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Influence of region-of-interest designs on
quantitative measurement of multimodal
imaging of MR non-enhancing gliomas
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Abstract. A number of studies have revealed the usefulness of
multimodal imaging in gliomas. Although the results have been
heavily affected by the method used for region of interest (ROI)
design, the most discriminatory method for setting the ROI
remains unclear. The aim of the present study was to determine
the most suitable ROI design for '*F-fluorodeoxyglucose (FDG)
and ""C-methionine (MET) positron emission tomography
(PET), apparent diffusion coefficient (ADC), and fractional
anisotropy (FA) obtained by diffusion tensor imaging (DTI)
from the viewpoint of grades of non-enhancing gliomas. A total
of 31 consecutive patients with newly diagnosed, histologically
confirmed magnetic resonance (MR) non-enhancing gliomas
who underwent FDG-PET, MET-PET and DTI were
retrospectively investigated. Quantitative measurements were
performed using four different ROIs; hotspot/tumor center
and whole tumor, constructed in either two-dimensional (2D)
or three-dimensional (3D). Histopathological grading of the
tumor was considered as empirical truth and the quantitative
measurements obtained from each ROI was correlated with
the grade of the tumor. The most discriminating ROI for
non-enhancing glioma grading was different according to
the different imaging modalities. 2D-hotspot/center ROI was
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most discriminating for FDG-PET (P=0.087), ADC map
(P=0.0083), and FA map (P=0.25), whereas 3D-whole tumor
ROI was best for MET-PET (P=0.0050). In the majority
of scenarios, 2D-ROIs performed better than 3D-ROIs.
Results from the image analysis using FDG-PET, MET-PET,
ADC and FA may be affected by ROI design and the most
discriminating ROI for non-enhancing glioma grading was
different according to the imaging modality.

Introduction

Advanced magnetic resonance imaging (MRI) methods, such
as diffusion tensor imaging (DTI) and perfusion weighted
imaging, as well as positron emission tomography (PET) are
useful for clinical management of brain tumors. Many studies
have revealed their usefulness for diagnosis, grading, prognosis,
delineation, and assessment of genetic mutations, especially in
gliomas (1-10). Although they are promising modalities, their
usefulness can still be improved. For example, Lee et al reported
that high-grade gliomas have lower apparent diffusion coef-
ficient (ADC) than low-grade gliomas (3), but Stadlbauer et al
reported otherwise (6). In contrast, Liu ef al found no significant
difference between low- and high-grade gliomas (8).
Whenever we assess brain tumors with these modalities,
the region of interest (ROI) must first be designed. Although
results are heavily affected by the method used for ROI
design, the most discriminant method to set the ROI remains
unclear. Some researchers set the ROI on the hotspot or on
the center of the tumor, whereas others set it on the whole
gadolinium-enhanced/fluid attenuation inversion recovery
(FLAIR)-high lesion or on the margin within the tumor.
Similarly, some use two-dimensional (2D)-ROI, whereas
others use three-dimensional (3D)-ROI. These various
methods for ROI design hamper direct comparison of the
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results between different studies, resulting in controversy.
For example, Liu et al found higher fractional anisotropy
(FA) in high-grade gliomas than in low-grade gliomas with
the ROI set on the hotspot (8), whereas Goebell er al reported
otherwise, with the ROI set on the margin of the tumor (1).
Therefore, a standardized and discriminant method for ROI
design is required for both clinical and research purposes, and
may resolve the contradictions of past reports.

The purpose of our study was to elucidate the impact of
ROI design in various imaging modalities on the obtained
image analysis results. In the present study, we assessed four
types of ROIs (hotspot/tumor center or whole tumor, 2D or
3D) in "®F-fluorodeoxyglucose (FDG)-PET, !"C-methionine
(MET)-PET, ADC, and FA obtained by DTI, from the view-
point of the grade of non-enhancing gliomas in which ROI
setting is more difficult than in enhancing gliomas.

Materials and methods

Patients and data collection. We collected data from
patients with newly diagnosed non-enhancing supratentorial
gliomas that were histologically confirmed who underwent
MRI-DTI, FDG-PET, and MET-PET for pre-surgical exami-
nation (17 men, 14 women; mean age, 40.5+16.0 years; World
Health Organization grade II, n=21; grade III, n=10). Four of
the 21 grade II gliomas and two of the 10 grade III gliomas
showed oligodendrocytic subtypes. Histological grading
was performed according to the World Health Organization
2007 criteria after partial (<95% tumor removal) or total
(=95% tumor removal) resection of the lesion or stereotactic
biopsy (total resection, n=10; partial resection, n=18; stereo-
tactic biopsy, n=3). Detailed characteristics of patients are
given in Table I. Use of clinical data for research purposes
was approved by the local institutional review board. All
procedures performed in studies involving human participants
were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. Written informed consent was previously
obtained for using radiological data for future clinical research
from all individual participants included in the study.

PET methods. PET studies were performed with an
Eminence-G (Shimadzu, Kyoto, Japan). Synthesis of MET
was performed according to the method described by
Berger et al (11), and MET was injected intravenously at a
dose of 3 MBqg/kg. Tracer accumulation was recorded for
12 min in 59 or 99 transaxial sections over the entire brain.
Summed activity from 20 to 32 min after tracer injection was
used for image reconstruction. For FDG-PET, after a 10-min
transmission scan, FDG was injected intravenously at a dose of
3.7 MBg/kg. Tracer accumulation was recorded in 3D mode for
12 min in 59 or 99 transaxial sections from the entire brain. Total
activity from 45 to 57 min after tracer injection was used for
image reconstruction. Both images were stored in 256x256x59
or 99 anisotropic voxels, with each voxel being 1x1x2.6 mm.

MRI. All patients were studied using a 3.0-T MRI scanner
(Signa HDxt or DiscoveryMR 750; GE Medical Systems,
Milwaukee, WI, USA) within a week before the operation.
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T1-weighted imaging with gadolinium enhancement was used
to select patients with non-enhancing gliomas. T2-weighted
(T2) or FLAIR images were acquired in all cases for delineation
of tumors. DTI was acquired using a single-shot echo-planar
imaging technique with TE=80 and TR=10,000. Diffusion
gradient encoding in 25 directions with »=2,000 s/mm? and
an additional measurement without the diffusion gradient
(b=0 s/mm?) were performed (12). A parallel imaging
technique was used to record data with a 128x128 spatial
resolution for a 260x260 mm field of view. A total of 50
sections were obtained, with a section thickness of 3 mm and
no intersection gap. ADC and FA maps were processed using
Diffusion Toolkit (Martinos Center for Biomedical Imaging,
Massachusetts General Hospital, Charlestown, MA, USA;
http://www.trackvis.org/dtk/).

Image fusion. After all images were obtained, PET images,
ADC, and FA maps were all registered to T2 or FLAIR images
using VINCI image analysis software (Max-Planck Institute
for Neurological Research, Cologne, Germany; http://www.
nf.mpg.de/vinci/). Correct co-registration of images was visu-
ally confirmed. After image registration was complete, all
image sets were converted to anisotropic images (256x256x59
or 99, 1x1x2.6 mm), enabling further analysis. For PET
images, standardized uptake value (SUV) of the contralateral
tumor-unaffected gray matter in the axial plane at the level of
the thalamus was averaged, and the derived value was used to
normalize SUV in a voxel-wise manner, enabling reconstruc-
tion of tumor-to-normal tissue (T/N) ratio images. All datasets
were exported to in-house software written in MATLAB 7.14
(MathWorks, Natick, MA, USA) for further analysis.

ROI design and analysis. We designed four types of ROIs:
2D-whole tumor (2D-WT), 3D-whole tumor (3D-WT),
2D-hotspot/center (2D-HC), and 3D-hotspot/center (3D-HC)
in four imaging maps: FDG-PET, MET-PET, ADC, and FA. To
design 2D-ROIs, an axial plane through the hotspot was visu-
ally selected. If no hotspot was found, an axial plane through
the center of the tumor was used. To design 3D-HC ROlISs, three
or more consecutive planes through the hotspot or the center of
the tumor were selected. To design WT ROIs, the T2/FLAIR
high lesion was delineated manually (Fig. 1). To design HC
ROIs, the hotspot was delineated manually, taking care to not
contaminate the hotspot with tumor margins, necrosis, large
vessels, ventricles, and sulci (Fig. 1),1.e., hotspots were visually
identified in FDG-PET, MET-PET, ADC and FA, followed by
manual segmentation of that region. If no hotspot was found,
the center of the T2/FLAIR high lesion that was at least 5 mm
from the tumor margin was delineated manually, taking care to
not contaminate the ROI with the above-mentioned structures
(Fig. 1). All ROIs were designed by the leading author, who
has great experience in surgical neuro-oncology, supervised
by the corresponding author.

Maximum T/N values (T/N,,,,) of both FDG-PET and
MET-PET, minimum ADC (ADC,;,), and maximum FA
(FA ., within each ROI were calculated. All values are
reported as the mean + standard deviation.

Statistical analysis. Statistical analysis was performed with
JMP version 12 software (SAS Institute, Inc., Cary, NC,
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Table I. Patient characteristics.
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Age at surgery Histological Tumor Type of
Patient no. (years) Gender diagnosis grade Tumor location surgery
1 11 M DA I L frontal TR
2 25 M DA II L temporal PR
3 25 F DA 1I L insula PR
4 25 M DA I L temporal PR
5 26 M DA I R frontal PR
6 28 M DA II L temporal PR
7 30 F DA II L temporal PR
8 31 M DA 11 R insula TR
9 41 M DA II L temporal TR
10 41 F DA I L frontal TR
11 42 F DA I L frontal TR
12 43 F DA I L insula TR
13 43 M DA II R temporal PR
14 50 F DA I L thalamus B
15 59 F DA 11 L frontal PR
16 65 F DA I R insula PR
17 67 M DA 1I L insula-temporal PR
18 33 M OA I L frontal PR
19 36 M OA 11 R frontal TR
20 35 M O 1I R basal ganglia PR
21 40 M (0] 11 R frontal TR
22 19 F AA 111 L thalamus B
23 28 F AA 11T L frontal TR
24 29 M AA 111 R thalamus PR
25 31 F AA 111 Bilateral frontal PR
26 48 M AA 111 L insula-talamus PR
27 62 F AA I L temporal PR
28 67 F AA 111 L thalamus B
29 76 M AA 11T L parietal PR
30 39 F AOA 111 R frontal- PR
insula-temporal
31 59 M AOA 111 R frontal TR

M, male; F, female; DA, defuse astrocytoma; OA, oligoastrocytoma; O, oligodendroglioma; AA, anaplastic astrocytoma; AOA, anaplastic
oligoastrocytoma; L, left; R, right; TR, total resection (>95%); PR, partial resection; B, biopsy; WHO, World Health Organisation.

USA). A threshold level of 0.05 was established for statistical
significance. The Mann-Whitney U test was used for group
comparisons.

Results

Difference in T/N,,., of FDG-PET between grade II
and Il non-enhancing gliomas was the greatest for the
2D-hotspot/center ROI. The T/N,,,, of FDG-PET for grade II
and III gliomas were 1.02+0.36 and 1.02+0.15 by 2D-WT
ROI, 1.14+0.34 and 1.15+0.15 by 3D-WT ROI, 0.76+0.40 and
0.86+0.21 by 2D-HC ROI, and 0.85+0.39 and 0.88+0.20 by
3D-HC ROI, respectively (Table II, FDG section). Although
these differences were not significant (P=0.41, 0.85, 0.087,
and 0.28, respectively), the difference between grade II and III

gliomas tended to increase when utilizing 2D-HC ROI. T/N, .
by both 2D-WT and 3D-WT ROIs and 2D-HC and 3D-HC
ROIs showed strong positive correlations (R?*=0.83 and 0.95,
respectively). On the other hand, T/N,,,, by 2D-WT and 2D-HC
ROIs or 3D-WT and 3D-HC ROIs only showed moderate
correlations (R?*=0.77 and 0.77, respectively) (Table IIT).

3D-whole tumor ROI showed the best performance for
discriminating grade Il and IIl non-enhancing gliomas
for MET-PET. The T/N,,,, of MET-PET for grade II and III
gliomas were 1.90+0.66 and 2.63+0.51 by 2D-WT ROI,
1.92+0.64 and 2.67+0.48 by 3D-WT ROI, 1.71+0.61 and
2.30+0.77 by 2D-HC ROI, and 1.79+0.60 and 2.37+0.72 by
3D-HC ROI, respectively (Table II, MET section). Although
all these differences were statistically significant (P=0.0056,
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Hotspot / center ROI

Hotspot / center ROI

Hotspot / center ROI
(with no obvious hotspot)
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Figure 1. Presentation of ROI construction. Examples of whole tumor ROI (first row) and hotspot/center ROIs (second row, MET-PET; third row, ADC) in the
same patient are illustrated. Hotspot/center ROIs are often not identical among different imaging modalities. The fourth row is an example of ROI construction
in which no hotspot was observed. In these cases the center of the T2/FLAIR high lesion was delineated manually taking care not to contaminate the ROI with
necrosis, large vessels, ventricles and sulci in an axial plane through the center of the T2/FLAIR high lesion. To ensure avoidance of these types of contamina-
tion, the ROI was delineated at least 5 mm away from the tumor margin. ROI, region of interest; ADC, apparent diffusion coefficient; MET, "'C-methionine;
PET, positron emission tomography; FLAIR, fluid attenuation inversion recovery.

0.0050, 0.049, and 0.040, respectively), the difference between
grade IT and III gliomas tended to increase when utilizing
3D-WT ROIs. The area under the curve (AUC) of the receiver
operating characteristic (ROC) curve was largest for 3D-WT
ROI for discriminating grade II and III non-enhancing
gliomas (Fig. 2A, AUC=0.82). T/N,,,, by both 2D-WT and
3D-WT ROIs and 2D-HC and 3D-HC ROIs showed strong
positive correlations (R?=0.98 and 0.97, respectively). On the
other hand, T/N,,,, by 2D-WT and 2D-HC ROIs or 3D-WT
and 3D-HC ROIs only showed moderate correlations (R?=0.77
and 0.78, respectively) (Table III).

2D-hotspot/center ROI showed the best performance for
discriminating grade Il and Il non-enhancing gliomas for
ADC. ADC,,, for grade II and III gliomas were 0.66+0.18
and 0.54+0.14 by 2D-WT ROI, 0.39+0.28 and 0.40+0.14 by
3D-WT ROI, 1.08+0.33 and 0.73+0.29 by 2D-HC ROI, and
0.91£0.25 and 0.57+0.27 by 3D-HC ROI, respectively (Table II,
ADC section). All these differences except 3D-WT ROI were
statistically significant (P=0.024, 0.63, 0.0083, and 0.027,
respectively). The difference between grade IT and III gliomas
was greatest when applying 2D-HC ROI. The AUC of the ROC
curve was also greatest for 2D-HC ROI for discriminating
grade II and III non-enhancing gliomas (Fig. 2B, AUC=0.80).
ADC,,;, by both 2D-WT and 3D-WT ROIs and 2D-HC and
3D-HC ROIs showed strong positive correlations (R*=0.98
and 0.97, respectively). Although ADC,;, by 2D-HC ROI and
3D-HC ROI showed a moderate correlation (R?=0.75), ADC,,,;,
by 2D-WT ROI and 3D-WT ROI did not show this trend

(R*=0.12). Similarly, ADC,,;,, by 2D-WT and 2D-HC ROIs or
3D-WT and 3D-HC ROIs did not show significant correlations
(R*=0.47 and 0.11, respectively) (Table IIT).

Difference in FA between grade Il and Il non-enhancing
gliomas was greatest for 2D-hotspot/center ROI. The FA .
for grade II and III gliomas were 0.51+0.17 and 0.51+0.15
by 2D-WT ROI, 0.68+0.15 and 0.68+0.14 by 3D-WT ROI,
0.30+0.11 and 0.38+0.17 by 2D-HC ROI, and 0.39+0.12 and
0.44+0.19 by 3D-HC ROI, respectively (Table II, FA section).
Although these differences were not significant (P=0.95,
0.92, 0.25, and 0.66, respectively), the difference between
grade II and IIT gliomas tended to increase when applying
2D-HC ROI. FA,,, by 2D-WT and 3D-WT ROIs did not
show a strong correlation, whereas 2D-HC and 3D-HC ROIs
showed moderate positive correlations (R?=0.40 and 0.64,
respectively). FA, ., by 2D-WT and 2D-HC ROIs or 3D-WT
and 3D-HC ROIs showed little correlation (R?=0.21 and 0.24,
respectively) (Table III).

Discussion

The present study aimed to identify the best ROI that should
be used for analyzing various imaging modalities for discrimi-
nating non-enhancing gliomas. The most discriminating ROI
for non-enhancing glioma grading was different according
to different imaging modalities. 2D-hotspot/center ROI was
most discriminating for FDG-PET, ADC map, and FA map,
whereas 3D-whole tumor ROI was best for MET-PET.
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Table II. T/N,,,, of various imaging modalities using different ROIs in grade II and III gliomas.

max

A, FDG-PET

ROI Dimension Grade 11 Grade 111 P-value

Whole tumor 2D 1.02+0.36 1.02+0.15 0.4099
3D 1.14+0.34 1.15+0.15 0.8492

Hotspot/center 2D 0.76+0.40 0.86+0.21 0.0870
3D 0.85+0.39 0.88+0.20 0.2812

B, MET-PET

ROI Dimension Grade 11 Grade 111 P-value

‘Whole tumor 2D 1.90+0.66 2.63+0.51 0.0056
3D 1.92+0.64 2.67+0.48 0.0050

Hotspot/center 2D 1.71+0.61 2.30+0.77 0.0494
3D 1.79+0.60 2.37+0.72 0.0404

C, ADC (x10? mm?/s)

ROI Dimension Grade 11 Grade 111 P-value

Whole tumor 2D 0.66+0.18 0.54+0.14 0.0238
3D 0.39+0.28 0.40+0.14 0.6270

Hotspot/center 2D 1.08+0.33 0.73+0.29 0.0083
3D 0.91+0.25 0.57+0.27 0.0265

D, FA

ROI Dimension Grade 11 Grade 111 P-value

‘Whole tumor 2D 0.51%0.17 0.51%0.15 0.9495
3D 0.68+0.15 0.68+0.14 0.9159

Hotspot/center 2D 0.30+0.11 0.38+0.17 0.2452
3D 0.39+0.12 0.44+0.19 0.6573

T/N, tumor-to-normal; ROI, region of interest; FDG, "F-fluorodeoxyglucose; MET, ''C-methionine; ADC, apparent diffusion coefficient; FA,
fractional anisotropy.

Table III. Correlation coefficient for each combination of ROIs.

R2
ROI FDG MET ADC FA
2D-whole tumor vs. 3D-whole tumor 0.83 0.98 0.12 0.40
2D-hotspot/center vs. 3D-hotspot/center 0.95 0.97 0.75 0.64
2D-whole tumor vs. 2D-hotspot/center 0.77 0.77 047 0.21
3D-whole tumor vs. 3D-hotspot/center 0.77 0.78 0.11 0.24

ROI, region of interest; FDG, "*F-fluorodeoxyglucose; MET, '"C-methionine; ADC, apparent diffusion coefficient; FA, fractional anisotropy.

FDG uptake is thought to correlate with glucose metabo-  reported to reflect malignancy (5,9,13). However, the brain has
lism within tissues, and high uptake in gliomas has been highly active glucose metabolism, especially the gray matter.
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Figure 2. Receiver operating characteristic curves for differentiating grade I and III non-enhancing gliomas based on different regions of interest are presented.
Image analysis for ''C-methionine-positron emission tomography (A) and the apparent diffusion coefficient map (B) are shown.

On the other hand, FDG uptake of lower grade gliomas is
usually in between that of gray and white matter. As gliomas
are poorly delineated tumors containing normal tissues at the
tumor margins, the tumor margin adjacent to the gray matter
could have higher FDG uptake than one would expect based
on only the malignancy. This contamination could result in
poor discrimination using whole tumor ROIs. In addition,
FDG-PET is more useful for high-grade than low-grade
gliomas because high-grade gliomas tend to have higher FDG
uptake than the gray matter (9). Supported by these reports, the
differences in FDG uptake between grade II and III gliomas
were not statistically significant no matter what type of ROIs
were used for analysis, as the present cohort was comprised of
only grade II and grade III gliomas.

The result for ADC and FA also highlights the importance
of excluding normal tissue contamination into the ROIs. ADC
is negatively correlated with cell density within a tissue. As
higher cell density indicates higher malignancy, lower ADC
is thought to be the hallmark of higher-grade gliomas (3.4,14).
However, the normal white matter has the same or even a lower
level of ADC than malignant gliomas, and the tumor margin
adjacent to the white matter could show lower ADC than one
would expect based on only the cell density. Our result for
ADC is consistent with the past report by Fan ef al, which
showed lower ADC values in the solid portions of anaplastic
gliomas, but not in peritumoral regions (15). Although FA
is also positively correlated with cell density, it can also be
affected by intact neural fibers within the tumor and around
the tumor margins, with a much higher FA level than malig-
nant gliomas (7,8,16,17). Thus, use of FA for glioma grading
is difficult. In the present study, ADC and FA tended to differ
greatly depending on the ROI design rather than FDG and
MET.

In contrast to FDG-PET, ADC, and FA, whole tumor ROIs
were better than hotspot/center ROIs for MET-PET. MET
uptake is thought to correlate with amino acid metabolism
within a tissue, and higher uptake is indicative of higher-grade
gliomas (9,18-20). As gliomas show higher MET uptake than
normal gray matter, MET-PET is free from normal tissue tracer
uptake contamination (21,22). The cause for hotspot/center
ROIs being inferior to whole tumor ROIs for tumor grading
can be explained by technical difficulty in visually identifying
the highest tracer uptake location. In addition, whole tumor
ROIs are easy to design with little inter-observer difference,
whereas designing hotspot/center ROIs requires experience
with finding hotspots and avoiding cysts, necrosis, or normal

tissue, which components could contaminate the measure-
ments that should be done within the tumor.

As gliomas expand three-dimensionally, 3D-ROIs were
at first expected to be superior to 2D-ROIs. Contrary to our
expectation, 2D-ROIs performed as well as 3D-ROIs. This
finding is similar to previous reports focusing on response
assessment using different ROIs. In RECIST (Response
Evaluation Criteria in Solid Tumors), tumor size is measured
one-dimensionally because of its convenience and accu-
racy. Several studies have compared the RECIST criteria
with two-dimensional, three-dimensional, and volumetric
measurements in high-grade gliomas and found that they
were all in good concordance with each other (23-25). The
findings of our present study may indicate that two-dimen-
sional assessment is sufficient not only for size assessment
but also for functional assessment such as grading and
prognosis. 2D-ROIs could be preferable especially for FDG,
ADC, and FA.

Limitations of our study should be noted. In the present
study, we evaluated the superiority of ROI design methods
considering histopathological grading of non-enhancing
gliomas as a ground truth. Whether our result is valid for other
purposes such as prognosis or assessment of genetic mutations
is unclear. It is also of note that this investigation heavily
depends on the operator(s) that designed the ROIs.

In conclusion, results from image analysis using FDG-PET,
MET-PET, ADC, and FA could be affected by ROI design,
and the most discriminating ROI for non-enhancing glioma
grading was different according to imaging modality. ROI
for FDG-PET, ADC, and FA should be narrowed down to the
hotspot or the center of the tumor, whereas ROI for MET-PET
should include the whole tumor. Two-dimensional ROI may
be sufficient for grading. Attention should be paid to the ROI
designs used for interpreting results using the abovementioned
imaging modalities.
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