same PET recording was
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accordingly used. The individual mean arterial blood concentrations of galactose did not
differ significantly between the two days (p = 0.34).

The approximate Vmax values are also given in Table I, both expressed as mmol galactose/l
tissue/min and as mmol/liver/min. No statistically significant differences between the two
days were observed for either of the two estimates (p = 0.49 and p = 0.16, respectively). The
COVestimate improved from 19% to 14% when correcting for liver volume.

For the five small VOIs, the estimated Vmax–local in each region was significantly different
between the two days (p < 0.01). However, when looking at the regional fraction of the total
Vmax (Vmax–local/Vmax–total), the difference was statistically insignificant (p = 0.94), with an
average fraction of 1.11 (range 0.97–1.19) and a mean COVestimate of 7% (range 0.01–21%).

The mean COVtissue of radioactivity concentration within the whole liver VOIs was 15.6%
(range 14.0–16.7%) on Day 1. No difference between Day 1 and Day 2 was observed (p =
0.7). For the small VOIs, the mean COVtissue was 9.8% (range 8.8–10.4%) on Day 1; no
difference between Day 1 and Day 2 was observed (p = 0.5). The COVtissue values for the
small VOIs were significantly lower than COVtissue for the whole liver VOIs (p < 0.01).

Discussion
Based on seven successive determinations in one healthy person, Tygstrup found a COV of
8.1% for the classic GEC and based on duplicate measurements in 20 subjects an overall
reproducibility of about 10% [4]. The mean COVestimate of 14% for the approximate hepatic
Vmax–total for galactose measured in the present study using FDGal PET/CT is slightly
higher, but considered comparable to the well-established classic GEC method. Figure 1
shows the individual estimates of Vmax–total from the pigs in the present study (Day 1)
together with the results from Sørensen et al. [14] and two previously unpublished pig
studies (Sørensen, unpublished observations). The PET-estimated mean Vmax of 0.62 mmol/
kg tissue/min compares well with the mean hepatic Vmax for galactose of 0.67 mmol/kg
tissue/min determined in the intact pig by means of liver vein catheterization (range 0.55–
0.95 mmol/kg tissue/min) [16]. This supports the view that the FDGal PET method provides
good estimates of the hepatic Vmax for galactose.

When correcting for the volume of the VOI, i.e. when calculating the Vmax–total, the
COVestimate improved from 19% to 14%. This agrees with the observations that the hepatic
GEC is unaffected by changes in hepatic blood flow and blood volume [21–23] which might
cause the minor differences in liver volumes observed between the two days. Also, as the
PET camera records radioactivity concentrations in terms of radioactivity per volume tissue,
any changes in blood volume within a VOI could affect the tissue radioactivity
concentration, an effect the correction for minor differences in VOI volumes also eliminates.

The Vmax–total on Day 1 in experiment 1 was only 0.28 mmol/min which is somewhat lower
than expected [14,16] and lower than the results from the other four experiments. It may be
ascribed to normal biological variation, but it could also be that the arterial galactose
concentration of 3.13 mM reached in that particular experiment may have been too low to
ensure near-saturation of the hepatic galactose metabolism. As mentioned, the calculated
values of Vmax only approximate the true Vmax by the factor c/(c + Km); if, however, c≫Km
the approximate Vmax becomes very close to the true Vmax [15]. The mean Km for hepatic
galactose metabolism in pigs in vivo is 0.25 mM [16], but with individual measurements
ranging from 0.12 to 0.58 mM [16]. Thus, Km in the pig in experiment 1 may very well be
higher than the mean Km of 0.25 mM and the metabolism hence not near-saturated which is
essential to get a reliable estimate of Vmax [14,15]. Moreover, if the enzymatic system is not
near-saturated, the kinetics depend not only on the enzymatic Vmax and Km for galactose but
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also on hepatic blood flow and time-dependent distribution of the tracer and unlabeled
substrate [14,15]. In the in vivo situation, with a concentration gradient of substrate from
inlet to outlet of the sinusoid [24], the logarithmic mean sinusoidal concentration ĉ is
introduced, which is defined as ĉ = (ci–co)/ln(ci/co), where ci and co are the sinusoidal inlet
and outlet substrate concentrations, respectively [24]. Because this requires access to blood
sampling from a liver vein (co) and since PET is traditionally based on compartmental
analysis, ĉ is not used in PET studies. At a sufficiently high inlet concentration, however, the
difference between ĉ and ci can safely be ignored, which is the case at near-saturation
[14,24]. For practical purposes and based on the present observations, it is recommended
that an arterial concentration above 5 mM is used in order to fully ensure near-saturation of
the hepatic galactose metabolism when determining the hepatic GEC using FDGal PET.

For the small VOIs, the pair-wise difference in Vmax–local was statistically significant
between the two days. This may be ascribed to minor differences in placement of the VOIs
in the liver tissue, although all effort was put into avoiding this. Again, differences in
relative blood volume may affect the PET data, especially in smaller regions. When
normalizing the Vmax in each region to the Vmax–total, the difference between the two days
was statistically insignificant (p = 0.94) suggesting that for smaller regions, such
normalization would be beneficial when evaluating possible day-to-day variations.

The COVtissue of radioactivity concentration within the VOIs was on average 15.6% (range
14.0–16.7%) on Day 1 which can be used as a reference of functional heterogeneity within
the normal pig liver [20]. The COVtissue was lower for the smaller regions (mean 9.8%,
range 8.8–10.4%) which may be explained by a higher probability of including larger blood
vessels in the large VOIs than in the smaller VOIs. This could also explain why the
fractional Vmax, viz. Vmax–local/Vmax–total, tended to be slightly higher than unity with a
mean value of 1.11.

In conclusion, the overall reproducibility of the FDGal PET-GEC method for determining
approximated Vmax for galactose in pig livers with a COV of about 14% is comparable to
the classic and clinically validated GEC method. The blood concentration of galactose
needed to ensure near-saturation of the galactokinase seems, however, to be higher than the
previously assumed 3 mM and concentrations above at least 4–5 mM are recommended to
ensure near-saturation in pigs. We expect that the method can easily be translated to human
studies, making it possible for the first time to assess regional differences in metabolic liver
function in both healthy and cirrhotic livers. The method also enables studies of the effects
of local treatments on the metabolic function in normal and/or cirrhotic liver tissue.
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Figure 1.
Estimates of approximate Vmax for galactose in pig liver using FDGal PET (experiments no.
2–5; Day 1 in the present study (○)), three pigs from [14] (△), and two previously
unpublished pigs (▼) (Sørensen, unpublished observations). The black line represents the
mean Vmax from all PET studies, the grey line is the mean in vivo Vmax in pigs with the
dashed lines representing upper and lower observations measured using liver vein
catheterization [16]. FDGal = 2-[18F]fluoro-2-deoxy-D-galactose.
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