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ABSTRACT

This study aims to determine the precision (reproducibility) of volume assessment in routine clinical computed tomography (CT)
using adrenal glands as surrogate tumors. Seven patients at our institution were identified retrospectively as having received
numerous abdominal CT scans (average 13.1, range 5 to 20). The adrenal glands were used as surrogate tumors, assuming
no actual volume change. Left and right adrenal gland volumes were assessed by hand segmentation for each patient scan.
Over 1240 regions of interest were outlined in total. The reproducibility, expressed as the coefficient of variation (COV), was
used to characterize measurement precision. The average volumes were 5.9 and 4.5 cm?® for the left and right adrenal gland,
respectively, with COVs of 17.8% and 18.9%, respectively. Using one patient’s data (20 scans) as an example surrogate for a
spherical tumor, it was calculated that a 13% change in volume (4.2% change in diameter) could be determined with statistical
significance at P=0.05. For this case, cursor positioning error in linear measurement of object size, by even 1 pixel on the CT
image, corresponded to a significant change in volume (P=0.05). The precision of volume determination was dependent on
total volume. Precision improved with increasing object size (r?=0.367). Given the small dimensions of the adrenal glands, the
~18% COV is likely to be a high estimate compared to larger tumors. Modern CT scanners working with thinner sections (i.e.
<1 mm) are likely to produce better measurement precision. The use of volume measurement to quantify changing tumor size

is supported as a more precise metric than linear measurement.
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Introduction

Tumor volume change after therapy is thought to be
predictive of therapeutic response for some cancers and
cancer treatments.!'! The assessment of tumor response
to a therapeutic regimen is often performed by measuring
tumor size using computed tomography* (CT) or other
modalities.””) However, the precision of repeated volume
measurements in CT using typical clinical scanning
protocols is not well understood. The volume of an
anatomical object in a patient assessed using CT can
change as a result of a number of factors, including the
alignment of the tumor (or object) relative to the CT
sections, patient motion, observer outlining skill, the
hardware and software tools used to delineate (mark)
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object boundaries, and the ability to clearly see the edge
of the object. A tumor can also experience a true reduction
in volume over time as a response to therapy, or it can
increase in volume, generally indicating a lack of response.
The clinical imaging protocol can also influence the
accuracy of volume assessment. Parameters such as helical
pitch, scan time, section thickness, the use of contrast
agents, window/level settings, and patient positioning in
the field of view are likely to have an effect on volume
determination. Previous studies have explored the effects
of various object and scan parameters on volumetric
accuracy and precision using phantom models,’*” but few
studies have evaluated these effects in real-world, clinical
scenarios using computed tomography.!'”)

When a measured change in tumor volume based on CT
measurements does occur, how likely is this change due to
actual tumor volume change as opposed to imprecision
in the measurement? Previous studies by Vaidyanathan
reported 17% inter-observer variability"! in brain tumors
imaged using MR. Gordon et al reported 12% to 13%
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measurement variability in pharyngeal cancer imaged on
MR.!" The purpose of this investigation was to explore
the precision (reproducibility) of volume determination in
routine clinical CT, exploiting a number of clinical cases
at our institution where patients underwent numerous
repeated abdominal CT scans over time as part of their
clinical care. For repeated abdominal CT scans, a number
of organs are visible and volumes can be determined. In
some organs, barring large changes in weight of the patient,
it would be likely that organ volume will not change over
time or it will change very little.!"" With this in mind, the
volumes of both adrenal glands were evaluated by boundary
tracing, and the volume of ecach organ was assessed over
time for cach patient. Normal mean adrenal gland volumes
have been reported to be 4.7 cm® for women and 5.7 ¢m’
for men.!" Although automatic segmentation routines are
desirable to trace the outlines of a tumor or other anatomical
structures, these routines are often unreliable and the
manual outlining capabilities of a trained human observer
remain the gold standard in this area. Previous studies have
used human detection as the gold standard and have shown
automatic and semi-automatic segmentation methods to
have lower detection success rates and reduced similarity
scores when compared to manual segmentation.!"'* Thus,
in this study, outlining the boundary of the object of interest
was performed by a trained human observer.

This study focuses on in vivo measurements using typical
CT protocols for abdominal imaging in a retrospectively
evaluated patient population. The emphasis here,
therefore, is assessment of real-world volume measurement
reproducibility, as opposed to a situation where acquisition
parameters have been optimized for quantitative volumetric
accuracy (such as thin slice imaging).

Materials and Methods

Patient selection

Hospital records at the University of California Davis
were used to identify a group of patients who had received
a large number of serial abdominal CT scans. The sample
population consisted of patients who were scanned as a result
of trauma or other common clinical symptoms requiring
abdominal CT. The imaging studies of seven patients were
evaluated, under Institutional Review Board approval,
which did not require patient consent (protocol approval
date: January 25, 2006). Only patients over the age of 18
were included in the study to ensure developmental growth
did not influence organ volumetric measurements. The
radiologist’s report accompanying cach scan was consulted
to assure that patients did not have remarkable disease in
the organs of interest that would lead to changes in volume
over time. CT scans that only partially imaged the organ
of interest were not included. One patient (Patient 7) in
the study had received a left adrenal gland resection; for
this case unilateral evaluation was performed. The study’s
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Table 1: Patient population information: Four
men and three women were included in the
study. Ages ranged from 29 to 68 years old.
The number of abdominal CT scans received by
a patient ranged from 5 to 20 scans

Patient Sex Age #CT Time
Number (vears) Scans (vears)
1 M 29 16 1.50
2 F 49 12 3.42
3 M 68 15 4.50
4 M 44 5 0.83
5 F 68 20 3.17
6 M 55 6 0.42
7 F 41 18 5.25

patient population included four men and three women
with ages ranging from 29 to 68 years old (mean, 50.6 years
old). Other patient specific information is summarized in

Table 1.

All patient abdominal CT scans were performed on either
a General Electric Lightspeed OX multi-slice scanner
(Waukesha, W1, USA) or a General Electric CT/i single-
slice scanner. Scanning parameters were determined by
established clinical protocols at our institution. All scans
were carried out at 120 kV with varied mAs. Section
thickness was 5.0 mm, although in some instances CT
section thickness varied from 5.0 to 10.0 mm. The majority
of the 92 scans evaluated were contrast enhanced and 41
were specific to the examination of renal function.

Analysis of patient images

In total, 92 series of abdominal CT images were viewed
using the picture archiving and communication system
(PACS) at our institution and the built in image analysis
software, iSite Enterprise version 3.5 (iSite Radiology, Philips,
Eindhoven, Netherlands). Images were viewed and analyzed
on a computer workstation by means of a 19-inch monitor
(Tyco Electronics, Concord, CA, USA) with a 1280 x 1024
matrix. During organ boundary tracing (i.c. segmentation),
images were magnified such that the organ of interest filled
the entire screen. Typically, a minimum magnification of
400% (by area) was used and this magnification served to
improve positioning fidelity of the pointing device, thereby
reducing cursor positioning errors. All images were viewed
consistently with the default abdominal window and level
settings (window=400 HU, level=40 HU). All regions of
interest (ROIs) were hand-outlined by a single investigator
(NDP) trained to recognize the organs of interest by an
experienced, fellowship trained radiologist (MG). Lengthy
outlining sessions were avoided to prevent observer fatigue
in processing the sizable data set. Measurement of the cross-
sectional area of each organ of interest at each slice was
achieved using the frechand ROI outlining tool incorporated
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into the PACS software. The left and right adrenal glands
(LA and RA, respectively) were each traced as a single ROI,
including the body and legs of the organ. An example of
ROI outlining is shown in Figure 1. The same methods were
used for volume measurement in contrast enhanced and
unenhanced studies. On average, seven image slices were
segmented per patient imaging study, for a total of over 160
adrenal volume measurements through the individual hand
outlining of more than 1240 ROls.

Volume calculation

The cross-sectional area of each organ of interest on cach
individual CT image was obtained using the frechand ROI
outlining tool of the PACS. The volume of ecach slice was
then estimated as the product of the area of the ROI and
the slice thickness. The total volume (V| ) for each organ
was computed as the sum of the volumes of all CT sections
that included the organ:

V

total =2 (A| : t)’
where A is the area of the ROI for the organ of interest at
the j™ slice and t is the slice thickness.

Inter-observer variability

While a single observer performed the manual
segmentation for volume assessment on all seven patients,
variability between observers in outlining ROIs was studied
by comparing the performances of two independent
observers in outlining the organs of interest from CT scans
of three of the patients. Fach observer hand-outlined the
organ of interest (LA and RA) from the same CT data
sets of the same three patients without knowledge of each
other’s measurements. In total, for the three image sets,
cach observer outlined 23 ROIs for the LA and 23 ROIs for
the RA. The ROI areas were used to calculate the volume
of the LA and RA, per each observer’s hand-outlining. The

Figure 1: Adrenal Gland Segmentation: Hand-outlining of the regions
of interest on one slice of a single scan for Patient 1. Over 160 adrenal
volume measurements were made through the individual hand outlining
of more than 1240 ROIs.

mean percent difference in calculated volume from cach
observer’s measurements ([observer 1 — observer 2]/mean)
was used to assess inter-observer variability.

Statistical analysis

The coefficient of variation (COV), defined as the
standard deviation divided by the mean, was used to evaluate
the precision in adrenal volume measurement across a
series of CT scans. The coefficient of determination, also
known as the square of the correlation coefficient (1?), was
used to compare the variation in the measured volumes of
paired organs over time. All statistics were calculated with
standard spreadsheet software (Microsoft Excel, Microsoft
Corporation, Redmond, Washington). Comparative
analyses were made using the t-test with statistical
significance assumed at P < 0.05 in all cases.

Results

Inter-observer variability

Inter-observer variability in outlining ROIs was evaluated
by comparing volume measurements on CT volume data
sets from three different patients by two independent
observers. The LA and RA volumes were assessed by both
observers. The mean percent differences ([observer 1 —
observer 2]/mean) between observers for the three LA
and three RA volume assessments was 24.7% and 19.1%,
respectively.

Adrenal gland volume assessment

The volumes of the LA and RA are plotted for three
patients against the CT scan number in Figures 2a, 2b,
and 2c. For comparison, the volume for a sphere of 10 mm
in diameter is 0.52 cm?, a 20 mm diameter sphere has a
volume of 4.2 c’, and a 30 mm diameter sphere has
a volume of 14.1 em®. The mean volumes of the LA and
RA were 5.9 = 1.6 [standard deviation] cm® and 4.5 = 2.1
cm?, respectively, which correspond to equivalent spherical
lesions with diameters of approximately 22.5 mm and 20.5
mm. The mean volumes of the LA and RA are provided in
Table 2 for each patient. The smallest adrenal was 2.7 cm?
(Patient 2) and the largest was 8.0 cm’ (Patient 3).

The COV of LA and RA volume measurement for each
patient is tabulated in Table 3. The mean COV for the
LA was 17.8%, and it was 18.9% for the RA. The COV
was plotted as a function of adrenal gland volume for
the 13 adrenal glands that were evaluated [Figure 3]. A
negative correlation was found between the two quantities
(r'=0.367) with COV decreasing as volume increased.

As an example, the 20 RA measurements (mean
volume = 3.4 cm’, SD = 0.64 cm’) from Patient 5 were
evaluated in a hypothetical exercise of the statistically
detectable change in volume. Using the two-sided paired
t-test, it was found that a 13.0% increase in true volume
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results in a statistical difference at P=0.05, and a 17.8%
increase in true volume results in a statistical difference
at P=0.01. Assuming isotropic growth of the tumor, these
volume changes of 13.0% and 17.8% correspond to linear
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Figure 2a: Adrenal volume over time. (Patient 1)
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Figure 2c: Adrenal volume over time. (Patient 3)
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changes in the dimension of the tumor of 4.2% and 5.6%,

respectively.

The coefficient of determination (r?) between LA and

Table 2: Mean organ volumes: List of mean
volumes, averaged over all CT scans for each

patient
Patient number Mean organ volume (cm?®)
Left adrenal Right adrenal

1 5.6 2.8
2 3.8 2.7
3 6.9 8.4
4 4.6 3.5
5 6.5 3.4
6 8.0 5.1
7 - 5.7
Mean 5.9 4.5
Std dev 1.6 2.1

Table 3: Coefficient of variation for volume

measurements
Patient number Coefficient of variation (COV)
Left adrenal Right adrenal
1 15.0% 23.5%
2 17.8% 18.8%
3 21.0% 11.7%
4 20.4% 21.8%
5 14.4% 19.1%
6 18.2% 20.0%
7 - 17.5%
Mean 17.8% 18.9%
Std dev 2.7% 3.8%

The coefficient of variation for each organ and patient is shown. The mean

and standard deviation were calculated using all CT scans available for

each patient
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Figure 2b: Adrenal volume over time. (Patient 2)

Figure 3: Coefficient of variation versus volume: Plotting the coefficient
of variation as a function of adrenal gland volume shows an inverse
relationship between the two variables. As volume increases, the
coefficient of variation decreases, or equivalently, the precision
increases. The coefficient of determination (r?) of the trend line is 0.367.
The error bars represent the standard error of the adrenal gland volume
measurement.
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RA volume measurements over time, as represented by the
series of CT scans performed, was calculated for all patients
[Table 4]. Overall, little correlation between adrenal gland
volume fluctuations was observed. The mean coefficient of
determination for the population was 0.195 (SD = 0.195)
and ranged from a minimum of 0.023 for Patient 4 to a
maximum of 0.495 for Patient 6. Patient 7 does not have a
cocefficient of determination because the patient only had
one adrenal gland.

Discussion

As seen in Figures 2a, 2b, and 2c, there are no obvious
trends in the size of the adrenal organs over time — that is,
the fluctuations in the RA volume are visibly uncorrelated
to the fluctuations in the LA volume. Quantitatively, this
is confirmed by the low mean coefficient of determination
for the population (r* = 0.195). If the correlation were high
between LA and RA organ volumes, this would suggest that
factors other than straightforward measurement precision
may be causing temporal changes in measured volumes.

The RECIST criterion!™ defines “partial response”
when there is a 30% decrease in a tumor’s maximum linear
dimension. This work did not specifically address the
fidelity in linear measurement; however, a change of 30%
in all three linear dimensions of an object would result in
a decrease in volume to 34.3% of its initial volume (0.343
= (0.70°). What the results of this work demonstrate is that
for objects (e.g. tumors) in the size range of the adrenal
glands (2.5 to 9 cm’), a subtle change in volume would be
easily observable given the level of measurement precision
documented here.

As described in the results, using the 20 RA measurements
(mean volume = 3.4 cm’?, SD = 0.64 cm’®) from Patient 5 as
an example, a statistically “true” change in volume would
be detectable at a 13.0% increase in volume (P=0.05) and
ata 17.8% increase in volume (P=0.01). Assuming isotropic
growth of the tumor, these volume changes of 13.0% and
17.8% correspond to linear changes in the dimension of the

Table 4: Correlation of adrenal gland volumes
Patient number

Correlation coefficient for each organ pair
rZ
0.197
0.362
0.046
0.023
0.050
0.495

N OO~ WwN =

Mean 0.195
Std dev 0.195
The coefficient of determination (r?) between left and right adrenal glands

is shown. The typical correlation between the left and right adrenal glands
was low (mean r? = 0.195)

tumor of4.2% and 5.6%, respectively. A completely spherical
tumor with a volume of 3.4 cm® has a diameter of 12.8 mm.
An abdominal CT scan produces pixel dimensions of about
0.68 mm, depending on the field of view (350 mm field of
view / 512 pixels). A positioning error of even | pixel on
the CT image therefore produces a 5.3% change in linear
dimension, which is greater than the linear change (4.2%)
associated with a spherical lesion growing by a statistically
detectable amount (P=0.05), as described above. In other
words, when using a linear measurement to measure the
change in size of an object with volume close to that of the
adrenal glands, small positioning errors, even by a single
pixel, in that linear measurement are enough to incorrectly
identify a statistically significant change in volume. As
a result, this suggests that volume measurements will
have more precision than linear measurements of tumor
dimension, suffering less from such small errors in outlining
fidelity. These findings propose that volume measurement
is a more precise measure of volume change than linear
measurement and thus support a paradigm shift toward
the use of volumetric measurement as a preferred tool for
tracking tumor growth.

The volume assessment reproducibility of approximately
18% found in this study is consistent with the findings of
others who have studied volume assessment of tumors. Van
de Langenberg reported 19.7% inter-observer variability
in volume assessment of vestibular schwannomas imaged
using MR.?"" Studies of other tumor types imaged
with MR or CT have reported measurement variability
between 13% and 28%.012251 Our study suggests that
when imaging objects (e.g. tumors) with size comparable
to that of the adrenal glands (2.5 to 9 cm?), up to an
18% variability in volume measurement can be expected
that is otherwise not attributable to true change in the
object’s size. The adrenal glands were used as surrogate
tumors, assuming no actual volume change; however,
reports on adrenal gland volume as a function of age are
conflicting, with some studies reporting no significant
volume change over time!"*" and others reporting a small,
but statistically significant, increase in volume with age.
Meier demonstrated an increase in adrenal gland volume
of approximately 0.03 ml per year between 20 and 80 years
of age,!"” which corresponds to a 0.6% annual change in
volume for an adrenal gland of average volume (5.2 cm’).
For Patient 7, whose imaging studies spanned the longest
period of time (5.25 years), this model would predict
a 3% change in adrenal gland volume over that period,
which is much smaller than the 18% volume measurement
variability identified in our study.

This study also verifies that volume assessment precision
improves with increasing object size, as one might expect
[Figure 3]. This is likely due to the relative decrease in
sampling of an object as object volume decreases, given
a fixed CT slice thickness. With the use of thin slice
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acquisition and the addition of ideal segmentation software,
better precision may be achievable. [+

Conclusion

In this study, a series of 92 C'T scans performed serially in
seven patients (13 glands) was used to evaluate CT-based
volume measurement precision, using the left and right
adrenal glands as surrogates for tumors. It was assumed that
the adrenal glands did not have true volume changes over
the measurement interval for each patient. It was found that
the relative precision for human observers hand-outlining
lesions, expressed as the coefficient of variation, averaged
about 18% (17.8% for the LA, 18.9% for the RA) for organs
with typical volume of 5.2 cm® (range: 2.7 cm® to 8.4 cm?).
This result can be interpreted as the expected precision in
repeated volumetric measurement of adrenal-sized objects,
in a real-world clinical imaging setting. Since volume
measurement is less susceptible to cursor positioning fidelity
than linear measurement, it more precisely quantifies
volume change. These results support the use of volumetric
measurement rather than linear measurement in monitoring
tumor growth, as in disease progression, or in monitoring
response to therapy. This study also showed that precision
improves with increasing object size. Clinically, volume
measurement should be used to evaluate changes in tumor
size, where 18% volume change serves as a threshold for
adrenal-sized tumors, defining the measurement precision.
Below the threshold, the observed volume change may be
due to lack of measurement precision; above the threshold,
the measurement may be a true volume change. Such a
threshold would be smaller for increasing tumor size. Future
studies exploring the dependence of volume measurement
precision on scan protocol parameters, such as C'T section
thickness, the use of contrast agents, window/level settings,
and segmentation algorithms, may build upon the findings
of this study to better define the precision for specifically
defined scan protocols.
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