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ABSTRACT

BACKGROUND AND PURPOSE: 2D measurements of diffuse intrinsic pontine gliomas are limited by variability, and volumetric
response criteria are poorly defined. Semiautomated 2D measurements may improve consistency; however, the impact on tumor
response assessments is unknown. The purpose of this study was to compare manual 2D, semiautomated 2D, and volumetric mea-
surement strategies for diffuse intrinsic pontine gliomas.

MATERIALS AND METHODS: This study evaluated patients with diffuse intrinsic pontine gliomas through a Phase I/II trial
(NCT02607124). Clinical 2D cross-product values were derived from manual linear measurements (cross-product ¼ long axis � short
axis). By means of dedicated software (mint Lesion), tumor margins were traced and maximum cross-product and tumor volume
were automatically derived. Correlation and bias between methods were assessed, and response assessment per measurement
strategy was reported.

RESULTS: Ten patients (median age, 7.6 years) underwent 58 MR imaging examinations. Correlation and mean bias (95% limits) of percent-
age change in tumor size from prior examinations were the following: clinical and semiautomated cross-product, r¼ 0.36, �1.5%
(�59.9%, 56.8%); clinical cross-product and volume, r¼ 0.61, �2.1% (�52.0%, 47.8%); and semiautomated cross-product and volume,
r¼ 0.79, 0.6% (�39.3%, 38.1%). Stable disease, progressive disease, and partial response rates per measurement strategy were the follow-
ing: clinical cross-product, 82%, 18%, 0%; semiautomated cross-product, 54%, 42%, 4%; and volume, 50%, 46%, 4%, respectively.

CONCLUSIONS: Manual 2D cross-product measurements may underestimate tumor size and disease progression compared with
semiautomated 2D and volumetric measurements.

ABBREVIATIONS: CP ¼ cross-product; DIPG ¼ diffuse intrinsic pontine glioma; PD ¼ progressive disease; PR ¼ partial response; SD ¼ stable disease;
TRC ¼ tumor response criteria

D iffuse intrinsic pontine gliomas (DIPGs) comprise 80% of
brain stem gliomas, which, in turn, account for 10%–20% of

central nervous system tumors in children.1,2 DIPG carries a dismal
prognosis, with a mean survival of 11months and 1-, 2-, and 5-year
overall survival rates of 42%, 10%, and 2%, respectively.3

Standard of care for DIPG consists of involved field radiation
therapy, lengthening survival by an average of 3–4months.3,4

Recently, it has been discovered that up to 80% of DIPGs
have a pathognomonic point mutation in histone H3.3
(H3F3A) (65% of tumors) or histone H3.1 (HIST1H3B) (25%

of tumors), the latter conferring longer survival in most stud-
ies assessing this.3 Chemotherapeutic agents have failed to
demonstrate efficacy, and no improvement in survival has
been achieved in the past 4 decades.3,5-7 Currently, there are
69 interventional research studies for DIPG listed on
ClinicalTrials.gov.
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Most therapeutic trials for DIPG have assessed treatment
response with Response Assessment in Neuro-Oncology,
MacDonald, or World Health Organization criteria (or modifica-
tions), which use a 2Dmeasurement of tumor size onMR imaging,
allowing comparison with historical data.8-11 While studies have
demonstrated good correlation between 2D and volumetric meas-
urements in high-grade gliomas, there is a lack of comparison data
in tumor size measurement strategies in patients with brain stem
gliomas.12-14 Furthermore, high interobserver variability among
2D measurements in DIPG has been observed.15 With increasing
availability and capability of novel tumor segmentation software,
semiautomated tumor volumetry is a potentially useful assessment
tool that may be more sensitive to tumor response and enable ear-
lier determination of treatment efficacy. However, research is
needed to define therapeutic end point criteria before incorpora-
tion into clinical trials.

The purpose of this study was to compare methods of DIPG tu-
mor measurement, including traditional manual 2D measurements
and semiautomated, software-assisted 2D measurements and tumor
volumes. A secondary aim was to explore the implications of using
software-assisted 2D measurements and tumor volumes for response
assessment, compared with the standardmanual 2Dmethod.

MATERIALS AND METHODS
The institutional review board at Cincinnati Children’s Hospital
Medical Center approved this study as part of a Phase I/II drug
trial of ribociclib following radiation therapy in patients with
newly diagnosed DIPG (NCT02607124). Patients between 1 and

30 years of age with nonbiopsied DIPG, retinoblastoma gene muta-
tion–positive DIPG, or retinoblastoma gene mutation–positive
high-grade glioma were prospectively recruited to undergo MR
imaging before and following drug therapy between April 2016
and November 2017 as part of the treatment protocol.16 Written
informed consent was obtained. MR imaging examinations were
typically obtained before cycles 3, 5, 7, 9, and 11.

Imaging Protocol
Imaging examinations were performed on 3T scanners (Signa
Architect, GE Healthcare). Imaging protocol included the following:
volumetric T1WI and T2-FLAIR (1-mm isotropic, axial, and coronal
reformations; FOV ¼ 256mm, matrix ¼ 256 � 256, slice thickness
¼ 1mm), axial T2WI (FOV¼ 220, matrix¼ 512� 224, slice thick-
ness ¼ 3 mm contiguous), DTI and SWI sequences. IV gadoterate
meglumine (Dotarem; Guerbet) was injected (rate¼ 1mL/s, dose¼
0.1mmol/kg). Postcontrast T1WI (volumetric, 1mm) and axial T1-
FLAIR (FOV ¼ 220mm, matrix ¼ 320 � 288, slice thickness ¼ 3
mm contiguous) sequences were obtained.

Tumor Measurements
For clinical purposes per the study protocol, 2D tumor measure-
ments were made by 1 of 7 fellowship-trained, pediatric neurora-
diologists at Cincinnati Children’s Hospital Medical Center,
including the largest diameter in the axial plane (long axis) and a
measurement perpendicular to the long axis (short axis). Clinical
cross-product (CP) was calculated by multiplying long and short
axes (Fig 1).

FIG 1. Sample case demonstrating measurement methods. A, Manual clinical transaxial (2D) measurements. Largest dimension identified on axial
images and perpendicular short axis dimension performed and reported in the clinical radiology report and used for derivation of tumor response.
B, Semiautomated 2D measurements. Tumor margins are traced (red outline) on each image, and automated 2D measurements (largest long axis
dimension and perpendicular short axis dimension, blue lines) are automatically derived, along with tumor volume in the mint Lesion software pack-
age. C, Semiautomated 2D measurements and volumes performed during the treatment course. Imaging performed after cycles 2, 4, 6, and 8.
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For this study, a single reviewer (J.L.L.), a pediatric neuroradiol-
ogist with 25 years of experience, blinded to the clinical measure-
ments, manually segmented each entire tumor by tracing tumor
margins on axial T2WI and T2-FLAIR images using proprietary,
clinically-available software (mint Lesion, Version 3.4.5; Mint
Medical). From the outlined tumor, the largest axial diameter
(long axis) and the measurement perpendicular to the long axis
(short axis) were automatically derived. Semiautomated CP was
calculated by multiplying the long and short axes. From the out-
lined tumor, tumor volume was also automatically derived (Fig 1).

Classification of Tumor Response
Per the study protocol, the following
imaging-related tumor response criteria
(TRC) were used to categorize each fol-
low-up examination (in regard to tu-
mor size): complete response, complete
disappearance of all tumor and mass
effect, maintained for 81 weeks; partial
response (PR), $50% decrease from
baseline; stable disease (SD), ,50%
decrease from baseline size and ,25%
increase from the prior lowest tumor
size; and progressive disease (PD),
$25% increase from the prior lowest
tumor size.11,17 These criteria were
applied to 2D and volumetric data.
Additionally, we applied another TRC
to the volume data only, following pre-
viously published recommendations:
PR, $65% decrease from baseline; SD,
,65% decrease from baseline or,40%
increase from the prior lowest tumor
size; and PD, $40% increase from the
prior lowest tumor size.18,19 These pub-
lished TRC for volumetric measurements
are extrapolated from linear values using
a spheric tumor model. Currently, there
are no published prospective studies
regarding TRC for tumor volumes in pe-
diatric brain tumors.18

Statistical Analysis
Continuous data were summarized as
means and SDs or medians and ranges;
categoric data were summarized as
counts and percentages. Correlation
coefficients were used to compare clini-
cal and semiautomated CP measure-
ments and the percentage change in
tumor size (compared with a prior ex-
amination) among the 3 measurement
strategies. Bland-Altman analyses were
performed to assess bias among mea-
surement strategies. Descriptive statis-
tics were used to describe percentage
change in tumor size per TRC classifi-
cation and measurement strategy.

P values, .05 were considered statistically significant for infer-
ence testing. Correlation coefficients were classified by the following
definitions: 0–0.19, very weak; 0.20–0.39, weak; 0.40–0.59, moder-
ate; 0.60–0.79, strong; and 0.80–1.0, very strong.20 Analyses were
performed using MedCalc for Windows (MedCalc Software).

RESULTS
Ten patients were included, all with DIPGs. The median age at
baseline MR imaging was 7.6 years (range, 3.9–20.1 years), and 6
patients (60%) were female. The median number of follow-up

FIG 3. Sample case demonstrating clinical 2D measurements (clinical CP) and semiautomated 2D
and volumetric measurements (semiautomated CP) during the treatment course. In this case, per
protocol, imaging progression based on clinical CP (A) was called after cycle 8 (33.2% increase in
CP). With semiautomated CP (B), progressive disease would have been called (based solely on
imaging) after cycle 2 (28% increase). This is due to a different section choice as a maximum trans-
axial dimension and slightly different measurement orientation (B, cycle 2). Subsequently, how-
ever, on the basis of a protocol comparing with smallest CP during treatment (baseline), stable
disease would have been called. Note that although the CP increased 28% (PD) after cycle 2, the
tumor volume only increased 9% (SD). Such discrepancies were common when comparing treat-
ment-response strategies.

FIG 2. Sample case demonstrating clinical 2D measurements (clinical CP) and semiautomated 2D
and volumetric measurements (semiautomated CP) during the treatment course. Note that in this
case, although there were differences in orientation of the measurements with the semiautomated
process, response classification was the same compared with manual clinical CP measurements.
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MRIs was 4 (range, 2–9), with a total of 58 examinations reviewed
for this study. There were 50 follow-up response assessment time
points after baseline with a mean time between baseline and last

follow-up MR imaging of 177 6

98days (range, 56–411 days). One
patient (with 2 follow-up MRIs) had 2
discrete tumors, each measured and
analyzed separately. Case examples of
tumor measurements over the study
course are illustrated in Figs 2 and 3.

Correlation and Bias between
Tumor Measurement Strategies
Clinical and semiautomated tumor CP
measurements were strongly correlated
(r¼ 0.74, P, .001), with a mean bias
of �2.5 mm2 (95% limits of agreem-
ent, �9.5, 14.4 mm2) (Figs 4 and 5).
There were strong, statistically signif-
icant correlations between the per-
centage change in tumor size between
clinical CP and volume (r¼ 0.61,
P, .001) and semiautomated CP
and volume-measurement strategies
(r¼ 0.79, P, .001). Correlation and
mean bias of percentage change in tu-
mor size between clinical and semiau-
tomated CP measurement strategies

are depicted in Figs 6 and 7. There was a weak, statistically sig-
nificant correlation (r¼ 0.36, P¼ .011) of percentage change
from prior examinations comparing clinical and semiautomated

FIG 4. Clinically derived tumor CP versus semiautomated software–derived tumor CP for all time points with a linear trendline (r¼ 0.74, P, .0001).

FIG 5. Bland-Altman plot demonstrating bias between clinical and semiautomated tumor CP for
all time points. The solid line indicates a mean bias between techniques. Dashed lines indicate
62 SDs of the mean (95% limits of agreement). Overall, clinical CP measured less than semiauto-
mated CP (mean bias,�2.5). Outliers (.1.96 SDs) were predominantly noted in larger tumors.
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CP measurements, with a mean bias
of �1.5% (95% limits of agreem-
ent, �59.9,156.8%).

Comparison of Treatment
Response Assessment between
Tumor Measurement Strategies
Classification of percentage change of
tumor size from baseline or nadir exam-
ination, per the protocol TRC, yielded
25/50 (50%) cases that were classified
concordantly across all 3 tumor mea-
surement methods. Concordance was
32/50 (64%) between clinical and semi-
automated CP, 30/50 (60%) between
clinical CP and volume, and 38/50
(76%) between semiautomated CP and
volume. Frequencies of SD, PD, and PR
by tumor-measurement strategy are
reported in Table 1. No examination
or method demonstrated a complete
response. Of note, 34% (14/41) of time
points classified as SD by clinical CP
were classified as PD by semiautomated

FIG 6. Correlation of percentage change from prior examination in clinical CP versus semiautomated CP (r¼ 0.36, P¼ .011).

FIG 7. Bland-Altman plot demonstrating bias between the percentage change in clinical and
semiautomated tumor CP from a prior examination. The solid line indicates mean bias between
techniques. Dashed lines indicate 62 SDs of the mean (95% limits of agreement). Overall, per-
centage change in clinical CP was smaller than the percentage change in semiautomated CP
(mean bias,�1.5%, 95% limits of agreement,�59.9,156.8) between time points.
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CP. The mean percentage change in tumor volume from follow-up
examination to baseline or nadir per response category and tumor
measurement strategy is reported in Table 2.

DISCUSSION
Recent research effort has aimed at improving and discovering
imaging biomarkers of DIPG. Such work is relevant for the stand-
ardization of clinical trial end points and improved detection of
treatment effect. Historically, DIPGs have been measured using
MacDonald, World Health Organization, or Response Assessment
in Neuro-Oncology criteria (or modifications). These criteria use a
2D measurement strategy in which 2 perpendicular measurements
are made on the image with the largest observed cross-sectional
area of tumor. However, these standard tumor measurements were
not developed and may not be best-suited for DIPG, and there
remains an overall lack of standardization in DIPGmeasurements.

2D and 3D DIPG tumor measurements have demonstrated
poor interobserver agreement, possibly related to their infiltrative
nature, indiscrete borders, and heterogeneous appearance.15

Furthermore, 1D, 2D, and 3D tumor measurements of DIPG
have not correlated well with clinical outcomes.21-24 Other surro-
gate imaging biomarkers of DIPG have been explored, including
metabolic ratios by MR spectroscopy, tumor perfusion by
dynamic susceptibility contrast MR imaging, and pontine size by
conventional MR imaging.24-28 Recently, studies have investi-
gated tumor volume measurement strategies (automated, semiau-
tomated, or manual) and have shown them to be a promising
tool with improved inter- and intraobserver agreement.18,29,30 It
has been hypothesized that a volume measurement strategy

may be more appropriate for DIPG, given its often complex
morphology.

In this study, we have demonstrated a strong correlation and
relatively small bias between manual and semiautomated (from
mint Lesion software) CP values. However, the correlation of per-
centage change in tumor size (the metric by which treatment
response is assessed) between these 2 strategies was weak. In some
cases, there was a large discrepancy between the percentage change
in tumor size across the clinical CP, semiautomated CP, and volu-
metric measurement strategies. Generally, the mint Lesion–derived
measurements (semiautomated CP, volume) tended to classify
tumors as PD compared with the clinical CP strategy, which
tended to classify tumors as SD.

There are several potential explanations for these discrepan-
cies. DIPG can have variable, nonspheric morphology, and some
shapes are not well-approximated by 1 CP measurement. In addi-
tion, tumor growth is constrained by anatomic boundaries to
some degree and may be less constrained in certain directions.
More pronounced growth along the cranial-caudal axis, for
example, may not be captured by performing measurements only
in the transverse plane. Furthermore, clinical CP measurements
are likely biased toward the radiologist by using a section location
and measurement orientation similar to those used on prior
examinations. This bias may result in underestimation of tumor
size if greater interval growth occurred at a different axial section
or in a different orientation than the manual measurements. This
bias is also supported by our results: mint Lesion automatically
derives the largest CP, which explains why these measurements
were, on average, 2.5 mm2 larger than the clinical CP measure-
ments. Our results have important implications for the use of

Table 1: Response assessment classifications of 50 MR imaging time points for 3 tumor-management strategiesa

Clinical CP Semiautomated CP Volume (25/50) Volume (40/65)
PR SD PD PR SD PD PR SD PD PR SD PD

Clinical CP
PR 0 0 0 0 0 0 0 0 0
SD 2 25 14 2 23 16 1 32 8
PD 0 2 7 0 2 7 0 3 6
Concordance 64% 60% 76%

Semiautomated CP
PR 2 0 0 1 1 0
SD 0 20 7 0 25 2
PD 0 5 16 0 9 12
Concordance 76% 76%

Volume
PR 1 1 0
SD 0 25 0
PD 0 9 14
Concordance 80%

a Two different tumor-response criteria were applied to the volume data (25/50 uses the same criteria as used for CP-response determinations, 40/65 denotes PR as .65%
decrease from baseline and PD as.40% increase from the prior lowest tumor size). Unless otherwise noted, values represent the number of MR imaging time points.

Table 2: Descriptive statistics of the percentage change in tumor size from baseline or nadir to follow-up examination (assigned
per clinical protocol) for each response assessment classification per tumor measurement strategy

TRC
Mean (%) Standard Deviation (%) Minimum (%) Maximum (%)

CPc CPsa Vol1 Vol2 CPc CPsa Vol1 Vol2 CPc CPsa Vol1 Vol2 CPc CPsa Vol1 Vol2
PD 57 83 75 79 64 78 81 59 27 18 9 42 227 224 271 271
SD 6 14 16 8 13 28 32 20 -27 -68 -73 51 25 91 83 39

Note:—CPc indicates clinical cross-product; CPsa, semiautomated cross-product; Vol1, volume (25/50% tumor response criteria); Vol2, volume (40/65% tumor response criteria).
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segmentation software in clinical practice. Further study is
needed to determine which method is a better indicator of clinical
outcome.

We found the strongest correlation in percentage change of
tumor size between the 2 methods by using mint Lesion software
(semiautomatic CP and volume). This is not surprising because
the same segmented images (derived from 1 reviewer who traced
tumor margins in all slices) were used for these 2 strategies.
Although we found that the bias between these techniques was
very low in magnitude (0.6%), the limits of agreement remained
wide (�39%,138%), which could be related to our small sample
size. Furthermore, we did not have adequate power to define new
cutoff values for tumor response–assessment classes using tumor
volume measurements. If volumetric measurements of DIPG
should be used for assessing tumor response, identifying relation-
ships with linear measurements (to inform comparisons with
prior studies and treatment trials) and clinical progression is criti-
cal to ensure maximum utility. Volumetric end points derived
from spheric/elliptic mathematic models using cranial-caudal
and transverse dimensions may not be applicable to tumors with
nonspheric growth patterns.30 Further research using larger
groups of subjects and treatment time points is needed.

Correlations between true volumetric measurements and 2D
measurements of brain tumors are few, particularly in children.
One study of low-grade pediatric gliomas showed that 20% of
MR imaging examinations demonstrated discordant response
assessments between 2D and volumetric tumor measurement
strategies.18 Shah et al,13 in a study of adult patients with glioblas-
tomas, also demonstrated a 20% discordance rate in response
assessments when comparing 2D and volumetric measurements.
These discrepancy rates are quite similar to the 24% discrepancy
rate between 2 techniques (clinical CP and volume) demonstrated
in our study.

Our study was limited by several factors. First, we included a
small sample size of patients with DIPG, inherent to the nature of
this single-center study of a disease with low prevalence. Second,
although the clinical trial protocol standardized the timing of MR
imaging examinations, the actual timing and total number of MR
imaging examinations varied across patients, often related to addi-
tional MR imaging examinations being performed when patients
had a change in clinical status. Third, volumetric tumor measure-
ments using the mint lesion software were made by only 1 reviewer;
thus, we cannot draw conclusions regarding interobserver variabili-
ty of the tumor measurements with this technique. Fourth, the soft-
ware used for 2 of the measurement strategies in our study
(semiautomatic CP, volume) may not be widely available, poten-
tially limiting the application of our results. Finally, because the
clinical outcome data for this trial remain unpublished, our study
did not correlate tumor measurements or response assessment with
clinical outcomes. This would be an important area of future
investigation.

CONCLUSIONS
We have shown that correlation of change in DIPG tumor size
among 3 measurement strategies is variable, with the strongest
correlation observed between semiautomated 2D and volumetric
strategies and the weakest correlation observed between clinical

2D and semiautomated 2D strategies. The conventional method
of manual 2D (cross-product) tumor measurement likely under-
estimates tumor size and disease progression compared with
semiautomated 2Dmeasurements. Application of semiautomated
2D and volumetric measurements in therapeutic trials will alter
response assessment compared with standard 2D measures in
DIPG. Further research is needed to outline relationships among
these methods, clinical signs of progression, and survival.
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