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Kinetic modeling of 99mTc-diethylenetriaminepentaacetic acid
galactosyl human serum albumin (Tc-GSA) measures the total
amount of asialoglycoprotein receptor within a subject’s liver.
This study tested the hypothesis that the amount of asialogly-
coprotein receptor measured by Tc-GSA modeling provides a
valid index of functional liver mass. Methods: Twenty-two pa-
tients with cirrhosis, 18 patients with chronic hepatitis, and 9
patients with normal liver parenchyma were studied with Tc-
GSA using a 30-min dynamic imaging protocol. The total
amount of hepatic receptor was measured by kinetic modeling
of the Tc-GSA time–activity data. The total number of viable
hepatocytes was calculated using standard morphometric mea-
surements of liver biopsy samples and liver volume measure-
ments through CT. Results: The total receptor amount strongly
correlated with the total hepatocyte number (r 5 0.803; P ,
0.0001). Conclusion: Tc-GSA measurement of the total recep-
tor amount is proportional to the number of viable hepatocytes
and therefore provides a valid assessment of functional liver
mass.
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Quantitative measurement of functional liver mass is
critical in deciding the extent of liver resection needed in
patients with liver tumors. In particular, hepatocellular car-
cinoma is frequently associated with cirrhosis or chronic
hepatitis, and accurate estimation of the residual functional
liver mass can be important in reducing morbidity and
mortality after liver resection, especially in patients with
cirrhosis (1).

99mTc-diethylenetriaminepentaacetic acid galactosyl hu-
man serum albumin (Tc-GSA) is a radiolabeled asialogly-
coprotein (ASGP) analog developed for imaging the func-
tional liver and is specifically extracted by hepatocytes by

binding to the asialoglycoprotein receptor (ASGP-R). Be-
cause the amount of ASGP-R decreases in patients as liver
function deteriorates (2), uptake of ASGP into the liver is
influenced by the severity of liver damage (3). Quantitative
measurements of ASGP-R concentration, the maximum re-
moval rate of Tc-GSA, and the amount of ASGP-R using
kinetic analysis have been developed (4–6).

Many reports (7–11) have shown significant correlations
between indices of Tc-GSA imaging and clinical grading
scores such as the Child-Pugh score (12) and histologic
activity index (13). However, these scores are semiquanti-
tative; therefore, these correlations are an indirect validation
of the receptor measurement as an index of functional liver
mass. Consequently, the hypothesis that Tc-GSA receptor
measurements are proportional to the number of functioning
hepatocytes has never been tested. The computer-aided
morphometric method developed by Imamura et al. (14)
permits a quantitative evaluation of histologic findings. To-
tal hepatocyte number measured by this method is a quan-
titative index of functional liver mass (14,15). In this study,
we tested the hypothesis that the amount of ASGP-R mea-
sured by Tc-GSA kinetic modeling provides a valid index of
functional liver mass.

MATERIALS AND METHODS

Subjects
Forty-nine patients who underwent a Tc-GSA study before liver

resection for tumors between August 1995 and January 1997 were
included in this study. Patients were assigned to three groups
according to histologic findings: 9 patients with histologically
normal liver parenchyma, 18 patients with chronic hepatitis, and
22 patients with liver cirrhosis. The diagnosis was confirmed
histologically from specimens of resected liver. The group with
normal parenchyma consisted of 7 patients with metastatic liver
tumors, 1 with cholangiocellular carcinoma, and 1 with benign
liver tumors. All patients with chronic hepatitis and cirrhosis had
hepatocellular carcinoma. Informed consent was obtained from
each patient before the Tc-GSA study.

Tc-GSA Dynamic Imaging and Receptor Measurement
The Tc-GSA dynamic imaging and kinetic modeling have been

described in detail (6). Briefly, after injection of 3 mg Tc-GSA,
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sequential images were acquired using a gamma camera with a
large field of view. Data analysis was performed by creating
regions of interest over the lung, heart, and liver. Standard soft-
ware was used to generate time–activity curves for each region of
interest. The lung curve was used to correct the heart curve for
background. Measurement of total receptor amount was based on
a kinetic analysis of the corrected liver and heart time–activity
curves (6).

Figure 1 represents the kinetic model, which consists of five
compartments of ligand and two compartments of unbound recep-
tors. The kinetic model uses the following assumptions: equilib-
rium between ligand in hepatic plasma and the cell surface recep-
tors is the most rapid equilibrium in the system, internalization is
fast and exocytosis slow, dissociation of the ligand–receptor com-
plex in the cytoplasm and return of the dissociated receptors to the
receptor pool are slow, and equilibrium exists between the receptor
pool in the cytoplasm and cell surface receptors. Total plasma
volume was estimated from the patient’s body weight, height, and
hematocrit level. Standard nonlinear regression was used to esti-
mate the total amount of hepatic ASGP-R (Rtotal), hepatic plasma
flow, and hepatic plasma volume.

Liver Function Tests
Conventional liver function tests were performed using routine

clinical methods. Platelet cell counts, albumin concentration, cho-
linesterase activity, total bilirubin concentration, glutamic oxalo-
acetic transaminase activity, glutamic pyruvic transaminase activ-
ity, and prothrombin time were included as liver function tests.
The plasma disappearance rate (ICG-k) of indocyanine green
(ICG) was measured by a standard method (16). A Child-Pugh
score (12) was assigned to each patient.

Morphometric Analysis
Morphometric analysis was used to estimate the total number of

viable hepatocytes. These measurements were performed without
knowledge of hepatic function. The resected liver specimens were
fixed in 10% formaldehyde and embedded in paraffin. Two-mi-
crometer-thick noncancerous sections were stained with hema-
toxylin–eosin and azan. Photomicrographs were taken from azan
sections at340 magnification and from hematoxylin–eosin sec-
tions at 3400 magnification. Five areas were chosen randomly
within each section. The photomicrographs were converted to

digital images using an image scanner (QS 35; Minolta Co., Ltd.,
Tokyo, Japan). The digitized images were then analyzed by a
modification of the method of Imamura et al. (14), using Photo-
shop (version 4.0; Adobe Systems Inc., San Jose, CA). Each color
image was separated into three primary-color images (red, green,
and blue). The parenchymal cell volume ratio was calculated from
the azan sections. Subtraction of the blue image from the red image
enhanced the contrast between the parenchymal cells and fibrous
tissue. After establishment of an appropriate threshold that filtered
in the parenchymal cells, the ratio of the parenchymal cell volume
to the total area was calculated. From the red image of the
hematoxylin–eosin section, a contrast image of the parenchymal
cell nuclei was obtained by setting an appropriate threshold (some
images required manual identification and erasure of nonparenchy-
mal nuclei). The volumetric fraction of parenchymal nuclei was
measured, and the number of parenchymal cells per unit area was
counted. Parenchymal cell density was calculated by a method
described previously (17). Noncancerous liver volume was calcu-
lated by CT volumetric measurements (18). The parenchymal cell
volume, the total hepatocyte number, and the number of receptors
per hepatocyte were calculated as follows: Parenchymal cell vol-
ume 5 liver volume 3 parenchymal cell volume ratio. Total
hepatocyte number5 parenchymal cell volume3 parenchymal
cell density. Receptors per hepatocyte5 Rtotal/total hepatocyte
number3 6.023 1023.

Statistical Analysis
Results are expressed as mean6 SD. Differences between

groups were evaluated by F ratio using a one-way ANOVA. The
Scheffétest was used for post hoc comparisons. All correlations
were calculated using the Pearson correlation coefficient. After
converting the correlation coefficient tozscores (19), we tested the
significance of the difference between the correlation of Rtotal to
total hepatocyte number and the correlation of ICG-k to total
hepatocyte number;P , 0.05 was considered statistically signif-
icant.

RESULTS

Rtotal showed a strong correlation with total hepatocyte
number (r 5 0.803; P , 0.0001) (Fig. 2). Rtotal did not
correlate significantly with liver volume (r 5 0.22;P . 0.1)

FIGURE 1. Kinetic model of Tc-GSA with
receptor endocytosis and recycling. Using
this model, total receptor amount (Rtotal)
was measured by computer-automated
analysis of Tc-GSA liver and heart time–
activity curves.
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and correlated weakly with parenchymal cell volume (r 5
0.396;P 5 0.005). The correlation of Rtotal with hepatocyte
number was significantly (P 5 0.002) higher than the cor-
relation of ICG-k with total hepatocyte number (r 5 0.423;
P , 0.005).

The Rtotal values were the most significantly different
among the three groups (P , 0.0001). Table 1 lists the
means and SDs of Rtotal, ICG-k, platelet cell count, albumin
concentration, cholinesterase activity, prothrombin time,
and Child-Pugh criteria score for the three patient groups.
Also listed in Table 1 are the probability values obtained by
ANOVA.

Liver volume and parenchymal cell volume did not sig-
nificantly differ among the three groups (Table 2). How-
ever, the total hepatocyte number was significantly different

among the three groups (P , 0.0001), between the normal
and cirrhosis groups, and between the normal and chronic
hepatitis groups. The numbers of receptors per hepatocyte
were not significantly different among the three groups. The
average number of total and surface receptors per cell in the
normal group was 1.093 106 and 6.33 104, respectively.

DISCUSSION

We have shown that a high correlation exists between the
total number of hepatocytes and the total amount of
ASGP-R as measured by Tc-GSA functional imaging.
These observations provide the basis for interpretation of a
Tc-GSA measurement of receptor number as an index of a
patient’s functional liver mass. Measurement of total hepa-
tocyte number is an established technique that combines
morphometric microscopy and CT imaging. Imamura et al.
(14) and Kawasaki et al. (15) used this method to directly
measure the total hepatocyte number in patients with cir-
rhosis.

Neither liver volume nor parenchymal cell volume (the
functional hepatocyte volume excluding fibrous tissue) was
significantly different among the histologically classified
groups. In contrast, the total number of hepatocytes was
significantly different among the three groups. In some
cases, liver volume increases through the individual-hepa-
tocyte enlargement that is caused by fat deposition. In fact,
the cell density of the cirrhosis group was significantly
smaller than that of the other two groups because of the
enlargement of cirrhotic hepatocytes (20). Therefore, the
reduction of hepatocyte number in cirrhosis was more evi-
dent than the reduction of liver volume.

If the individual-hepatocyte function is maintained, the
total hepatocyte number is proportional to the total liver
functional mass. The correlation between Rtotal and morpho-

FIGURE 2. Rtotal and total number of viable hepatocytes within
subject’s liver exhibited high correlation. E 5 normal; ‚ 5
chronic hepatitis; { 5 cirrhosis.

TABLE 1
Liver Function Tests

Test Units

Patient group*

PNormal Hepatitis Cirrhosis

Rtotal mmole 0.64 6 0.16 0.38 6 0.18 0.28 6 0.13 ,0.0001†

ICG-k min21 0.183 6 0.028 0.143 6 0.041 0.134 6 0.050 0.02‡

Platelet count 3 104/mm3 22.4 6 5.69 17.39 6 4.76 13.45 6 6.96 0.002‡

Albumin mg/dL 4.04 6 0.35 3.67 6 0.31 3.6 6 0.47 0.023‡

Cholinesterase IU/L 484 6 51.1 440.3 6 113.3 357.1 6 148.2 0.022‡

Bilirubin mg/dL 0.56 6 0.13 0.75 6 0.32 0.94 6 0.9 NS
Glutamic oxaloacetic transaminase IU/L 26.7 6 11.8 55.9 6 33.3 75.0 6 49.2 0.011‡

Glutamic pyruvic transaminase IU/L 24.4 6 13.9 53.1 6 31.5 71.9 6 47.8 0.01‡

Prothrombin time % 87.9 6 6.5 81.9 6 10.83 71.38 6 10.3 0.0002§

Child-Pugh criteria score 5.00 6 0.00 5.33 6 0.49 6.00 6 1.05 0.004§

Sample size 9 18 22

*Data are mean 6 SD.
†Significant differences (P , 0.05) between any two groups.
‡Significant differences between normal vs. cirrhosis.
§Significant differences between normal vs. hepatitis and hepatitis vs. cirrhosis.
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metric parameters supported this hypothesis. Rtotal, although
not correlating with liver volume and showing only a weak
correlation with parenchymal cell volume, exhibited a
strong and linear correlation with total hepatocyte number.
Kawasaki et al. (15) showed a similar correlation between
antipyrine plasma clearance and total hepatocyte number
and proposed the total hepatocyte number as an index of
liver functional mass. Additionally, the correlation of Rtotal

with hepatocyte number was significantly (P 5 0.002)
higher than the correlation of ICG-k with total hepatocyte
number. This finding has significant implications for hepa-
tobiliary surgery (21), for which the ICG test is the most
common test of functional liver mass. Because hepatic
resection in patients with cirrhosis is limited to individuals
with relatively good functional reserve, the ICG index is
considered to be more important than the Child-Pugh score
or the histologic diagnosis when deciding the extent of
resection needed.

With ANOVA, Tc-GSA measurements of total ASGP-R
showed significant differences among the three patient
groups, and a post hoc comparison revealed significant
differences between all pairs of patient groups. The other
liver function tests showed no significant differences be-
tween the normal group and the chronic hepatitis group.
Rtotal could discriminate chronic hepatitis from normal pa-
renchyma as well as cirrhosis from chronic hepatitis.

We estimated the total and surface receptor number per
normal hepatocyte to be 1.093 106 and 6.33 104, respec-
tively. Although surface receptor density varies from 6.73
104 to 2.53 105 in different reports (22–25), our values are
similar to the values (1.23 106 and 6.73 104, respectively)
calculated by Steer and Ashwell (22) using freshly isolated
rat hepatocytes. In this study, the number of receptors per
hepatocyte showed no significant differences among the
three groups. Although the model cannot account for dif-
ferences in ASGP-R distribution or affinity, receptor bind-
ing sites on the cell surface are likely maintained in cirrho-
sis. In addition, the strong correlation between ASGP-R and
hepatocyte number suggested that decreased uptake of Tc-

GSA in cirrhosis is explained mainly by a reduction in
hepatocyte number.

Quantitative measurements of ASGP-R density and max-
imum removal rate of Tc-GSA using kinetic analysis have
been reported (4,5). The model used in this study is a more
accurate mathematic representation of ASGP-R biochemis-
try. This kinetic analysis (6) simultaneously estimates the
ASGP-R quantity and hepatic blood flow while accounting
for receptor-mediated internalization and recycling.

Although the three current methods (4–6) for kinetic
analysis of ASGP-R concentration have different model
structures and numeric algorithms, the methods share the
common element of a bimolecular receptor-binding mech-
anism. Of the many physiologic and biochemical mecha-
nisms within the ASGP-R pathway, receptor–ligand binding
displays the highest kinetic sensitivity in vivo (26) and
receptor concentration exhibits the highest diagnostic accu-
racy (27). For this reason, we propose that a receptor mea-
surement from any of the current ASGP-R models is an
index of functional hepatic mass. Moreover, we postulate
that receptor measurements, in general, are an index of the
functional mass of the target tissue.

CONCLUSION

Measurements of Rtotal through Tc-GSA kinetic modeling
are proportional to the number of viable hepatocytes and,
therefore, provide a valid assessment of functional hepato-
cellular mass. Additionally, the correlation of Rtotal with
hepatocyte number was significantly higher than the corre-
lation of ICG-k with total hepatocyte number. This finding
has significant implications for hepatobiliary surgery, for
which the ICG test is the most common index of functional
liver mass.
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TABLE 2
Morphometric Parameters

Parameter Units

Patient group*

PNormal Hepatitis Cirrhosis

Liver volume L 1.34 6 0.43 1.15 6 0.23 1.20 6 0.40 NS
Parenchymal cell volume ratio % 95.4 6 0.9 90.4 6 3.6 82.3 6 9.2 0.0001†

Parenchymal cell volume L 1.27 6 0.40 1.05 6 0.19 0.99 6 0.34 NS
Parenchymal cell density 3 105/mm3 2.99 6 0.74 2.27 6 0.40 2.00 6 0.53 0.0001‡

Total hepatocyte number 3 1011 3.67 6 1.01 2.35 6 0.57 1.99 6 0.86 ,0.0001‡

Receptors per hepatocyte 3 106 1.09 6 0.26 1.00 6 0.28 0.87 6 0.27 NS
Sample size 9 18 22

*Data are mean 6 SD.
†Significant differences (P , 0.05) between any two groups.
‡Significant differences between normal vs. hepatitis and normal vs. cirrhosis.
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