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Measurement of Tumor “Size” in Recurrent
Malignant Glioma: 1D, 2D, or 3D?

Mary F. Dempsey, Barrie R. Condon, and Donald M. Hadley

BACKGROUND AND PURPOSE: Tumor “size” is used internationally as a surrogate marker
for overall survival when following current response assessment protocols (World Health
Organization and Response Evaluation Criteria in Solid Tumors). With little evidence of a
relationship between tumor “size” and survival in intrinsic brain tumors, this study was
undertaken to investigate the predictive value of MR imaging–defined tumor size for survival
in patients with recurrent malignant glioma and to compare the different measures of tumor
size used in these current response assessment protocols.

METHODS: Volumetric, bidimensional, and unidimensional measurements of tumor size
were made using baseline contrast-enhanced T1-weighted images of 70 patients with recurrent
malignant glioma receiving intravenous chemotherapy. Cox’s proportional hazards model was
used to investigate the prognostic importance of tumor size using survival as the end point.
Further statistical analysis was undertaken to investigate the relationship between the different
measurement techniques.

RESULTS: Only the volumetric measurement of tumor size was found to be predictive of
survival in recurrent malignant glioma on both univariate and multivariate analysis. Further-
more, analysis demonstrated that the unidimensional and bidimensional measures of tumor
were not comparable with the more accurate and direct volumetric measurement.

CONCLUSION: Indirect unidimensional and bidimensional measurement techniques do not
have a significant association with overall survival or adequately assess tumor size in recurrent
malignant glioma. These findings have serious implications about the validity of using current
response assessment protocols in therapy trials for recurrent malignant glioma.

Glioblastoma multiforme (GBM) and anaplastic as-
trocytoma (AA; high-grade malignant glioma) are the
most common primary brain tumors occurring in
adulthood, and they are among the most lethal and
difficult to treat forms of cancer. Identifying prognos-
tic indicators is a crucial component of the ongoing
search for more-effective tumor therapies. MR imag-
ing of patients with primary brain tumors provides a
sensitive tool for assessing tumor size, which is
thought to have a bearing on patient outcome. There
is, however, a lack of validation of this belief within
the literature, as few studies have undertaken a clin-
ical correlation of tumor size with outcome, and, of
these few studies, the findings were inconsistent (1–
3). Despite this lack of validation, MR-defined tumor
size is heavily relied upon when assessing response to

therapy in accordance with accepted response assess-
ment criteria (4–6). Internationally accepted proto-
cols devised to standardize response assessment in
solid tumors—World Health Organization (WHO)
criteria (4) and Response Evaluation Criteria in Solid
Tumors (RECIST; 6)—and in supratentorial malig-
nant glioma—MacDonald’s criteria (5)—advise use
of unidimensional or bidimensional measurement of
tumor size to assess response.

The primary aim of this report is to assess the
predictive value of tumor size in recurrent malignant
glioma using the methods of tumor-size measurement
advised by the above 1D and 2D response assessment
protocols and the more accurate volumetric measure-
ment (3D) and the “best” end point of survival. For
this study, 1D and 2D measurement techniques have
been optimized and automated by the development
of in-house software to minimize measurement error.
To our knowledge, such an analysis has not been
performed for the three main measurement tech-
niques in recurrent malignant glioma. The secondary
aim of this study is to undertake the basic, yet impor-
tant, comparison of these different measurement
techniques to investigate the comparability between
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these nondirect measures (1D and 2D) and the direct
measure (3D) of actual tumor size.

Methods

We retrospectively reviewed the MR imaging data of 70
patients enrolled in a multicenter phase II clinical trial of
intravenous RMP-7 (Cereport) and Carboplatin for the treat-
ment of recurrent glioma (7). Patients were enrolled in the
study if they had a radiographically measurable recurrence of a
pathologically documented AA or GBM in accordance with
WHO criteria. Recurrent disease was defined as an increase in
tumor size (on MR imaging or CT) with deterioration in
neurological status relapsing after a progression free interval of
greater than 3 months. Patients were included in the trial if they
were older than 18 years with a Karnofsky index �60 (this is a
performance measure for rating the ability of a person to
perform usual activities) with an expected lifespan of at least 8
weeks. RMP-7 is a drug that, by a receptor-mediated mecha-
nism, modifies the permeability of the blood-brain barrier
(BBB) throughout the tumor and around the peripheral infil-
trations for a short time to allow entry of the chemotherapeutic
agent, Carboplatin. All patients were treated at centers in France,
Sweden, and the United Kingdom between 1994 and 1996.

A 3D T1-weighted imaging protocol with contrast enhance-
ment (0.1 mmol/kg gadopentetate dimeglumine) was followed
at each center resulting in images of similar resolution and
section thickness (voxel dimensions, 0.98 � 0.98 � 2.8 mm).
Because this was a multicenter trial, the images were acquired
in different MR systems but all operating at a 1.5T field
strength. Because of variations between manufacturers, indi-
vidual sites were unable to duplicate sequences exactly, and
images were acquired using one of two 3D sequences selected
to produce optimal enhancement on T1-weighted images
(MPRAGE [TR, 10 ms; TE, 4 ms] or 3D FLASH [TR, 30 ms;
TE, 6 ms]) appropriate to the MR system. The baseline MR
images were anonymized and transferred electronically to a
centralized processing unit at our institution—which was not
involved in treatment—to allow analysis by a single consulting
neuroradiologist, blinded to the clinical data and outcome
(D.M.H.). Analysis involved manual outlining of contrast en-
hancement on T1-weighted images using a standardized win-
dowing protocol, maximizing gray and white matter contrast
while ensuring areas of contrast enhancement could be delin-
eated from white matter, to obtain a 3D measure of tumor
volume (mm3) as illustrated in Fig 1.

In-house software was developed, using Microsoft Excel and
Visual Basic, to convert these regions to coordinate data and
objectively calculate the maximum diameter for each region to
obtain a 1D measurement of tumor size (Appendix). When
more than one region per section was observed, the maximum
diameters were summed in accordance with RECIST (6). Stan-
dardizing measurement in the case of multiple foci was one of
the main motivations for producing this revised set of response
assessment guidelines (RECIST), because previous guidelines
did not offer clear advice on their inclusion/exclusion. The
overall largest diameter (or summed diameters) was then re-
corded as the 1D measurement of tumor size. This measure-
ment was converted to a bidimensional measurement by mul-
tiplication with tumor length in the perpendicular sagittal
plane. Validation of this technique was undertaken using sim-
ulated lesions with known maximum diameters. Although these
calculations were computationally demanding (eg, �1 hour per
image volume), this method eliminated further error involved
in the visual estimation of maximum diameters.

Survival was calculated in days from the time of diagnosis of
recurrence to time of death (with patients having intravenous
chemotherapy between these times) regardless of cause or

censoring at last follow-up. Survival data were analyzed using
Cox’s proportional hazards model (8). The 5% significance
level was chosen for univariate and multivariate analysis. Mul-
tivariate techniques were applied to determine the joint effects
of other potential prognostic variables acting simultaneously to
select out the variables that are independently most closely
related to survival. Although there are various established
prognostic factors for patients with newly diagnosed malignant
glioma—including age, histology, extent of surgery, and perfor-
mance status—prognostic factors for patients with recurrent
disease are not so well established. One group has performed
an analysis of potential prognostic variables (histology, age,
performance status, and salvage therapy) in recurrent high-
grade glioma and found histology (whether AA or GBM) to be
the dominant factor in determining outcome (9). Because sev-
eral studies with similar findings are required before we
achieve “established” prognostic factors, for this study we have
included in the model several potentially prognostic variables:
age, sex, whether the patient had previous chemotherapy, and
histologic grade (AA or GBM). Unfortunately, because of the
retrospective and multicentric nature of this analysis, patholog-
ical information of actual tumor grade (AA or GBM) at recur-
rence was available only in the chemotherapy-naive group (n �
35; 37% AA and 63% GBM). The remaining patients (n � 35),
were known to be 40% AA and 60% GBM. Information on the
extent of any previous surgery at initial diagnosis was not
available and could not be included in this analysis (surgery was
not performed when recurrence was diagnosed); performance
status was not assessed, as inclusion criteria required all pa-
tients to have a Karnofsky index �60.

The age of patients included in this study ranged from 24 to
68 years (mean age, 45.6 � 10.7 years). Fifty-one patients were
male, and 19 were female. Thirty-five of the 70 patients had
previously undergone chemotherapy, whereas 35 were chemo-
therapy-naive. Actual tumor grade (AA or GBM) was known
only in the chemotherapy-naive group (13 AA and 22 GBM).
Age and tumor size were entered in the analysis as continuous
covariates, whereas the other covariates (sex, previous chemo-
therapy, and tumor grade) were entered as binary coded fac-
tors. The median survival of the 70 patients was 196 days.

Measurement techniques were compared using standard sta-
tistical methods for comparing measures (10). Because the

FIG 1. Image showing software used (developed for Alkermes,
Inc., by Evergreen Technologies, Inc., 00000, ME) by neuroradi-
ologist to outline areas of enhancement manually on each trans-
verse section to determine tumor volume.
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measurement techniques (1D, 2D, and 3D) produce results of
different dimensions, these measurements were converted into
area or volume measurement as appropriate by assuming cir-
cular or spherical geometry to eliminate bias during measure-
ment comparison.

Results

Predictive Value of Tumor Size
Cox’s proportional hazards model was used to in-

vestigate the dependence of survival on the measure-
ments of tumor size at baseline for 70 patients with
recurrent malignant glioma taking into account the
effect of age, sex, tumor grade, and previous chemo-
therapy. Table 1 summarizes the range of tumor-size
measurements within this patient group.

Preliminary Cox proportional hazard modeling was
performed on the chemotherapy naive group (n � 35)
with known histological information to assess the ef-
fect of tumor grade on survival. Median survival was
317 days for AA patients (n � 13) and 185 days for
GBM patients (n � 22). The effect of tumor grade on
survival, however, was not found to be statistically
significant (P � .05) on both univariate and multivar-
iate analysis. It is important to note that, because
tumor grade was not shown to significantly affect
survival, this group could be joined with the previous
chemotherapy group to increase statistical power for
further Cox proportional hazard modeling.

Considering the effect of tumor size on survival, all
measures (1D, 2D, and 3D) resulted in a hazard ratio
of �1, which indicates that larger tumor size was
associated with shorter survival. For the 1D measure-
ment of tumor size, however, this effect was not found
to be statistically significant (P � .05) on both uni-

variate and multivariate analysis as shown in Table 2.
The effect of the 2D measurement of tumor size on
survival was statistically significant on univariate anal-
ysis (P � .05) but was not statistically significant on
multivariate analysis, as shown in Table 3. Neverthe-
less, the effect of the 3D measurement of tumor size
and survival was found to be statistically significant on
both univariate and multivariate analysis as shown in
Table 4.

Overall, age, sex, and 3D volumetric measurement
of tumor size were the most important predictors of
survival in the univariate and multivariate Cox mod-
els. This implies that for patients of the same age with
the same volume of tumor, males have poorer survival
than females, a finding that has not previously been
reported and raising the question of what differs be-
tween the male and female brain to result in this
effect? Longer survival was observed in younger pa-
tients with smaller tumor volumes.

Having previously shown that tumor grade did not
significantly affect survival, for completeness, the
above analysis was repeated to ensure that adding
tumor grade information (when possible) to the
model did not alter the results. Adding tumor grade
to the above model did not alter the results, and age,
sex, and volumetric measurement remained the most
important predictors of survival.

Comparison of Tumor Size Measurements
Analysis was also performed to investigate the

comparability between the different measurements
(direct and indirect) of tumor size. The mean and
range of measurements and conversions are shown in
Table 1.

TABLE 1: Summary of 1D, 2D and 3D measures of tumor size

1D
(mm)

2D
(mm2)

3D
(mm3)

1D32D
(mm2)

1D33D
(mm3)

2D33D
(mm3)

Minimum 2.8 22.5 53.5 6.2 11.6 80.3
Maximum 206.6* 22645.4* 131387.4 33501.7* 4613963.1* 2564157.0*
Mean 78.6 4240.2 34416.5 5922.4 454253.8 253035.7

*Such large maximum values originate from images with several regions of contrast enhancement outlined separately and consequent summation
of the appropriate diameters resulting in a large 1D measurement and subsequent conversions.

TABLE 2: Cox model applied to assess the effect of 1D measured tumor size on survival

Covariate

Univariate Analysis Multivariate Analysis

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Age 0.036 1.039 (1.014–1.064) .002 0.036 1.037 (1.013–1.062) .002
Sex .015 .045

Female (0.00) (1.00) (0.00) (1.00)
Male 0.725 2.070 (1.153–3.715) 0.625 1.868 (1.015–3.436)

Previous .096 .545
Chemotherapy

No (0.00) (1.00) (0.00) (1.00)
Yes 0.433 1.542 (0.926–2.566) 0.164 1.178 (0.684–2.000)

1D Size 0.067 1.069 (0.997–1.147) .062 0.052 1.053 (0.182–1.129) .146

HR � hazard ratio, CI � confidence interval
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Figure 2 demonstrates that, although a relationship
exists between the 1D and 2D measurement of tumor
size (r � 0.85 P � .05), the measurements are not in
agreement with the 1D measurement, giving higher
values than the 2D measurement. This is expected, as
by definition, the perpendicular diameter used in the
2D measurement will be less than the largest 1D
diameter, introducing a systematic error in the con-
version of the 1D measurement to 2D proportions.
For these measurements, the mean difference was
1681.91 mm2, which is not close to zero, thus implying
there is an overall bias. This is supported by the
second plot, in which we see a clear relationship
between difference and mean (r � 0.73; P � .05). The
95% confidence interval for the bias is 834–2528 mm2.

Similar findings are shown in Fig 3 comparing the
1D with the 3D measurement (r � 0.44; P � .05). This
demonstrates that (as expected) recurrent gliomas
are not spherical in shape and that the 1D measure-
ment overestimates tumor size. For these measure-
ments, the mean difference was 419,837.3 mm3,
which, again, is not close to zero, implying there is
bias. This is supported by the second plot, in which we
see a clear relationship between difference and mean
(r � 0.998; P � .05). The 95% confidence interval for
the bias is 230,985.2–608,689.4 mm3.

Again, Fig 4 shows that, although a relationship is
present between the 2D and 3D measures (r � 0.47; P �
.05), the measurements are not in agreement with the

FIG 2. Tumor size measured using 1D and 2D techniques. A,
1D versus 2D technique plotted showing line of equality (r �
0.85; P � .05), B, Difference versus mean of tumor size mea-
sured by the two methods.

TABLE 3: Cox model applied to assess the effect of 2D measured tumor size on survival

Covariate

Univariate Analysis Multivariate Analysis

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Age 0.038 1.039 (1.014–1.064) .002 0.036 1.037 (1.013–1.062) .003
Sex .015 .039

Female (0.00) (1.00) (0.00) (1.00)
Male 0.725 2.070 (1.153–3.715) 0.648 1.912 (1.033–3.539)

Previous .096 .601
Chemotherapy

No (0.00) (1.00) (0.00) (1.00)
Yes 0.433 1.542 (0.926–2.566) 0.144 1.155 (0.673–1.082)

2D Size 0.006 1.006 (1.000–1.012) .046 0.004 1.004 (0.999–1.010) .140

HR � hazard ratio, CI � confidence interval

TABLE 4: Cox model applied to assess the effect of 3D measured tumor size on survival

Covariate

Univariate Analysis Multivariate Analysis

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Coefficient
(bi)

HR
[exp(bi)] 95% CI P-value

Age 0.038 1.039 (1.014–1.064) .002 0.034 1.034 (1.010–1.058) .005
Sex .015 .003

Female (0.00) (1.00) (0.00) (1.00)
Male 0.725 2.070 (1.153–3.715) 0.936 2.551 (1.361–4.781)

Previous .096 .115
Chemotherapy

No (0.00) (1.00) (0.00) (1.00)
Yes 0.433 1.542 (0.926–2.566) 0.430 1.537 (0.900–2.626)

3D Size 0.019 1.019 (1.009–1.029) .000 0.025 1.026 (0.015–1.036) .000

HR � hazard ratio, CI � confidence interval
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2D measurement, giving higher values than the more
accurate 3D measurement. For these measurements,
the mean difference was 218,619.2 mm3, implying there
is bias. This is supported by the above plot in which we
see a clear relationship between difference and mean
(r � 0.99; P � .05). The 95% confidence interval for the
bias is 123,507.9–313,730.6 mm3.

Discussion
Measurement of tumor size is heavily relied upon

to assess response to therapy in recurrent malignant
glioma. It is not known whether the use of tumor size
for these purposes is clinically valid, and consequently
it is not clear which measurement, if any, should be
used. We have addressed this issue by clinically eval-
uating the three most-common techniques employed
and have shown the 3D measurement of contrast-
enhancing tumor volume to be prognostic (with age
and sex) for survival whereas corresponding 1D and
2D measurements are not.

Few studies have assessed the relationship between
tumor size and outcome in this form of cancer, and of
those that have only one measurement technique was
studied per patient group. One group showed 3D
contrast-enhancing volume to be prognostic (1), and
two groups showed 2D area measurement to be non-
prognostic (2, 3). The effect of measurement tech-
nique on actual response has been studied previously
and showed significant differences (11). Ours, how-

ever, is the first study to investigate the three mea-
surement techniques on the same patient group and
assess the clinical validity of the measurement. Our
findings, supported by the above previous studies,
must cast serious doubt on the use of 1D and 2D
measures to assess response to therapy as currently
advised by international protocols (4–6).

Although we have shown the 3D measure to be
superior to the 1D and 2D measures, we recognize
that manual outlining of contrast enhancement is far
from ideal. This measurement is based on the as-
sumption that enhancing regions represent tumor and
not some other disease process. This can be problem-
atic, because there can be significant necrotic and
cystic components apparent when high-grade malig-
nant glioma recurs, although these areas will be ex-
cluded from the measurement when possible. Radia-
tion necrosis often appears as an enhancing mass and
can be indistinguishable from recurrent tumor on MR
imaging. Functional imaging is required to identify
and exclude radiation necrosis, although this imaging
is rarely included in clinical trial imaging protocols.
Therefore, while the potential of inclusion of radia-
tion necrosis in our measurement of tumor size is a
limitation, our measurements represent the clinical
circumstances. Furthermore, there is the argument
that we are directly measuring BBB dysfunction and
therefore only indirectly measuring tumor size. An-
other concern is that cells will inevitably have spread

FIG 3. Tumor size measured using 1D and 3D techniques. A,
1D versus 3D technique plotted showing line of equality (r �
0.44; P � .05). B, Difference versus mean of tumor size mea-
sured by the two methods.

FIG 4. Tumor size measured by 2D and 3D techniques. A, 2D
versus 3D technique plotted showing line of equality (r � 0.47;
P � .05). B, Difference versus mean of tumor size measured by
the two methods.
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beyond the neoplasm’s identifiable enhancing mass
into surrounding tissue (12).

The second aim of this study was to compare the
different tumor size measurement techniques. Al-
though it is well recognized that 1D and 2D tumor
measurements are not as representative of tumor size
as true volume calculations, especially in irregularly
shaped tumors, they are widely employed, and indeed
recently published response assessment criteria will
increase the use of the 1D measurement (6). Despite
“best-case” circumstances, our study has shown that
1D, 2D, and 3D techniques commonly used to mea-
sure tumor size are not comparable and both the 1D
and 2D techniques overestimate tumor size. The 95%
confidence intervals for the bias between the different
measures are of an extent that we must assume to be
clinically significant.

A slight limitation of this study is that, whereas the
2D WHO criteria (4) state that when there are mul-
tiple lesions all the products should be summed, this
study differs from this as the 1D diameters have been
summed and then multiplied by the perpendicular
diameter to gain the product. It is unlikely that this
difference would affect the overall result.

There are various sources of error present in all
quantitative analysis of MR imaging that can be dif-
ficult to assess: partial volume, head tilt, plane of
view, noncontiguous sections, contrast and intensity
manipulation, and radio-frequency field inhomogene-
ities. Lesion-size measurement error can be assessed
and has been shown in multiple studies to be signifi-
cant with various influencing factors: lesion size and
intra- and interobserver variabilities (13–15). Obvi-
ously, the 1D and 2D measurements require subjec-
tive selection of section showing maximum diameter
and maximum area and so on, introducing further
sources of error into the measurement (16, 17). It
should be noted that most of these studies assessed
measurement error with spherically shaped lesions,
and, therefore, these errors could be accentuated
greatly when investigating malignant glioma.

For our study, all measurements are based on the
manual outlining of regions of enhancement by a
single, experienced neuroradiologist, thus eliminating
interobserver variability. Nevertheless, inherent in-
traobserver variability remains.

Conclusion

Consideration of the results presented here—
showing that, in best-case circumstances, the 1D or
2D measurement techniques, as advocated by current
response criteria (4–6, 18), are neither prognostic of
overall survival nor compare with the more accurate
volumetric measurement—must cast serious doubt on
the use and validity of these response protocols in
recurrent malignant glioma.

Appendix

Objective Calculation of 1D and 2D
Measurement of Tumor Size Using Manually

Drawn Regions of Interest

Regions of interest defined by the single observer
were imported into Microsoft Excel using Text Im-
port Wizard.

Header and footer information was deciphered and
characters converted into x, y coordinate data for
calculation of maximum diameter.

Validation of conversion was undertaken by plotting
converted data using Microsoft Excel Chart Wizard and
comparing with original region of interest.

For each region, the length between each x, y co-
ordinate and every other x, y coordinate within region
was calculated using Pythagorean theorem, to find
the maximum diameter.

If more than one region per section, these maxi-
mum diameters were summed.

The overall largest diameter (or summed diame-
ters) was recorded as 1D measurement of tumor size.

The number of sections with a region of interest
multiplied by section thickness in the orthogonal orien-
tation was multiplied by this overall largest diameter to
obtain an objective 2D measurement of tumor size.
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