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Abstract. Brain Tumor Image Analysis (BraTumIA) is a 
fully automated segmentation tool dedicated to detecting 
brain tumors imaged by magnetic resonance imaging (MRI). 
BraTumIA has recently been applied to several clinical inves-
tigations; however, the validity of this novel method has not 
yet been fully examined. The present study was conducted to 
validate the quality of tumor segmentation with BraTumIA 
in comparison with results from 11C-methionine positron 
emission tomography (MET-PET). A total of 45 consecutive 
newly diagnosed high-grade gliomas imaged by MRI and 
MET-PET were analyzed. Automatic tumor segmentation 
was conducted by BraTumIA and the resulting segmentation 
images were registered to MET-PET. Three-dimensional 
conformal association between these two modalities was 
calculated, considering MET-PET as the gold standard. High 
underestimation and overestimation errors were observed 
in tumor segmentation calculated by BraTumIA compared 
with MET-PET. Furthermore, when the tumor/normal ratio 
threshold was set at 1.3 from MET-PET, the BraTumIA 
false-positive fraction was ~0.4 and the false-negative fraction 
was 0.9. By tightening this threshold to 2.0, the BraTumIA 
false-positive fraction was 0.6 and the false-negative fraction 
was 0.6. Following comparison of segmentation performance 

with BraTumIA with regard to glioblastoma (GBM) and World 
Health Organization (WHO) grade III glioma, GBM exhibited 
better segmentation compared with WHO grade III glioma. 
Although BraTumIA may be able to detect enhanced tumors, 
non-enhancing tumors and necrosis, the spatial concordance 
rate with MET-PET was relatively low. Careful interpretation 
is therefore required when using this technique.

Introduction

The overall age-adjusted incidence rates for all gliomas and glio-
blastoma range from 4.67 to 5.73 and 0.59 to 3.69 per 100,000 
individuals, respectively across the United States, Georgia, 
Australia, Korea, England, Greece and Finland (1-7). The overall 
survival of patients with malignant glioma has slightly improved 
with the aid of radiotherapy, chemotherapy (8), tumor-treating 
fields (9) and advanced surgical techniques, including fluores-
cence-guided surgery with 5-aminolevulinic acid (10). However, 
the prognosis remains very poor, and the median overall survival 
time of patients with glioblastoma (GBM) is ~20 months (9). 
A more extensive surgical resection has been suggested to be 
associated with longer life expectancy in patients with malignant 
gliomas (11,12). However, malignant glioma presents with highly 
invasive characteristics, including subpial spread, perineural 
satellitosis, perivascular satellitosis and invasion along the white 
matter tracts (13), which prevent precise determination of the 
extent of tumor cell infiltration by magnetic resonance imaging 
(MRI) and therefore potentially contributes to poor local control 
of the lesion (14,15). The precise determination of the tumor cell 
infiltration extend has therefore become crucial.

Current strategies for treatment of glioma rely mostly 
on neuroimaging techniques, including MRI and computed 
tomography, in patients undergoing surgery and radiotherapy, 
and are used to identify regions where tumor cells exist. 
Sites of blood-brain barrier disruption on contrast-enhanced 
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T1-weighted (T1w) images are used as surrogate markers for 
active tumor regions; however, tumor cells can exist beyond the 
identified regions (16). Furthermore, it has been demonstrated 
that T2-weighted (T2w) hyperintense regions can contain 
tumors (17,18), whereas Susheela et al (19) reported a case of a 
high grade glioma which was present beyond the MRI defined 
edema region, and was demonstrated using 11C-methionine 
positron emission tomography (MET-PET) (19). A single MRI 
sequence may therefore be insufficient to identify tumor regions.

Porz et al (20) evaluated the reliability of a fully auto-
mated segmentation tool dedicated to brain tumors known as 
Brain Tumor Image Analysis (BraTumIA) (20). The results 
demonstrated that the user only has to load the original stacks 
from the digital Imaging and Communications in Medicine 
(dICOM) of the four relevant MRI modalities, including 
T1w, contrast‑enhanced T1w, T2w and fluid‑attenuated inver-
sion recovery (FLAIR) images. The software subsequently 
classifies GBM into seven sub-compartments, including 
cerebrospinal fluid (CSF), gray matter, white matter, necrosis, 
edema, non-enhancing tumor and enhancing tumor. This tool, 
validated by the ‘SmartBrush’ semi-automatic user-guided 
and FdA-approved segmentation technique and human 
experts, has been reported to provide accurate, cross-sectional, 
diameter-based assessments of tumor extent and automated 
volume measurement of GBM (20). BraTumIA could also 
detect additional non-enhancing tumor regions that had been 
obscured by the semi-automatic segmentation tool in 16 out 
of 19 cases (21), which suggests the capability of BraTumIA 
to outperform semi-automatic segmentation tools. However, 
validating the presence of tumor cells in BraTumIA-labeled 
non-enhancing tumor regions remains necessary.

When attempting to understand the extent of brain tumor 
cells invading into the brain parenchyma, MET-PET is more 
effective than MRI (22-24). Kracht (23) reported an 87% 
sensitivity and 89% specificity for detecting tumor tissue at a 
threshold of 1.3-fold MET-PET uptake relative to normal brain 
tissue. Kinoshita et al (24) also demonstrated that MET-PET is 
positively correlated with glioma cell density (Fig. S1) (24). The 
present study aimed to validate the quality of tumor segmentation 
using BraTumIA compared with that using MET-PET.

Materials and methods

Patient selection. data from 45 consecutive patients with 
newly diagnosed and histologically confirmed grade III and 
IV gliomas [according to the World Health Organization 
(WHO) 2007 Classification of Tumors of the Central Nervous 
System (25) were collected. Patients >18 years old, underwent 
MRI and MET-PET as preoperative examinations between 
May 2010 and March 2017 at the Osaka University Hospital 
and Osaka International Cancer Institution (Osaka, japan). 
The exclusion criteria was incomplete image acquisition or 
previous cranial neurosurgery. Patients included in the present 
study underwent standard imaging protocols. No additional 
new procedures were applied for the purpose of this study. 
Written informed consent was obtained from each patient or 
their guardian prior to enrollment. This study was approved 
by the Clinical Research Committees of Osaka University 
Hospital and Osaka International Cancer Institution. Patient 
characteristics are provided in Table I.

MRI. All patients underwent T1w imaging with and without 
gadolinium enhancement, (undiluted and slowly injected 
into the vein of the arm). T2w and FLAIR imaging. A total 
of 5 cases were scanned using a 1.5-T MR scanner, whereas 
40 cases were scanned using a 3.0-T scanner dependent on 
which hospital the scan was performed at.

PET. PET studies were performed using an Eminence-G 
system (Shimadzu Corporation). MET was synthesized 
according to the method described by Hatakeyama et al (26) 
and injected intravenously in patients at a dose of 3 MBq/kg 
body weight. Tracer accumulation was recorded for 12 min 
in 59 or 99 transaxial sections over the entire brain. Summed 
activity from 20 to 32 min following tracer injection was used 
for image reconstruction. Images were stored in 256x256x59 
or 99 anisotropic voxels, with each voxel being 1x1x2.6 mm.

Automated segmentation.  Automatic segmentations 
were performed using BraTumIA software version 2.0 
(http://www.istb.unibe.ch/content/research/medical_image_
analysis/software/index_eng.html) (20). Once the original 
dICOM stacks of the four MRI sequences (T1w with and 
without gadolinium enhancement, T2w and FLAIR images) 
were loaded, the software automatically distinguished 
the seven types of brain tissue, namely CSF, gray matter, 
white matter, necrosis, edema, non-enhancing tumor and 
enhancing tumor (Fig. 1).

Image fusion and registration. MET‑PET and classification 
of MRI results by BraTumIA were obtained, and images 
were registered using the Vinci image-analyzing version 4 
(Max-Planck Institute for Neurological Research; http://www.
nf.mpg.de/vinci/). A normalized mutual information algorithm 
was used for image registration, and MET-PET was resliced 
into MR images, which enabled voxel-by-voxel analysis of 
different imaging modalities.

Data processing and region segmentation accuracy measures. 
data sets were exported to in-house software written in 
MATLAB R2016b (MathWorks, Inc.) for further analysis. For 
the tumor-to-normal tissue ratio (T/Nr) of MET-PET, the stan-
dardized uptake value of the contralateral tumor-unaffected 
gray matter in the axial plane of the cortex was averaged, and 
the derived value was used to normalize the standardized 
uptake value in a voxel-wise manner, enabling calculation 
of T/Nr within the voxel-of-interest. Regions detected by 
BraTumIA exhibiting the presence of tumor were labeled as 
A + B, where A is the area identified as tumor exclusively by 
BraTumIA and B is the area identified as tumor by BraTumIA 
and MET-PET (Fig. 1). In addition, regions of high accumu-
lation on MET-PET were labeled as B + C, where C is the 
area identified as tumor exclusively by MET‑PET and B is the 
area identified as tumor by BraTumIA and MET‑PET. The 
BraTumIA false‑positive fraction was defined as A/(A + B) 
and the BraTumIA false-negative fraction was defined as 
C/(B + C).

Cell density. Kinoshita et al (24) reported that T/Nr from 
MET-PET is positively correlated with cell density in 
high-grade glioma as determined by liner regression analysis 
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using Pearson's correlation analysis (Fig. S1). Cell density data 
in Figs. 2-4 were obtained from Fig. S1.

Statistical analysis. Statistical analysis was performed 
using jMP version 11 software (SAS Institute, Inc.). data 
are presented as the mean ± standard deviation (Sd). The 
significance of differences between groups was examined 
using Student's t-test or one-way analysis of variance followed 
by the Tukey-Kramer post hoc test. Liner regression analysis 

using Pearson's correlation analysis was used to assess tumor 
cell density and MET-PET uptake. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Patient population. The mean age of the patients at the 
time of pre-operative imaging was 58.5±15.9 years (range, 
29-88 years). The 45 patients were comprised of 28 males and 

Figure 1. Analytical workflow of the present study. All images including 4 MR imaging sequences and 11C-methionine PET were co-registered into a common 
space using a normalized mutual information algorithm to enable voxel-by-voxel analysis. Subsequently, all MR images were sent to BraTumIA for automatic 
region segmentation. Tumor regions were separately segmented in the common space by MET-PET using various cut-off thresholds. Region segmentation 
accuracy of BraTumIA was calculated considering MET‑PET based segmentation as the gold standard. The BraTumIA false‑positive fraction was defined 
as A/(A + B), and the BraTumIA false‑negative fraction was defined as C/(B + C), where A represents the volume of the region segmented by BraTumIA but 
outside the MET-PET segmented region, B represents the volume of the region segmented by both BraTumIA and MET-PET, and C represents the volume of 
the region segmented by MET-PET but outside the BraTumIA segmented region. Values are reported as ratios of either A/(A + B) or C/(B + C), referred to 
as the false‑positive and false‑negative fractions, respectively. BraTumIA, Brain Tumor Image Analysis; CSF, cerebrospinal fluid; FLAIR, fluid‑attenuated 
inversion recovery; Gd, gadolinium; MET, 11C-methionine; MR, magnetic resonance; PET, positron emission tomography; VOI, voxel of interest.

Table I. Clinical characteristics of patients.

 WHO grade III 
 --------------------------------------------------------------------------------------------------------------------- WHO grade IV
 Anaplastic Anaplastic Anaplastic -----------------------------
Characteristics astrocytoma oligoastrocytoma oligodendroglioma Glioblastoma Total

Patients, n 11 7 1 26 45
Sex, n (%)     
  Male 8 (72.7) 5 (71.4) 1 (100) 14 (53.8) 28 (62.2)
  Female 3 (27.3) 2 (28.6) 0 (0) 12 (46.2) 17 (37.8)
Mean age ± Sd, years  58.9±16.6 59.4±21.3 35 59±14.4 58.5±15.9
Scanning technique, n     
  Scanned in 3T 10 5 1 24 40
  Scanned in 1.5T 1 2 0 2 5

WHO, World Health Organization; Sd, standard deviation.
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Figure 3. Cases in which the region of tumor existence on BraTumIA and the region of high accumulation on MET-PET showed good and poor correlations. The 
black curved line represents the mean ± standard deviation of all cases in the present study. The red curved line represents this case. The trend line was drawn 
by connecting the analyzed data by 0.1 increments in the T/Nr of MET accumulation on PET. BraTumIA, Brain Tumor Image Analysis; CSF, cerebrospinal 
fluid; MET, 11C-methionine; MR, magnetic resonance; PET, positron emission tomography; T/Nr, tumor-to-normal tissue ratio.

Figure 2. Concordance rate for the region of tumor existence as defined by BraTumIA with the region of high MET accumulation on PET. (A) False‑positive 
fraction of the region of tumor existence and the region of tumor with edema as defined by BraTumIA validated with the region of high MET accumulation 
on PET. (B) False‑negative fraction of the region of tumor existence and the region of tumor with edema as defined by BraTumIA validated with the region 
of high MET accumulation on PET. data are presented as the mean ± standard deviation. The trend line was drawn by connecting the analyzed data by 0.1 
increments in the T/Nr of MET accumulation on PET. BraTumIA, Brain Tumor Image Analysis; MET, 11C-methionine; PET, positron emission tomography; 
T/Nr, tumor-to-normal tissue ratio.
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17 females. GBM was identified in 26 patients. All patients 
were histopathologically diagnosed according to the WHO 
2007 Classification of Tumors of the Central Nervous System.

Brain segmentation by BraTumIA. T/Nr values for necrosis, 
non‑enhancing tumor and enhancing tumor were significantly 
higher compared with those for other segments (P<0.001). 
No significant differences in T/Nr were identified between 
necrosis, non-enhancing tumor and enhancing tumor (Fig. 5). 
These observations were true for analyses of Grade III glioma 
and GBM and when confined to only GBM. Notably, signifi-
cant overlaps were observed between segments 4-7 (necrosis, 
edema, non-enhancing tumor and enhancing tumor) with 
respect to MET-PET T/Nr.

Tumor distributions with BraTumIA and MET‑PET. 
Porz et al (20) defined complete tumor volume as areas 
encompassing necrosis (segment 4), non-enhancing tumor 
(segment 6) and enhancing tumor (segment 7). Segments 
4+6+7 were therefore initially defined as the region of tumor 
presence on BraTumIA (region A + B). When T/Nr threshold 
was set at 1.3, the BraTumIA false-positive fraction was 
~0.4 and the false-negative fraction was 0.9. This threshold 
was close to the threshold proposed by Kracht (23) that 
discriminates glioma tissues from normal brain tissues. When 
a T/Nr threshold of 2.0 was used, the false-positive fraction 
with BraTumIA increased to 0.6, whereas the false-negative 
fraction with BraTumIA decreased to 0.6 (Fig. 2).

Subsequently, the effect of the edema region on BraTumIA 
was investigated. Segments 4+5+6+7 were defined as the 
region of tumor existence for this purpose (region A + B). 
When the T/Nr threshold was set to 1.3, the false-positive 
fraction with BraTumIA was ~0.6 and the false-negative 
fraction was 0.7. When a T/Nr threshold of 2.0 was used, 
the false-positive fraction with BraTumIA increased to 0.8, 
whereas the false-negative fraction decreased to 0.3 (Fig. 2).

Fig. 3 illustrates a patient case (original MR case no. 26) 
in which the region of tumor existence on BraTumIA 

(segment 4+6+7) and the high accumulation region on 
MET-PET matched well. The BraTumIA false-positive fraction 
was <0.1 when the T/Nr threshold was 1.3, and was still ~0.4 
even with a T/Nr threshold of 2.0. Furthermore, the BraTumIA 
false-negative fraction was ~0.6 when the T/Nr threshold was 
1.3 and decreased to <0.1 when the T/Nr threshold was increased 
to 2.0. Conversely, Fig. 3 illustrates a patient case (original 
MR case no. 42) in which the region of tumor existence on 
BraTumIA (segment 4+6+7) and the high-accumulation region 
on MET-PET showed a large discrepancy.

With regards to GBM, when the T/Nr threshold was set 
to 1.3, the BraTumIA false-positive fraction was ~0.3 and the 
false-negative fraction was ~0.9. When a T/Nr threshold of 2.0 
was used, these errors were both ~0.5 (Fig. 4). For grade III 
glioma, when the T/Nr threshold was 1.3, the BraTumIA 
false-positive fraction was ~0.5 and the false-negative frac-
tion was ~0.95. When a T/Nr threshold of 2.0 was used, these 
errors were both ~0.7 (Fig. 4).

Discussion

The present study attempted to validate BraTumIA as a method 
for GBM diagnosis by comparing it to the gold standard 
MET-PET. To the best of our knowledge, this type of valida-
tion has not yet been performed. The results demonstrated 
that BraTumIA presented a significantly higher T/Nr in the 
enhancing tumor region, non-enhancing tumor region and 
necrosis region compared with other regions. These regions 
were defined as ‘the complete tumor volume’ by Porz et al (20) 
and the results from this study confirmed that BraTumIA could 
recognize regions of tumor existence within the brain. In partic-
ular, T/Nr values in necrotic lesions were significantly high, 
suggesting limitations to the tumor segmentation capability of 
BraTumIA. Kracht (23) described a mean ± Sd threshold of rela-
tive MET uptake of 1.96±0.47 for solid regions and 1.74±0.52 
for tumor‑infiltrated regions in GBM (23). When considering 
enhancing tumor regions on BraTumIA as solid regions and 
non‑enhancing tumor regions as infiltrated regions, the results 

Figure 4. Concordance rate of the region of tumor existence as defined by BraTumIA with the region of high accumulation of MET accumulation on PET 
comparing World Health Organization grade III and GBM. (A) False‑positive fraction of the region of tumor existence and the region of edema as defined 
by BraTumIA validated with the region of high MET accumulation on PET. (B) False-negative fraction of the region of tumor existence and the region of 
tumor with edema as defined by BraTumIA validated with the region of high MET accumulation on PET. Data represent the mean ± standard deviation. The 
trend line was drawn by connecting the analyzed data by 0.1 increments in the T/Nr of MET accumulation on PET. BraTumIA, Brain Tumor Image Analysis; 
GBM, glioblastoma; MET, 11C-methionine; PET, positron emission tomography.
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from the present study were comparable to those described by 
Kracht (23). Regions of necrosis exhibited lower T/Nr values 
compared with enhancing and non-enhancing tumor regions. 
Goldman et al (27) described anaplastic regions in high-grade 
gliomas as having higher MET uptake compared with regions 
without histological signs of anaplasia, and further reported that 
the presence of necrosis in anaplastic samples caused decreased 
MET uptake. In addition, Goldman et al (27) reported that the 
mean ± Sd T/Nr of anaplastic samples with no necrosis was 
2.72±0.90, whereas it was 1.84±1.10 and 1.20±0.36 for regions 
of focal necrosis and extensive necrosis, respectively. These 
results are comparable to the results obtained in the present 
study. T/Nr in regions of edema tended to be higher than in CSF, 
gray matter or white matter, although the difference was not 
significant. Kinoshita et al (24) reported a positive correlation 
of MET-PET with glioma cell density. Subsequently, regions 
of edema segmented by BraTumIA may have contained active 
tumor cells detected by MET‑PET. Furthermore, a significant 
overlap was observed between segments 4-7 (necrosis, edema, 
non-enhancing tumor and enhancing tumor) with respect to the 
MET-PET T/Nr. Although BraTumIA could identify four out 
of the seven segments or brain regions (CSF, gray matter, white 
matter, enhancing tumor), identification of the remaining three 
segments (necrosis, edema and non-enhancing tumor) was more 
problematic. For example, the MET-PET T/Nr of the necrosis 
region significantly overlapped with that of the enhancing 
tumor, suggesting that the algorithm over-segmented regions of 
necrosis.

In the present study, the complete tumor region was 
defined as regions encompassing necrosis, non-enhancing 
tumor and enhancing tumor on BraTumIA, similarly to the 
method described by Porz et al (20). Adding edema regions to 
regions of tumor existence decreased the false-negative frac-
tion for BraTumIA, but increased the false-positive fraction, as 
predicted. Overall, although BraTumIA may be able to distin-
guish tumor and other regions, including regions of edema, the 

spatial concordance rate with MET-PET remained unsatisfac-
tory. Miwa et al (28) reported that only 58.6% of MET uptake 
area is included within the gadolinium-enhanced area in GBM. 
Similarly, Grosu et al (29) reported that only 31.6% of the MET 
uptake area is included within the gadolinium-enhanced area, 
and that 56.5% of the MET uptake area is included within the 
area of T2 hyperintensity in high-grade gliomas. Furthermore, 
a recent study demonstrated that the diagnostic accuracy of 
MET-PET is better than that of conventional anatomical MR 
in high-grade glioma, which is similar to the results from the 
current study (30) and suggests that reliance on MRI alone 
for glioma segmentation may require caution. Furthermore, 
BraTumIA had limited lesion-segmentation capability for 
non-enhancing lesions. In addition, the results demonstrated 
that a visually well-recognized non-enhancing lesion in 
the right frontal lobe was mis-segmented as ‘edema’, which 
was likely caused by the fact that no information on tumor 
enhancement by contrast agents is available for BraTumIA.

When comparing GBM and WHO grade III gliomas, 
BraTumIA performed significantly better in accuracy for 
GBM than for grade III tumors. One possible reason for this 
result may be associated with the gadolinium-enhancing 
characteristics of the tumor, since contrast enhancement of 
the tumor is known to be associated with glioma grade (19,31). 
Porz et al (20) demonstrated that BraTumIA could detect the 
contrast-enhancing tumor region with high accuracy. This 
result raised some concerns regarding the use of BraTumIA 
in non-GBM gliomas, as the segmentation accuracy may be 
lower than that expected by researchers.

BraTumIA has been used to estimate the extent of resec-
tion and residual tumor volume in patients with GBM (32), 
and has been reported to be suitable for the follow-up of 
GBM progression (33). dextraze et al (34) reported that MRI 
imaging analyzed by BraTumIA were associated with signaling 
pathway activities and survival in GBM (34). Although these 
examples show the potential of BraTumIA to analyze clinical 

Figure 5. 11C-Methionine PET T/Nr for each region segmented by BraTumIA. Individual data points with mean ± standard deviation (marked by red lines) for 
11C‑methionine PET T/Nr in each region segmented by BraTumIA are presented for both analyses using (A) all the datasets and (B) confined to glioblastoma 
alone. *P<0.05. Statistical analysis was performed using one-way analysis of variance followed by Tukey-Kramer post hoc test. BraTumIA, Brain Tumor Image 
Analysis; CSF, cerebrospinal fluid; PET, positron emission tomography; T/Nr, tumor‑to‑normal tissue ratio.
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data from patients with gliomas, the results from the present 
study indicated that caution is warranted when fully relying on 
this technique, and that the results obtained using this novel 
technology should be carefully interpreted.

Some limitations should be addressed for the current study. 
MET-PET was considered as the gold standard when assessing 
the accuracy of lesion extraction using BraTumIA. Although 
MET-PET has frequently been described as a useful tool to 
detect tumor cell infiltration beyond the primary enhancing 
lesion (23,24,35-37), the lesion presentation is not mecha-
nistically or functionally linked with MRI. As a result, the 
accuracy of lesion segmentation with BraTumIA presented 
in the current study depended greatly on the cut-off values 
adopted from MET-PET.

In conclusion, BraTumIA brain tumor auto-segmentation 
software has been validated by MET-PET. Although the 
results from the present study indicated that BraTumIA may 
be able to detect enhancing tumors, non-enhancing tumors 
and necrosis, the rate of spatial concordance with MET-PET 
was relatively low. Careful interpretation is therefore required 
when using this technique.
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