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Objective: The purpose of the present study was to devise a predictive index to predict residual liver
function before hepatic resection, using technetium-99m diethylenetriamine-penta-acetic acid-
galactosyl human serum albumin (**™Tc-GSA) liver dynamic single photon emission computed
tomography (SPECT). Methods: Fifty-seven patients with liver disease underwent liver dynamic
SPECT with #*™Tc-GSA. Dynamic SPECT was performed to obtain the k-value according to the
accumulation curve after injection of *™Tc-GSA. The k-value is a mathematical reflection of the
rate of disappearance of the circulating radiotracer as it is accumulated into the hepatocytes. We
devised an original predictive residual index (PRI) by combining k-value with liver volume (V) and
functional liver volume (FV). Correlation between these parameters and results of liver function
tests and the grade of liver disease severity was analyzed. We investigated retrospectively the
correlation between PRI and post-operative patient prognosis. Results: The k-value slightly
correlated with indocyanine green clearance test at 15 mins, bilirubin level and hepaplastin test. FV
and V did not correlate with liver function tests. Post-operative complications were observed in 5
patients. The PRI of these patients was below 0.37. When PRI was above 0.38, no patient had hepatic
failure. Conclusions: When PRI is above 0.38, there is a low probability of hepatic failure after
hepatectomy. The PRI is useful in preoperative prediction of post-hepatectomy residual liver

function in patients with liver disease.
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INTRODUCTION

THE INCIDENCE of post-operative morbidity and death fol-
lowing resection of hepatocellular carcinoma is higher
than that after resection for colorectal liver metastasis
because of the poor hepatic functional reserve resulting
from co-existing chronic liver disease.!"0 Therefore, the
appropriate selection of patients for hepatic resection,
using a reliable predictor of operative risk, is important in
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the management of patients with hepatocellular carci-
noma.*

In general, the risks associated with partial hepatec-
tomy have been estimated from the results of liver func-
tion tests including serum bilirubin, serum albumin,
indocyanine green (ICG) clearance test and prothrombin
time.” Although the ICG retention rate at 15 minutes after
intravenous administration (ICG R15) is widely used to
assess hepatic functional reserve, discrepancies between
ICG R15 values and histologic liver findings are occa-
sionally seen.-10 These differences are thought to depend
mainly on the hepatic blood supply and the intrahepatic/
extrahepatic shunt. Hence, a more reliable method for the
quantitative assessment of hepatic function and func-
tional reserve needs to be developed.

Technetium-99m diethylenetriamine-penta-acetic
acid-galactosyl human serum albumin (**™Tc-GSA) has
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recently been developed as a receptor-binding ligand that
specifically binds to asialoglycoprotein receptors (ASGP-
R) on the hepatocyte cell membrane.!'! It provides valu-
able information for the receptor density that also directly
reflects the functional hepatocyte mass.'?>~!# Especially,
single photon emission computed tomography (SPECT)
with ?MTc-GSA provides direct measurement of func-
tional volume of the liver."> Therefore, *™Tc-GSA up-
take and functional volume as measured by SPECT are
expected to yield comprehensive evaluation of liver func-
tion in relation to individual hepatocyte function and the
number of hepatocytes.!® However, only a few clinical
reports have dealt with regional hepatic function estima-
tion using dynamic SPECT with #°™Tc-GSA.!718

The purpose of the present study was: 1) to investigate
correlation between liver function using dynamic SPECT
with ®MTc-GSA and standard biochemical liver function
tests; and 2) to devise a predictive index that will describe
the post-operative liver function/status, using liver dy-
namic SPECT with ™Tc-GSA.

MATERIALS AND METHODS

Patients

There were 57 patients (34 males, 23 females) aged 35-73
years who underwent *™Tc-GSA liver scintigraphy using
dynamic SPECT within 2 weeks prior to the operation.
The primary diseases of the patients were: hepatocellular
carcinoma (n = 33), cholangiocellular carcinoma (n =9),
gall bladder cancer with liver invasion (n = 7) and meta-
static liver cancer (n = 8). The clinical stage of disease,
based on the General Rules for the Clinical and Pathologi-
cal Staging of Primary Liver Cancer,!® was stage I in 34
patients and stage II in 23 patients. The range of resection
was as follows: subsegmental in 9 patients, a single seg-
ment in 10, two segments in 18 and three segments in 20.
After the purpose of the study had been explained, each
patient gave his or her informed consent.

Imaging

A dual head SPECT (RC 26001, Hitachi, Tokyo, Japan)
with a low energy high resolution parallel hole collimator
was used for the dynamic SPECT. The term “dynamic
SPECT” means the repeat and rapid SPECTs. ?"Tc-GSA
(3 mg, 185 MBq, Nihon Medi-Physics, Nishinomiya,
Japan) was administered via an antecubital vein with the
patient in the supine position on SPECT bed. This com-
pound was approved for general use in Japan. Imaging
was commenced immediately post-injection, with the
patient’s arms folded over the head. Each rotation con-
sisted of 180° turn in 64 steps in a 64 x 64 matrix. Thirty-
five continuous rotations were performed at a rate of 35
seconds per rotation. The SPECT field of view was
included the whole liver. A Shepp and Logan filter was
used for image reconstruction, and smoothing was per-
formed at nine points before and after image reconstruc-
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Fig.1 Schema of accumulation curve analysis. The liver time
activity curve of one voxel in a slice on continuous SPECT
image. The liver time activity curve was subtracted from plateau
value to create the new time activity curve. The new time activity
curve was converted to logarithmic function and k-value was
calculated from the downward slope.

tion. The matrix size for image acquisition was 64 x 64,
with a pixel size of 0.54 cm. The slice thickness for image
reconstruction was 1.08 cm or a thickness of 2 pixels.

Calculation of the liver volume (V)

Reconstructed images of the same slice in the final five
rotations were summed, and the maximum counts in each
voxel (2 slices: 0.54 cm x 0.54 cm x 1.08 cm) were
determined. The thickness of each voxel for which the
count was above 54% of the maximum was estimated to
be 1.08 cm. The area under 54% of the maximum was
regarded as background. The value of 54% was deter-
mined from a previous phantom study in our laboratory.?"
The phantom was filled with 1,200 m/ of water containing
112 MBq *™Tc-GSA and subjected to dynamic SPECT.
There was a good correlation between the volume calcu-
lated from SPECT and the true volume.

Calculation of the functional liver volume (FV)

Reconstruction of images was done as described above
for calculation of liver volume. The thickness of each
voxel for which the count was above 80% of the maxi-
mum was estimated to be 1.08 cm, and that of each voxel
for which the count was from 54% to 80% of maximum
was estimated according to the accumulated counts. The
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9 100,886 59,20 0,221 166.32 98,44
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12 57.34 20.37 0,245 102,49 46,75
13 39.91 7.54 0,258 74,62 26,07
14 29,9 2,97 0,254 5035 9.44
15 24.84 1,43 0,254 44,50 5.39
16 20.64 0,30 0277 41,36 1,35
17 15,26 0,00 0,000 28,77 0,00
18 6.08 0,00 0,000 17,08 0.00
19 0,04 0,00 0,000 0,45 0,00
20 0,00 0,00 0,000 0,00 0,00

1002.40 417,61 0,221 1681,17 758.33
RESI. INDEX : 0.430
Normal K : 0,21
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Fig. 2 Process of obtaining the predictive residual index (PRI) in one patient. The patient had
hepatocellular carcinoma (HCC) with liver cirrhosis (clinical stage II based on the General Rules for the
Clinical and Pathological Staging of Primary Liver Cancer). (a) The computed tomography (CT) image
shows HCC in the right lobe of the liver. (b) The right lobectomy of the liver was planned. Planned
incision lines were drawn on each SPECT image by reference to the CT images. (c) The curves
corresponding to each slice show the fit between the accumulation curve and the disappearance curve
from the blood. (d) Values of FV, Fv, k, V and v for each SPECT image: FV = entire functional liver
volume; Fv = planned residual functional liver volume; k = k value in the planned residual liver; V =
entire geographical liver volume; v = planned geographical residual liver volume. The PRI was
estimated as follow:

PRI =X (ki x Fvj)/kn x FV = (0.120 x 13.49 + 0.190 x 25.41 + 0.201 x 33.97 + 0.239 x 44.41 + 0.216
x 62.58 +0.209 x 66.12 + 0.221 x 59.20 + 0.224 x 45.63 + 0.239 x 32.91 + 0.245 x 20.37 + 0.258 x 7.54
+0.254 x 2.97 + 0.254 x 1.43 + 0.277 x 0.30)/0.21 x 1002.40 = 0.43

In this patient, the clinical course after right lobectomy of the liver showed no complications.

area under 54% of the maximum was regarded as back- Calculation of the k-value
ground. The values of 54% and 80% were determined Using 35 images obtained in the same position over 35
from the same phantom study mentioned above.?’ rotations, *™Tc-GSA accumulation curves were gener-

ated for each slice, and the level of plateau activity of each
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Table 1 Correlation between *"Tc-GSA parameters and biochemical liver function tests

\" FV k
Liver function test
r p r p r p

ICGR15 -0.037 0.796 -0.187 0.181 -0.422 0.002
Bilirubin 0.179 0.185 0.177 0.387 -0.350 0.020
Albumin -0.111 0.412 -0.084 0.536 -0.063 0.644
Cholinesterase -0.222 0.098 -0.130 0.337 0.167 0.216
Prothrombin time -0.144 0.291 -0.143 0.295 0.177 0.193
Hepaplastin test -0.067 0.616 -0.006 0.963 0.437 0.001

V =liver volume, FV = functional liver volume, k = k-value, ICG R15 = plasma retention rate of indocyanine

green (ICG) at 15 min, r = correlation coefficient.

curve was taken as the saturation value. The ™Tc-GSA
disappearance curve was determined by subtraction from
the liver saturation value. From the new curve, we were
able to determine the time for 50% of the radioactivity to
disappear from the blood, that is, the disappearance half-
time (T1/2). The disappearance rate constant (k = 0.693/
T1/2) was determined for each curve (Fig. 1). The average
k-value for each slice was obtained by taking the product
of the k-value and functional slice volume and dividing it
by the overall functional slice volume. The average k-
value for the entire liver was obtained by taking the sum
of the product of the k-value and functional liver volume
for each slice and dividing it by the sum of the overall
functional liver volume.

Calculation of the predictive residual index (PRI)

A region of interest (ROI) was marked over each slice of
the liver, excluding the heart and gall bladder, and an
incision line was then drawn while referring to the com-
puted tomographic images. The k-value of the residual
liver, the post-operative functional liver volume and the
total functional liver volume were then obtained. Varia-
tions in radionuclide counts were seen at both the superior
and inferior margins of the liver, presumably due to the
effects of respiratory movement. However, these varia-
tions had no serious effect on the PRI because the liver
volume was small in these areas. The formula used to
calculate the PRI was:

2 (ki x Fvi)/ky x FV

where k; is the k-value in the planned residual liver of the
i-th voxel of interest; Fv; is the planned residual functional
liver volume of the i-th voxel of interest; K, is the normal
k-value; and FV is the pre-operative total functional liver
volume. The average value of 0.21, obtained for the entire
liver in 10 normal volunteers, was taken as the kn value.20
Figure 2 demonstrates the process of obtaining the PRI in
one patient. The PRI in each patient was calculated and its
critical value was compared with the post-operative clini-
cal course.
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Fig.3 Relationship between the predictive residual index (PRI)
and post-operative clinical course in 57 patients with liver
disease who underwent hepatectomy. Post-operative complica-
tions were observed in 5 patients. The values of PRI were 0.24,
0.26 and 0.37 each for 3 patients who developed transient
hepatic insufficiency, and 0.36 and 0.37 each for 2 patients who
died of hepatic insufficiency. When the value of PRI was above
0.38, no patient died or had symptoms of hepatic failure. Clinical
Stage I and Clinical Stage II were determined based on the
General Rules for the Clinical and Pathological Staging of

Primary Liver Cancer."?
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Correlation between **"Tc-GSA parameters and bio-
chemical liver function tests

Laboratory data that are conventionally used as param-
eters of hepatic functional reserve, including ICG R15,
serum bilirubin, serum albumin, cholinesterase, prothrom-
bin time and hepaplastin test were determined, and their
correlations with V, FV and k-value examined.

Statistical analysis

All results were represented as mean + S.D. The signifi-
cance of differences between *™Tc-GSA parameters
including V, FV and k-value and biochemical liver func-
tion tests was evaluated by Student’s paired t-test. A p
value of less than 0.05 was considered significant.

RESULTS

Correlation between *°"Tc-GSA parameters and bio-
chemical liver function tests

The correlations between *™Tc-GSA parameters includ-
ing V, FV and k-value and biochemical liver function
tests are summarized in Table 1. There was no correla-
tion between V and FV and biochemical liver function
tests. However, k-value slightly correlated with ICG R15
(r=-0.422, p = 0.002), serum bilirubin (r = -0.350, p =
0.02) and hepaplastin test (r = 0.437, p = 0.001).

PRI and post-hepatectomy clinical course

Regarding the relationship between the PRI and post-
hepatectomy clinical course, post-operative complica-
tions were observed in 5 patients (Fig. 3). In these patients,
transient hepatic insufficiency was seen in 3 and the
remaining 2 died of hepatic insufficiency more than 1
month following the operation. The peak level of serum
bilirubin occurred 1-2 weeks post-hepatectomy, and grad-
ually decreased to the normal range after another 1-2
weeks. In some patients with persistent hyperbilirubine-
mia, the level slowly improved to the normal range. We
considered that these cases showed transient hepatic dys-
function. The PRI values were 0.24, 0.26 and 0.37 for 3
patients who developed transient hepatic insufficiency,
and 0.36 and 0.37 for 2 patients who died of hepatic
insufficiency. Of the remaining 52 patients, 50 patients
had PRI values higher than 0.38, and these patients had no
symptoms of hepatic failure or died. Two patients having
PRI values lower than 0.38, on the other hand, survived
without any liver failure. Using the cutoff value of 0.38 for
PRI, the positive and negative predictive values for hepa-
tectomy with or without complications were 71.4% and
100%, respectively.

DISCUSSION
With advances in hepatic surgery and hepatic radio-

therapy, various treatments for patients with primary liver
cancer have become available. It has accordingly become
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important to evaluate the operative risk corresponding to
the reserve hepatic function, and to select the proper
operative technique based on this risk.

To prevent post-operative hepatic insufficiency, it is
necessary to assess the residual liver volume by taking
into consideration its functional capacity (i.e. the func-
tional liver volume). One important factor determining
post-operative liver function is blood flow to the residual
hepatic parenchyma. The disappearance rate of intrave-
nously injected radiocolloids such as '® Au-colloid or
9mTc-Sn colloid is thought to be a measure of the hepatic
blood flow. Tanabe et al.?! previously examined the prop-
erties of ™Tc-Sn colloid in a hepatic perfusion study and
found that there were significant differences between
the k-value using *™Tc-Sn colloid dynamic SPECT for
normal volunteers and patients with liver cirrhosis. Hino
et al.?2 showed that k-value using *™Tc-Sn colloid dy-
namic SPECT significantly correlated with ICG R15. Our
previous study which included normal liver patients
showed that k-value using *"Tc-GSA dynamic SPECT
significantly correlated with ICG R15 (r = -0.616, p <
0.001).23 Furthermore, that study demonstrated a signifi-
cant correlation between liver volumes from computed
tomography and **Tc-GSA dynamic SPECT.?? In
the present study, we performed **™Tc-GSA dynamic
SPECT in various liver diseases to obtain the k-value,
with the results showing that k-value correlated well not
only with ICG R15 but also with both serum bilirubin and
hepaplastin test.

Several methods for detecting the hepatic functional
volume with **™Tc-Sn colloid, **™Tc-phytate, *°™Tc-
PMT and **™Tc-HSA have been reported.?* However,
9mTc-Sn colloid and ™ Tc-phytate hepatic scintigraphy
mainly reflect reticuloendothelial function and do not
always indicate hepatic function. *™Tc-PMT is a hepato-
biliary imaging agent, but with this agent it is difficult to
obtain satisfactory SPECT images for volume measure-
ment because it is excreted rapidly into the biliary system.
9mTc HSA is a vascular image agent, and does not reflect
hepatocyte function. On the other hand, *™Tc-GSA
specifically binds to the ASGP-R on the hepatocyte mem-
brane. Functional volume assessment by *™Tc-GSA
SPECT has several advantages,'® including the fact that
the method counts the number of ASGP-R expressed on
the hepatocyte plasma membrane and, therefore, the func-
tional volume is related to parenchymal cell volume.

In the currently used method of functional liver volume
measurement using *™Tc-GSA, the contours of the liver
are generally identified by a cut-off method. Wu et al.?*
reported that the functional liver volume using ?°™Tc-
GSA SPECT truly reflected the functional hepatocyte
mass and showed a good correlation between functional
liver volume and ICG R15. However, the functional
volume measured by the cut-off method is not suitable
because the calculation is performed based on the as-
sumption that the *™Tc-GSA is uniformly distributed
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within the liver. The functional liver volume should be
weighted depending on the degree of ™Tc-GSA accu-
mulation. In the present study, we obtained the maximum
count for all SPECT slices and estimated the slice thick-
ness of each voxel as 1.08 cm, for which the count was
above 80% of the maximum count. Furthermore, the
thickness of each voxel for which the count was between
54% and 80% of maximum was obtained by **"Tc-GSA
counts multiplied by the number of voxels in the slice to
obtain the functional liver volume. The values of 54% and
80% were determined from a previous phantom study.?°
However, in contrast with the study by Wu et al.,* none
of the preoperative laboratory tests in the present study
were correlated with functional liver volume obtained by
9mTc GSA dynamic SPECT. In the present study, the k-
value might be more sensitive to the grade of liver disease
severity than functional liver volume.

The PRI in the present study was devised by combining
the functional liver volume and the k-value. The limits of
resection of the liver were assessed by comparing the PRI
value with the patient’s post-operative course. The PRI
limit was found to be around 0.38, based on data from 2
patients who died and 3 patients who developed transient
hepatic insufficiency after surgery. This finding suggests
that the probability of hepatic failure after hepatic resec-
tion is low in cases in which the PRI is above 0.38.

Hino et al.??> have shown previously that the PRI using
99mTc_Sn colloid would be clinically more useful in liver
disease patients with clinical stage II than clinical stage I.
In their study,? in 6 of 8 patients with values below the
predictive index limit using **™Tc-Sn colloid, there were
no major problems observed during the post-operative
course, and all of these 6 patients were of clinical stage I.
In the present study, there was no difference between
clinical stage I and stage II patients. This difference
suggests that **™Tc-Sn colloid may be related to the
reticuloendothelial system, and, *™Tc-GSA to hepato-
cyte function. Thus, ®™Tc-GSA liver dynamic SPECT is
useful for preoperative assessment of liver surgery not
only in clinical stage I but also in clinical stage II patients
and may be superior to that using **™Tc-Sn colloid.

In the present study, the strongest predictive parameter
was the PRI, which was below 0.37 in patients who died
post-operatively or developed hepatic insufficiency. The
higher the PRI, the greater the residual liver function after
hepatectomy, and the greater likelihood of patient sur-
vival. The diagram shown as Figure 3 indicates that the
two patients that died were in stage II and had resection of
2 segments. Both of them were hepatocellular carcinoma
patients. The conventional criteria, such as Child-Pugh
score, remaining liver volume or parenchymal resection
rate estimated preoperatively using CT volumetry did not
predict hepatic death accompanying major hepatic resec-
tion either. Of the 3 that developed hepatic insufficiency,
two were in stage I, one in stage II and all had 3 segments
removed. The staging does not reflect directly the extent
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of spread, since 11 patients were in stage I and had 3
segment partial hepatectomy. The cutoff point of PRI 0.38
gives a positive predictive value of 71.4% and 100% for
the negative predictive value. However, the limitation of
this study is that the total number of complicated patients
was only 5 out of a total 57. Clinical trials among a larger
population are required to determine the exact role of
dynamic liver SPECT using *™Tc-GSA for the preopera-
tive assessment of liver cancer.

CONCLUSION

We have described a new method for obtaining dynamic
liver SPECT images using *™Tc-GSA to determine the
limitations of hepatectomy in patients with liver disease
and devised a predictive index to assess residual hepatic
function. The findings suggest that patients with a PRI
value above 0.38 should be able to tolerate hepatectomy
well.
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