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Computed Tomography Liver Volumetry Using
3-Dimensional Image Data in Living Donor Liver
Transplantation: Effects of the Slice Thickness on
the Volume Calculation
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The purpose of this study was to evaluate the relationship between the slice thickness and the calculated volume in com-
puted tomography (CT) liver volumetry through the comparison of the results from images [including 3-dimensional (3D)
images] with various slice thicknesses. Twenty potential adult liver donors (12 men and 8 women) with a mean age of 39
years (range ¼ 24-64 years) underwent CT with a 64-section multidetector row CT scanner after the intravenous injection of
a contrast material. Four image sets with slice thicknesses of 0.625, 2.5, 5, and 10 mm were used. First, a program devel-
oped in our laboratory for automated liver extraction was applied to the CT images, and the liver boundaries were deter-
mined automatically. Then, an abdominal radiologist reviewed all images onto which automatically extracted boundaries had
been superimposed and then edited the boundaries on each slice to enhance the accuracy. The liver volumes were deter-
mined via the counting of the voxels within the liver boundaries. The mean whole liver volumes estimated with CT were
1322.5 cm3 from 0.625-mm images, 1313.3 cm3 from 2.5-mm images, 1310.3 cm3 from 5-mm images, and 1268.2 cm3

from 10-mm images. The volumes calculated from 3D (0.625-mm) images were significantly larger than the volumes calcu-
lated from thicker images (P < 0.001). The partial liver volumes of right lobes, left lobes, and lateral segments were eval-
uated in a similar manner. The estimated maximum difference in the calculated volumes of lateral segments was �10.9
cm3 (�4.63%) between 0.625- and 5-mm images. In conclusion, liver volumes calculated from 2.5-mm-thick or thicker
images are significantly smaller than liver volumes calculated from 3D images. If a maximum error of 5% in the calculated
graft volume will not have a significant clinical impact, 5-mm-thick images are acceptable for CT volumetry. If the impact is
significant, 3D images could be essential. Liver Transpl 17:1427-1436, 2011. VC 2011 AASLD.
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Computed tomography (CT) liver volumetry is a tech-
nique that enables us to assess the liver volume non-
invasively. The principle of this technique is simple,
and it has been reported since the 1970s.1 With this
method, the volume of the liver can be calculated by
(1) the measurement of the area of each cross-sec-
tional image, (2) the multiplication of the area by the
slice interval to determine the slice volume, and (3)

the summing of the slice volumes to determine the
total liver volume. This technique can be used for pre-
operative measurements of the liver volumes of
donors for living liver transplantation.2,3 For living
liver transplantation, the evaluation of the total and
segmental liver volumes is crucial because the graft
size is one of the major factors determining a success-
ful outcome for both the recipient and the donor.4,5

Abbreviations: 3D, 3-dimensional; CI, confidence interval; CT, computed tomography; d, thickness, interval, or height (variable); r,
radius (variable); rmin, minimum radius (variable); rmid, middle radius (variable); rmax, maximum radius (variable); S, slice
(variable); S2, segment 2; S3, segment 3; S4, segment 4; S5, segment 5; S8, segment 8; SD, standard deviation.
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Using intraoperative liver volume measurements as
the reference standard, many researchers have
reported results for the accuracy of CT liver volume-
try. With respect to the accuracy of the technique, the
reported results have shown deviations from the refer-
ence standard that range from 0% to more than
30%.6-10 Some of the errors are considered to be due
to partial volume effects. The volume of each slice has
an inherent error due to partial volume effects, and
the errors are potentially cumulative when the slice
volumes are added to calculate the total liver volume.
A quantitative estimation of the degree of the error
could be useful for improving the accuracy of CT liver
volumetry.

Recent advances in multidetector row helical CT
technology have enabled us to obtain isotropic 3-
dimensional (3D) image data with a typical slice thick-
ness of 0.5 to 0.7 mm. With the use of 3D image data,
partial volume effects are expected to decrease consid-
erably, and the accuracy of CT liver volumetry poten-
tially can be improved. On the other hand, the work-
load (time) of radiologists or surgeons will be
substantially greater if they need to manually trace
the liver contours on each 3D image instead of the
usual 2-dimensional images because of the consider-
able increase in the number of images when thinner
slice sections are used. To our knowledge, there are
no published reports on CT liver volumetry with 3D
image data, and no studies have systematically made
quantitative estimates of the effects of slice thick-
nesses less than 1 mm (ie, 3D image data) on volume

calculations; however, some researchers have studied
the effects of slice thicknesses as low as 2 mm.11

Therefore, it is unclear whether using 3D data would
provide more accurate measurements and would,
therefore, be the preferred technique for CT volumetry
in clinical routines.

The purpose of this study was to evaluate the rela-
tionship between the slice thickness and the calcu-
lated volume in CT liver volumetry through the use of
a numerical simulation based on a simple model and
through the comparison of CT volumetry results from
images with various slice thicknesses (including
0.625-mm-thick isotropic 3D images).

MATERIALS AND METHODS

The institutional review board approved this Health
Insurance Portability and Accountability Act–compli-
ant retrospective study and waived the requirement
for informed consent.

Numerical Simulation

In order to examine the effects of the slice thickness
on the accuracy of volumetry, we performed a numeri-
cal simulation based on a simple model. In this simu-
lation, the volume of a sphere with a radius of 8 cm
was calculated (Fig. 1). We used a sphere instead of
the actual liver shape in this simulation because we
thought that it would be adequate for a rough estima-
tion of the effects being studied.

Figure 1. This drawing of the spherical model used for the numerical simulation shows a cross-section of a sphere with a radius of 8
cm at y ¼ 0. The y axis is perpendicular to the plane of the paper. The center of the sphere is located at the origin of the coordinate
system. The rectangles show cross-sections of CT slices, which are perpendicular to the z axis; both the thickness and the intervals
are d millimeters. The center of the sphere is located in the middle of a slice and at the center of the slice plane. For a given slice S,
the volume of a part of the sphere within slice S can be approximated by the volume of a cylinder with a radius of r millimeters and a
height of d millimeters. The volume of the cylinder was calculated on the basis of 3 assumptions for the radius: (A) rmin, (B) rmid, and
(C) rmax. The total volume of the sphere was approximated as the sum of the volumes of these cylinders.
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The rectangles in Fig. 1 show cross-sections of CT
slices with thicknesses and intervals of d millimeters.
The center of the sphere is located in the middle of a
slice and at the center of the slice plane. For a given
slice S, the volume of a part of the sphere within slice
S can be approximated by the volume of a cylinder
with a radius of r millimeters and a height of d milli-
meters. The volume of the cylinder was calculated on
the basis of 3 assumptions for the radius: (A) the min-
imum value (rmin), (B) the middle value (rmid), and (C)
the maximum value (rmax). The minimum and maxi-
mum distances between the z axis and the surface of
the sphere in slice S (ie, rmin and rmax) were used as
the cylinder radii for the minimum and maximum
assumptions, respectively. For the middle assump-
tion, the distance between the z axis and the surface
of the sphere at the middle of slice S (ie, rmid) was
used as the cylinder radius. The total volume of the
sphere was approximated as the sum of the volumes
of these cylinders. The true volume of the sphere
should lie between the values calculated with the min-
imum and maximum assumptions. As the slice thick-
ness/interval decreases, the difference between the
values of the minimum and maximum assumptions
will also decrease.

Potential Liver Donors

Between January 2006 and March 2007, 37 consecu-
tive potential donors for living liver transplantation
were examined with 64-section multidetector row heli-
cal CT. The exclusion criteria included a fatty liver (n
¼ 8), benign or malignant liver tumors (n ¼ 8), and
liver cysts more than 2 cm in diameter (n ¼ 1). There-
fore, 20 potential donors with a mean age of 39 years
(range ¼ 24-64 years), including 12 men and 8
women, were enrolled in the study. The mean body
weight was 61 6 10 kg (range ¼ 40-82 kg), and the
mean body height was 165 6 10 cm (range ¼ 146-178
cm). The standard liver volumes were calculated with
a formula previously described by Urata et al.12 Two
of the potential donors each had 2 liver cysts that
were less than 1 cm in diameter. Another potential do-
nor had 4 liver cysts that were less than 5 mm in di-
ameter. The remaining 17 potential donors had no
focal liver lesions. The sample size was calculated for
detecting a 1% difference between the liver volumes
calculated from 2 image sets with a power of 0.8 and
an a type I error of 0.05; a sample size of 10 was
required. With this in mind, we chose a sample size of
20.

CT Examination

All potential liver donors were scanned with a 64-sec-
tion CT scanner (LightSpeed VCT, GE Healthcare, Mil-
waukee, WI) after they fasted for at least 4 hours. The
details of the protocol are shown in Table 1. All
images were stored in a picture archiving and commu-
nication system.

Liver Volume Measurements

Portal venous phase images were used in this study.
For each potential donor, 2 image sets with different
slice thicknesses and intervals (0.625 mm/0.625 mm
and 5 mm/5 mm) were retrieved on a personal com-
puter (2.7-GHz Xeon Quad-Core, Intel, Santa Clara,
CA). Images with a 2.5-mm thickness and a 2.5-mm
interval were reconstructed from 0.625-mm/0.625-
mm images through the averaging of 4 contiguous
0.625-mm images. Similarly, images with a 10-mm
thickness and a 10-mm interval were reconstructed
from 5-mm/5-mm images through the averaging of 2
contiguous 5-mm images. Therefore, 4 image sets
with slice thicknesses of 0.625, 2.5, 5, and 10 mm
were available for this study. The image intervals
equaled the slice thicknesses (ie, there was no slice
overlap).

First, a program for automated liver extraction was
applied to 0.625-mm 3D CT images, and the liver
boundaries were obtained automatically for each

TABLE 1. Parameters for CT Imaging

Parameter Value

Scanning
Detectors (n) 64
Section thickness (mm) 0.625/5
Section interval (mm) 0.625/5
Rotation time (seconds) 0.4
Helical pitch 1.375
Table movement
(mm/rotation)

55

Field of view (cm) 34.5
Pixel matrix 512 � 512
Tube voltage (kVp) 120
Tube current (mA)* 100-750
Approximate acquisition
time (seconds)†

2 (each phase)

Contrast agent
Type Iohexol‡

Concentration
(mg of iodine/mL)

300

Mean volume (mL) 135 (range ¼ 94-145)
Injection rate (mL/second) 3.2-5.0

*The tube current was modulated with an automatic
exposure control technique (Auto mA and Smart mA, GE
Healthcare). The noise index was set to 12.

†After the acquisition of unenhanced CT images, each
potential donor was administered an intravenous
contrast medium and was scanned during the early
arterial, late arterial, and portal venous phases. For the
timing of the start of the early arterial phase imaging, a
bolus-tracking technique (SmartPrep, GE Healthcare)
was used, and early arterial phase scanning was started
10 seconds after the trigger threshold (50 HU) was
reached at the level of the supraceliac abdominal aorta.
For the late arterial and portal venous phases, the
scanning delays were 22 and 64 seconds, respectively,
after the trigger threshold was reached.

‡Omnipaque 300 (GE Healthcare).
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case. The software was developed in the our labora-
tory with 3D geodesic active contour segmentation
coupled with a level-set algorithm.13,14 Second, an ab-

dominal radiologist with 15 years’ experience in hepa-
tobiliary imaging reviewed every eighth image (5-mm
intervals) on which automatically extracted bounda-
ries had been superimposed. The radiologist edited
the boundaries to enhance the accuracy of the volu-
metry with a specially designed software tool that was
developed in the our laboratory laboratory. In other
words, the radiologist edited the boundaries on a
0.625-mm 3D image, skipped 7 images, edited the
boundaries of another image, and then repeated the
procedure. Third, the program for automated liver
extraction was again applied to the images. This time,
the process retained the manually corrected contours
on every eighth slice, and none of the manual correc-
tions were lost in the process. Fourth, the radiologist
edited the contours on every fourth slice (2.5-mm
intervals). Fifth, the automated liver extraction pro-
gram was applied again, and the manually corrected
contours were retained. Finally, the radiologist edited
the boundary on every slice, and the contours of every
slice were determined for the 0.625-mm 3D image set.
The manual correction process was performed care-
fully, and the mean time required for its completion
per case was 98 minutes (range ¼ 85-122 minutes).
The inferior vena cava, the main trunk and bilateral
first branches of the portal vein, and the major fis-
sures were excluded during the manual editing pro-
cess (Fig. 2). The hepatic veins were included in the
liver region. Then, the contours of 0.625-mm 3D
images were transferred to the 2.5-, 5-, and 10-mm
image sets. The radiologist edited the contours of ev-
ery slice for these thicker images, and the contours of
every slice were determined for the 2.5-, 5-, and 10-
mm image sets. The whole liver volume was deter-
mined via the counting of the voxels within the liver
boundaries in each case. Additionally, the radiologist
drew the borders between the liver segments on CT
images in a similar fashion. Then, the volumes of
right lobes [Couinaud segment 5 (S5) to segment 8
(S8)], left lobes [segment 2 (S2) to segment 4 (S4)],
and lateral segments [S2 and segment 3 (S3)] were
also determined.

Figure 2. Liver contours on axial CT images after manual editing
show the isolation of the liver from the surrounding structures.
The inferior vena cava, the main trunk and bilateral first branches
of the portal vein, and the major fissures are excluded from the
liver region. The contours are drawn on (A) a 0.625-mm 3D image
and (B) a 10-mm image. Partial volume effects are much more
prominent on the 10-mm image versus the 0.625-mm image.

TABLE 2. Results of the Numerical Simulation

Slice Thickness/

Interval (mm)

Differences (%)

Assumption A:

Minimum

Assumption B:

Middle

Assumption C:

Maximum

10 �9.143 �0.391 9.570
5 �4.634 �0.098 4.736
2.5 �2.331 �0.024 2.356
1.25 �1.169 �0.006 1.175
0.625 �0.585 �0.002 0.587

NOTE: The values are the percentage differences between the volumes of a sphere with an 8-cm radius:

Difference ð%Þ ¼ ðCalculated volume based on the simulation � Exact volume Þ= Exact volume � 100

The exact volume of the sphere was (4/3)p � 83 or 2144.66 cm3.
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Statistical Analysis

The calculated volumes from image sets with different
slice thicknesses were compared. The differences
between the image sets in terms of the mean calcu-
lated liver volume were analyzed statistically with a
multiple-comparison analysis (Dunnett pairwise mul-
tiple-comparison t test). In this test, the 0.625-mm 3D
image set was chosen as the control group against
which the other 3 image sets (2.5-, 5-, and 10-mm
images) were compared. Statistical analyses were per-
formed with SPSS 11.0 for Windows (SPSS, Inc., Chi-
cago, IL). A 2-tailed P value less than 0.05 was con-
sidered to indicate a statistically significant
difference.

The statistical analysis for assessing the agreement
between the volumes calculated with the 4 different
image sets was performed with the method described
by Bland and Altman.15,16 The intraclass correlation
coefficients were also calculated as a measure of the
agreement.

RESULTS

The results of the numerical simulation are presented
in Table 2. When a slice thickness of 10 mm was
employed, the numerical simulation showed that the
maximum difference between the exact volume of a
sphere with an 8-cm radius and the calculated value
based on simulations was 9.570% (assumption C),
although it was less than �0.4% when the contour of
the middle of the slice was used for the calculation
(assumption B). The maximum difference was reduced
when the slice thickness was reduced, and it was less
than 0.6% when the slice thickness was 0.625 mm.

For the potential liver donors, the liver volumes esti-
mated with CT liver volumetry are displayed in Table
3. The intraclass correlation coefficients were 1.000
(0.625-mm images versus 2.5-mm images), 1.000
(0.625-mm images versus 5-mm images), and 0.999
(0.625-mm images versus 10-mm images) for whole
liver volumetry, and the differences were statistically
significant (P < 0.001). Scatter plots showed excellent
agreement between the calculated whole liver volumes
from 0.625-mm images and 2.5-, 5-, and 10-mm
images (Fig. 3), although the calculated volumes from
0.625-mm 3D images were significantly larger than
those from thicker slice images (2.5-, 5-, and 10-mm;
P < 0.001 for all comparison pairs). Bland-Altman
plots showed no discrepancies with respect to the
sizes of the whole liver volume measurements, and a
thinner slice thickness showed a smaller degree of
dispersion around the horizontal axis (Fig. 4). The
means, the standard deviations (SDs) of the differen-
ces, the 95% limits of agreement, the widths of the
95% limits of agreement, the 95% confidence intervals
(CIs) for the bias, the 95% CIs for the lower limit of
agreement, and the 95% CIs for the upper limit of
agreement are summarized in Table 4 for volumes
from 2.5-, 5-, and 10-mm images versus 0.625-mm
3D images.
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Figure 5 presents scatter plots of whole liver volumes
estimated from 0.625-mm images versus standard
liver volumes calculated from the body surface area.
Urata et al.’s formula for the standard liver volume12

underestimated the liver volumes, especially for
patients with liver volumes greater than 1400 cm3.

DISCUSSION

Researchers have reported that a liver recipient with a
graft-to-recipient weight ratio less than 0.8% has a

significantly lower chance of survival.17 Therefore, if
the graft-to-recipient weight ratio is expected to be
approximately 0.8% before the operation, surgeons
sometimes want to know the value with greater accu-
racy. In this respect, it is desirable for us to estimate
the degree of error due to various factors. Although
volumes calculated from 0.625-mm 3D images could
be expected to be more precise than volumes calcu-
lated from thicker images because of the lower partial
volume effects with 3D images, it was unclear how

Figure 3. Scatter plots of estimated whole liver volumes from
0.625-mm 3D images versus (A) 2.5-, (B) 5-, and (C) 10-mm
images. The volumes estimated from the thicker images were
smaller than those estimated from the 0.625-mm images. The
solid lines represent the line of equality.

Figure 4. Plots of the differences between estimated whole liver
volumes from 0.625-mm images and (A) 2.5-, (B) 5-, and (C) 10-
mm images versus their averages. There were no discrepancies
with respect to the sizes of the liver volume measurements. A
thinner slice thickness showed a smaller degree of dispersion
around the horizontal axis.
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different volume calculations would be with 3D data.
This prompted us to conduct this study, which is the
first detailed report in which the effects of the slice
thickness [ranging from 0.625 mm (ie, isotropic 3D
data) to 10 mm] on the calculated liver volume have
been quantitatively evaluated. The liver volumes cal-
culated on the basis of CT volumetry increased as the
slice thickness decreased, probably because of
reduced errors from partial volume effects. Although
some previous research on CT and magnetic reso-
nance organ volumetry showed similar tenden-
cies,11,18-20 isotropic 3D image data were not included
in those studies. Our data could be useful for estimat-
ing and improving the accuracy of CT liver volumetry.

The maximum differences in the volumes calculated
from 0.625-mm-thick and thicker images were esti-
mated with the 95% limits of agreement (Table 4):
�17.8 cm3 (�1.29%) for 2.5-mm images, �26.8 cm3

(�2.22%) for 5-mm images, and �78.0 cm3 (�6.18%)
for 10-mm images for whole livers; �10.6 cm3

(�1.19%) for 2.5-mm images, �25.3 cm3 (�2.98%) for
5-mm images, and �50.2 cm3 (�5.97%) for 10-mm
images for right lobes; �11.2 cm3 (�2.40%) for 2.5-
mm images, �17.3 cm3 (�4.09%) for 5-mm images,
and �43.3 cm3 (�9.92%) for 10-mm images for left
lobes; and �9.2 cm3 (�3.81%) for 2.5-mm images,
�10.9 cm3 (�4.63%) for 5-mm images, and �35.6
cm3 (�15.1%) for 10-mm images for lateral segments.
These values agree with our rough estimates based on
the numerical simulation. The percentages were larger
for partial livers versus whole livers. This suggests
that the effects of the slice thickness on volume calcu-
lations are larger for smaller objects. For lateral seg-
ments (ie, the smallest grafts), the percentage was
approximately �5%. According to our results, if a
maximum error of 5% in the graft volume is accepta-
ble and will not have a clinical impact, 5-mm-thick
images are acceptable for CT liver volumetry, and
0.625-mm 3D images are not required. In contrast, if
an error of 5% in the graft volume is unacceptable,
3D data could be essential for CT volumetry.

Reported results for the accuracy of CT liver volu-
metry show deviations from the reference standard
that range from 0% to more than 30%,6-10 although
none of these results were based on CT liver volume-
try with 3D image data. Nakayama et al.9 reported
that the mean liver volume calculated with liquid-dis-
placement measurements after the surgical operation
was larger than the volume calculated by preoperative
manual CT volumetry by only 2.4% for liver recipients
who underwent living liver transplantation. Our data
suggest that this small degree of error might be
explained by the effect of the slice thickness to some
extent because Nakayama et al. used 5-mm images in
their study. On the other hand, Lemke et al.10

reported that the mean liver volume calculated during
the surgical operation was 34% smaller than the vol-
ume calculated by preoperative CT volumetry for liv-
ing donor right liver lobes with 7.5-mm images. Our
data suggest that the large degree of error reported by
Lemke et al. cannot be explained by the effects of the
slice thickness. A number of causes for errors, such
as the imaging technique and partial volume effects,
the hepatic physical density, the exact contour and
segment recognition, the intraoperative drainage of
liquids from the liver, and hepatic volume deviations,
have been suggested.10 The difference between the
assumed liver cutting line before the operation and
the actual cutting line in donor liver resection is
another of the various potential causes for errors.
Lemke et al. speculated that the influence of perfu-
sion on the liver volume could account for the large
discrepancy that they reported. Meanwhile, in associ-
ation with advanced cirrhosis, the portal venous flow,
which is the predominant source of blood volume to
the liver, is often reduced. Therefore, the pathological
variations in size and weight from in vivo to in vitro
would be lessened with greater degrees of portal
hypertension. This could cause the small discrepan-
cies reported in Nakayama et al.’s study, in which
most subjects had cirrhotic livers. The relative signifi-
cance of the various potential factors that could cause
measurement errors in CT liver volumetry could
depend on the degree of liver disease.

Because 3D images have lower partial volume
effects, it would be reasonable for volumes calculated
from 0.625-mm 3D images to be more precise than
volumes from 5-mm images. However, more time and
effort are required with 0.625-mm 3D images versus
5-mm images because the number of 0.625-mm 3D
images is 8 times greater than the number of 5-mm
images. In other words, it could potentially take 8
times longer to draw the boundaries. In fact, the aver-
age time required for completing the manual correc-
tion was 98 minutes for 0.625-mm 3D images in this
study, whereas the processing time for manual seg-
mentation is usually 20 to 50 minutes for 5-mm
images.9,14 Therefore, radiologists and surgeons
should try to achieve a good balance between accu-
racy and workload. The knowledge derived from this
study could be helpful in determining the optimal
slice thickness for clinical practice.

Figure 5. Scatter plots of whole liver volumes estimated from
0.625-mm images versus standard liver volumes calculated from
the body surface area.
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Because the widths of the 95% limits of agreement
for the calculated liver volumes were narrow (ie,
1.18% on 2.5-mm images, 2.58% on 5-mm images,
and 3.96% on 10-mm images for whole livers), we
might be able to estimate liver volumes with greater
accuracy from thicker images if we compensated the
calculated values with the mean volume differences,
as some researchers have proposed.10,20-22 However,
because the mean differences between the calculated
volumes from 3D images and thicker images could
depend on many factors (eg, CT scanners, reconstruc-
tion algorithms, and window settings), further investi-
gations are needed before this compensation tech-
nique can be employed.

Some researchers have reported that actual liver
volumes are smaller than those calculated with CT
volumetry.7,10,22 This phenomenon has been
explained by the effects of physiological perfusion on
the liver volume or the intraoperative drainage of
liquids from the liver. On the other hand, our results
showed that liver volumes calculated from 0.625-mm
3D images were significantly larger than volumes
from thicker images. Therefore, it is possible that liver
volumes calculated from 3D images could show a
larger degree of error than volumes from thicker
images. If 3D images are going to be used for CT liver
volumetry, this possible paradoxical effect should be
kept in mind.

This study has several limitations. First, no surgical
specimens were obtained for direct comparisons.
However, because the purpose of this study was to
evaluate the relationship between the slice thickness
and the calculated volume in CT liver volumetry, we
were afraid that comparisons between calculated vol-
umes and surgically evaluated volumes would make
things more complicated. Second, only 1 radiologist
was involved in CT liver volumetry. However, because
the interobserver variation for CT volumetry is consid-
ered to be small,23 we believe that this was unlikely to
have been a substantial limitation.

In conclusion, the liver volume calculated with CT
volumetry significantly increases as the slice thick-
ness decreases. With current technologies, this
has potential implications for the work load of radiol-
ogists and surgeons. If a maximum error of 5% in the
calculated graft volume will not have a significant
clinical impact, 5-mm-thick images are acceptable
for CT liver volumetry. However, if an error of 5% is
unacceptable, 3D data could be essential for CT
volumetry.
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