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Abstract A 25% increase in bidimensional products
(BPs) of tumor diameter has been used as a criterion for
brain tumor progression. We studied intra-observer vari-
ability in measurements of BPs. Ten patients with contrast-
enhancing glioblastoma multiforme underwent baseline
and follow-up MR imaging. Seven observers measured BPs
in various planes. Differences in BPs between scans were
expressed as a percentage of baseline. This calculation was
performed for both readings of the baseline and follow-up
scans. Differences between change from baseline to
follow-up on each reading (termed D values) were calcu-
lated for each reader (total of 196 D values). Median
D value in each plane was calculated for each reader.
Range of D values was 12.36-33.64% in axial plane
(average 10.63%), 12.18-38.62% in coronal plane (average
26.84%) and 15.12-35.48% in sagittal plane (average
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26.11%). Across all planes, 88 (45%) D values were >25%.
When all imaging planes for any single observation were
combined, in 76% of cases, at least one D value of >25%
was seen. Based on the high degree of intra-observer var-
iability, tumor measurements producing an increase in BP
of >25% can routinely be obtained solely by chance.
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Introduction

Methods of assessment of tumor response to treatment are
a topic of great interest because of their importance for
development of clinical trials. The major method in use for
assessing response of high-grade brain tumors to therapy
for the past few decades has been the Macdonald criteria,
which uses the product of two perpendicular measurements
in the largest area of contrast-enhancing tumor as a metric
[1]. However, a number of deficiencies in use of these
criteria have been noted [2, 3]. In an attempt to take some
of these limitations into account, revised criteria have been
suggested by the response assessment neuro-oncology
(RANO) working group, which attempt to overcome some
of the limitations of the Macdonald criteria [4]. However,
the new criteria continue to employ bidimensional product
(BP) of measurements of enhancing tumor (in addition to
other features).

Techniques that are heavily reliant on manual mea-
surements are subject to variability within, and between,
observers. A major issue in any type of tumor measurement
is the issue of reproducibility. In studies evaluating inter-
observer variability in brain tumor measurements, poor
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inter-observer reproducibility has been shown [5, 6]. In a
previous study, we found marker variability between
observers of similar training in measuring BP measure-
ments in a series of high-grade brain tumors [6]. Such
variability resulted in marked differences between
observers as to whether a tumor would have been judged as
stable or showing progression.

As opposed to inter-observer variability, the topic of
intra-observer variability in measuring diameter of con-
trast-enhancing tumors has rarely been addressed [7].
Differences within measurements within the same observer
also have the potential for affecting the determination as to
whether a brain tumor is stable or has undergone pro-
gression. In the present study, we evaluated intra-observer
variability in contrast-enhancing primary brain tumors.

Methods
Study population and entry criteria

Ten patients were randomly selected for inclusion in this
study. Entry criteria included a previous MR scan that
showed contrast-enhancing tumor, biopsy or surgery-pro-
ven diagnosis of high-grade (i.e., World Health Organiza-
tion grade III or grade IV) glioma, and ability to provide
informed consent. All patients underwent a second MR scan
using the same imaging protocol within 12 weeks. This
study was approved by the institutional review board (IRB)
at our hospital. All patients provided informed consent. A
waiver of informed consent was provided by our IRB to
allow inclusion of observers as research subjects.

Tumor imaging characteristics

All ten tumors chosen for the analysis were solitary. Three
tumors had central regions of necrosis, five tumors had
resection cavities, and two tumors had neither feature. Four
tumors had ill-defined borders consistent with visible local
infiltration and six tumors had discrete borders.

All scans were performed on a 1.5T MR scanner (GE
Healthcare, Milwaukee, WI). The following scans included
contrast-enhanced T1-weighted images (TR 480 ms, TE
14 ms) with 5 mm slices and 2.5 mm interslice gap and
contrast-enhanced coronal T1-weighted SPGR images
(TR 12 ms, TE 5 ms) with 1.2 mm slices. In eight patients,
images were reconstructed in the sagittal plane at 1.6 mm
contiguous slices from the coronal SPGR data set.

Image display and measurement techniques

MR scans were anonymized using eFilm (Merge Health-
care, Milwaukee, WI). Seven observers (four residents and
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three radiologists within 5-10 years of specialized training
in neuroradiology) performed tumor measurements. For the
first reading, observers individually viewed images on a
desktop computer using eFilm software (Merge Healthcare,
Milwaukee, WI) during two sessions within the same
week. After a period between 6 and 12 weeks elapsed (to
prevent recall bias), the observers repeated the tumor
measurements.

In eight patients, the tumor was measured in all three
planes; in two patients, no sagittal images were produced,
giving 28 bidimensional measurements for the ten patients
per observer for each reading session.

Observers were provided with a set of 20 scans in a
single reading, consisting of the first and second scan for all
ten patients. Observers were not told that all scans were
from ten patients (i.e., in pairs). For tumor measurements,
the entire data set (rather than solely selected images) were
available. For any single scan, observers placed electronic
calipers on images in each plane and measured tumor
diameters in two orthogonal directions to obtain the
greatest BP. They recorded products and slice chosen on a
paper form, which was then entered into an electronic
database.

Determination of change in bidimensional products
on first reading

Observers measured diameters in the axial, sagittal and
coronal planes and obtained the maximal BP in each plane
for the first scan, which was termed BP,, for the axial
plane, BP,,,, for the sagittal plane, and BP,,, for the
coronal plane (Fig. 1). They repeated the procedure for the
second scan to obtain BP,,,, BPy,¢», and BP,,,». Observers
were not asked to make an assessment of tumor stability or
progression but merely to record tumor dimensions.

The analyst then calculated the percent difference
between the maximal BP on the first scan (e.g., BP,,;) and
that on the second scan (e.g., BP,y,) in each plane, which
was designated as ABP,,, for the axial plane, ABP,,, for the
sagittal plane, and ABP,,,. for the coronal plane (Fig. 1).

Determination of change in bidimensional products
on second reading

The observers repeated the measurements after an interval
of 6-12 weeks, which was deemed a time interval suffi-
cient to prevent recall from the first measurements. They
performed the measurements in the same manner as on the
first reading to obtain maximum BPs in each plane for
the first scan (termed BP',; for the axial plane, BP',,; for
the sagittal plane, and BP’,,,, for the coronal plane and the
second scan) and maximum BPs for the second scan (i.e.,
BP' 12, BP 5400, and BP',,» (Fig. 1).
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Fig. 1 Depiction of steps performed in the study. Observers
measured maximum tumor diameters (upper left) on the initial MR
scan (x;, y;) and follow-up MR scan (x,, y,) in all imaging planes.
Observers repeated measurements (lower left) on the same scans
6—12 weeks later to obtain repeat maximum diameters on initial scans
(¥'1, y'1) and follow-up scans (x5, y'5). The analyst computed percent
difference between BPs for the first reading of the initial scan and the
follow-up scan, to obtain ABP. In this diagram, solely ABP in the

The analyst then calculated differences in the BPs for
this second reading, which were designated as ABP’,,, for
the axial plane, ABP',,, for the sagittal plane and ABP',,
for the coronal plane.

Differences in change in bidimensional products
between readings

The analyst derived the absolute difference between the
endpoints in each plane of the first reading (e.g., ABP,,)
and that on the second reading (ABP’,,,). This difference we
termed D, where D,, is defined by the equation D,, = abs
(ABP',, — ABP,,) and so on for each plane. This value
D was the major finding of interest in this study.

Computation of percent of all readings having
a D value >25%

For this computation, we used the total of D values in
all planes as the denominator. The total number of
D values was 196, based on ten axial, ten coronal and
eight sagittal readings for each of seven observers
recording measurements in ten tumors. We arbitrarily
designated a D value >25% as of importance because
the Macdonald criteria use that metric as a criterion of
tumor progression.

axial plane, i.e., ABP',, is depicted (right, top row). However, the
same procedure was performed for all three imaging planes. The
analyst then performed calculations for the second reading of scans to
obtain percent difference in BP for the second reading. In this
example, it is performed for the axial plane, producing ABP/,.
Finally, the analysts computed the difference between reading
sessions, termed D (right, lower row)

Differences in changes in bidimensional products
by imaging plane

A second finding of interest was the determination whether
the rate of D values >25% were the same in all three
imaging planes. We recorded the number of times a
D value >25% was seen for each imaging plane to com-
pute the total numbers of such measures. We also deter-
mined, for each reader, the median difference between the
change in BPs between the first reading in the axial plane
(termed D,,), sagittal plane (D,,,) and coronal plane (D).
These median values for these measurements are recorded
in Table 1.

Differences in changes in bidimensional products
by tumor

We recorded the number of times a D value >25% was
seen for each tumor in order to determine whether specific
tumors were associated with higher rates of D values
>25%.

Differences in changes in bidimensional products
by observer

We calculated the number of times each observer produced
a D > 25% in any plane. In order to introduce a further
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Table 1 Median D value (i.e., the percent difference between
changes in tumor size on the first reading and the second reading) for
each observer in each imaging plane

Observer Median D, Median D,.,,, Median D,,,
1 17.18 (40%) 26.93 (50%) 19.44 (38%)
2 19.62 (30%) 36.19 (70%) 35.48 (63%)
3 33.64 (50%) 36.07 (70%) 25.68 (50%)
4 24.25 (40%) 38.62 (70%) 35.42 (63%)
5 16.82 (30%) 19.94 (40%) 15.12 (50%)
6 12.36 (10%) 12.18 (30%) 31.90 (63%)
7 20.56 (20%) 17.93 (30%) 19.75 (38%)
Average 20.63 (31%) 26.84 (51%) 26.11 (52%)

Percent of D values >25% are shown in parentheses

measure of extent of disagreement within observers, we
also measured how often D values were >50%.

We recorded number of D values for individual
observers in each plane and also number of D values for
radiology residents and practicing radiologists. We also
determined whether the rate of D values >25% was sub-
stantially different for preoperative tumors as compared to
tumors that had undergone partial resection.

Discordance in tumor status determinations
between readings

We did not ask observers to provide a designation as to tumor
status (i.e., partial response, stable or progression) according
to Macdonald criteria. However, we were able to retrospec-
tively assign tumor status based on each reading. Thus, on the
first reading, if the difference in tumor size measurements was
>25% in any one plane, we designated the status as pro-
gressive disease (PD). For changes in tumor size <25% or
with a decrease in size of <50% in all imaging planes, the
status was designated as stable disease (SD). If a decrease in
tumor size exceeded 50% in any imaging plane, the tumor
was designated as showing partial response (PR). If all
enhancing tumor was absent on the second scan, the tumor
was designated as showing complete response. Because
seven observers measured ten tumors, 70 possible concor-
dance or discordance events were possible.

We next examined the rate of discordance of progres-
sion/stable disease according to imaging plane. A total of
70 possible concordance or discordance events existed in
the axial plane, 70 possible events in the coronal plane and
(because sagittal measurements were solely available in
eight tumors), 56 possible events in the sagittal plane.

Statistical analysis

Calculations were obtained using Microsoft Excel 2008 for
Mac (Microsoft; Redmond, WA). Plots were generated
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with Prism for Mac, version 5.0d (GraphPad Software; La
Jolla, CA).

Results

As an estimate of the range of tumor sizes, the range of the
mean BP in the axial plane on the first scan was
2.1-11.27 cm? (mean 6.8 cmz).

Differences in bidimensional products on either the first
or second reading

In the axial plane, median ABP; and ABP, values ranged
from —23 to 16.1%, in the coronal plane, from —29.7 to
18.1% and in the sagittal plane from —43.6 to 11.5%. Note
that unlike the D values displayed later (which are absolute
values), the ABP; and ABP, values can have positive or
negative values depending on whether BP on the follow-up
scan greater or less than the initial scan.

Differences in change in bidimensional products
between readings

D values (Table 1) ranged between 12.4 and 33.6% in the
axial plane (average 20.6%), 12.2 and 38.6% in the coronal
plane (average 26.8%) and 15.1 and 35.5% in the sagittal
plane (average 26.1%).

Differences in changes in bidimensional products
by imaging plane

For all tumors, across measurements in all imaging planes,
88 of the 196 (45%) measures of D were >25% (Table 2).
These included 23 D values >25% in the axial plane (33%
of axial readings), 36 D values >25% in the coronal plane
(51% of coronal readings) and 29 D values >25% in the
sagittal plane (52% of sagittal readings). The number of
D values >50% were 9 (13%) in the axial plane, 17 (24%)
in the coronal plane and 8 (14%) in the sagittal plane.

Median D values in each plane for each observer are
shown in Table 1. The average of D values in the axial
plane for all observers was 20.63% in the axial plane,
26.84% in the coronal plane, and 26.11% in the sagittal
plane.

Differences in changes in bidimensional products
by tumor

Figure 2 shows that in 8 tumors (i.e., all except tumors 2
and 9), more than half of observers (i.e., >4) recorded
D values >25% in at least one plane. In 4 tumors (i.e.,
tumors 4-7), more than half the observers produced
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Table 2 Number of D values >25% for each tumor in the axial (D,,),
coronal (D,,,), and sagittal (D,,,) imaging plane

Tumor Do > 25% Deor > 25% D, > 25%
1 1 (1) 1 (0) 4 (0)
2 0 1 (1) 0

3 1 (0) 32) 6 (2)
4 4(2) 5 (1) 32)
5 6 (2) 6 (2) 5(2)
6 4 (1) 1 (0) 5(1)
7 32) 6 (5) 4 (1)
8 1) 4 (0) 2 (0)
9 3(0) 3(1) -
10 0 6 (5) -
Total 23 (9) 36 (17) 29 (8)

Number of values >50% are shown in parentheses

D values >25% in two imaging planes. Tumors 1, 3, 5, 7,
and 9 had resection cavities. The occurrence of D values
>25% was very similar for those tumors as for the
remaining tumors (Fig. 2). Therefore, presence or absence
of a resection cavity did not substantially affect observer
performance.

Differences in changes in bidimensional products
by observer

Numbers of observers for whom D was >25% in any plane
are shown in Fig. 2. For all observers and for any single
tumor, a D value <25% was produced in all imaging planes
in only 24% of cases. For radiology residents, this value
was attained in only 15% of tumors; for radiologists, the
value was attained in 37% of cases.

Figure 3 shows the number of instances when a D value
>25% or >50% was produced in any imaging plane.
A total of 28 D values were provided by each observer. The
figure shows that the number of D values <25 per observer
ranged from 12 (43% of observations) to 19 (68%), those
>25 but <50% ranged from 6 to 9, and those >50% ranged
from 2 to 8.

Discordance in tumor status between readings

In 29 of the 70 events (41%), a discrepancy in tumor status
was noted. These include 25 instances in which the
observer’s measurements would be classified as SD on one
reading and PD on the other, three instances in which
measurements would be classified as SD on one reading
and PR on the other, and one instance in which measure-
ments would be classified as PR on one reading and PD on
the other.
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Fig. 2 Bar graph showing the number of observers for whom D was
>25% in any imaging plane. For each tumor, one bar for each
imaging plane is present. The ten individual tumors are listed on the
x-axis; number of observers for whom D was >25% are shown on the
y-axis. D values >25% but <50% are shown in solid bars and
D values >50% are shown in open bars. In 8 of 10 tumors, more than
half of the observers produced a D value of >25% in at least one
imaging plane

(]
wm
J

M Reader 1
W Reader 2

- n
o =]
L

Number of readings in each
category of D values per reader
=

D<25% 25% = D <50% D =50%

Categories of D values

Fig. 3 Bar graph showing the number of times. a D was <25%,
b >25% but <50% or ¢ >50% for each observer (n = 28 for each
observer). For observers 2—4, at least half of the time, D was >25%
and often greater than 50%. Number of D <25% per observer ranged
from 12 (observers three and four) to 19 (observers six and seven),
those >25 but <50% ranged from six (observer six) to nine (observers
one and three), and those >50% ranged from two (observer seven) to
eight (observer four)

Discordant readings per imaging plane included 22
(31%) in the axial imaging plane, 32 (46%) in the coronal
plane, and 24 in the sagittal plane (43%).

Discussion

Previous studies have generally have not addressed the issue
of intra-observer or inter-observer variability [7, 8, 10-12].
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The major finding in this study was that intra-observer vari-
ability, defined as a >25% difference between measurements
of change in tumor size of the same sets of MR scans, was
high. In 76% of instances the difference between the change
in tumor size on the two readings differed by >25% in at least
one imaging plane. In about one-fourth of instances, a >25%
difference was encountered in two imaging planes. Even
among experienced radiologists with specialty training in
neuroradiology, in almost two-thirds of cases, a difference of
>25% between readings was found in at least one imaging
plane. When taking change in tumor status into account, we
found that a discrepancy between tumor status designations
between readings occurred in approximately 40% of instan-
ces and that the discrepancy rate was moderately higher in the
coronal and sagittal planes than in the axial plane. Thus, a
high likelihood exists that a change in size of tumor that meets
standard bidimensional criteria for tumor progression will be
found based solely on chance. Our findings have substantial
ramifications for reliability of tumor progression criteria that
employ bidimensional tumor measurements, such as the
RANO criteria [4].

The findings in our study substantially differed from
those of one study assessing intra- and inter-observer var-
iability in brain metastases [7]. In that study, two observers
measured the single largest tumor diameter in brain
metastases on thin section sagittal images obtained on 3D-
SPR imaging. The intra-observer variability measurements
were a mean relative difference of only 2.3% for one
observer and 2.5% for the other observer. High-grade
primary brain neoplasms are typically more infiltrative than
brain metastases; differences in degree of tissue infiltration
between these tumor types could, at least in theory, explain
different findings in the two studies.

We measured intra-observer variability in the three
cardinal planes in order to help determine whether any
gains are made by such measurements compared to solely
the axial plane. Previous studies have examined tumor
measurements in these three planes [8]. For instance, in one
study, the investigators developed bidimensional diameters
by measuring the overall largest diameter and the tumor
length in the perpendicular sagittal plane. In another study,
readers were asked to measure the three largest orthogonal
diameters of brain tumors [9].

In a previous study, we saw substantial inter-observer
disagreement in measurements of contrast-enhancing
tumor using the Macdonald criteria [6]. We found indica-
tions that the nature of the measurement method itself
made it susceptible to a high rate of false-positive readings
for tumor progression [6]. A large residual variance com-
ponent was seen, suggesting that repeated measurements
on the same image likely are variable even for the same
observer, a finding that was substantiated by the results of
the study presented here.
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The best method for measuring tumor progression is a
matter of active study. In particular, it remains unclear
whether assessments based on diameter measurements or
volumetric measurements are preferred relative to one
another. For instance, in one study, investigators found that
linear methods were very comparable to volumetric
methods in that median progression-free survival and
6 months progression-free-survival did not differ signifi-
cantly for the various techniques [8]. However, in another
study, other investigators showed that a volume-based
method generated by a technologist using a software pro-
gram to draw perimeters had significantly lower intra- and
inter-observer variability when compared to a method
based on hand-drawn diameters [9].

Limitations

As in any study, our findings are subject to a number of
limitations. First, observers were not aware that they were
measuring tumors on pairs of scans. Thus, the presentation
of scans did not truly simulate actual clinical practice of
measurements of scans on serial studies. The unavailability
of prior studies may have increased the rate of substantial
disparity between readings. Second, we did not employ a
homogenous population of observers and our subpopula-
tion of practicing radiologists is rather small.

Summary

In conclusion, we found substantial intra-observer vari-
ability in measurement of tumor size in a sample of high-
grade brain neoplasms. If our observers are representative
of individuals measuring tumor size in clinical trials using
RANO criteria, intra-observer variability may be a sub-
stantial limitation of use of these criteria.
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