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Abstract

To facilitate a more widespread use of volumetric tumor segmentation in clinical studies,

there is an urgent need for reliable, user-friendly segmentation software. The aim of this

study was therefore to compare three different software packages for semi-automatic brain

tumor segmentation of glioblastoma; namely BrainVoyagerTM QX, ITK-Snap and 3D Slicer,

and to make data available for future reference. Pre-operative, contrast enhanced T1-

weighted 1.5 or 3 Tesla Magnetic Resonance Imaging (MRI) scans were obtained in 20

consecutive patients who underwent surgery for glioblastoma. MRI scans were segmented

twice in each software package by two investigators. Intra-rater, inter-rater and between-

software agreement was compared by using differences of means with 95% limits of agree-

ment (LoA), Dice’s similarity coefficients (DSC) and Hausdorff distance (HD). Time expen-

diture of segmentations was measured using a stopwatch. Eighteen tumors were included

in the analyses. Inter-rater agreement was highest for BrainVoyager with difference of

means of 0.19 mL and 95% LoA from -2.42 mL to 2.81 mL. Between-software agreement

and 95% LoA were very similar for the different software packages. Intra-rater, inter-rater

and between-software DSC were� 0.93 in all analyses. Time expenditure was approxi-

mately 41 min per segmentation in BrainVoyager, and 18 min per segmentation in both 3D

Slicer and ITK-Snap. Our main findings were that there is a high agreement within and

between the software packages in terms of small intra-rater, inter-rater and between-soft-

ware differences of means and high Dice’s similarity coefficients. Time expenditure was

highest for BrainVoyager, but all software packages were relatively time-consuming, which

may limit usability in an everyday clinical setting.
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Introduction

Glioblastomas are diffusely infiltrating tumors, and the true tumor volume is larger and more
diffuse than observedwith any current imagingmodality [1–4]. However, to study tumor
growth dynamics, surgical results, or tumor response after oncological treatment, assessment
of tumor volume is crucial [5]. By convention, tumor appearance in contrast enhanced T1-
weightedmagnetic resonance images (MRIs) defines the tumor volume in quantitative studies,
but methods of assessment vary much between studies [6]. Manual volume segmentation of all
T1 MRI slices remains the gold standard for volume measurement. However, this is very time-
consuming, and some authors have questioned the accuracy of manual tumor delineation [7,
8]. Despite some exceptions [9–13], manual segmentation is not often used in larger studies.
Some studies have instead used relatively simple geometric formulae based on post-contrast
neuroimaging [14–16], and in many studies where progression-free survival is assessed, vol-
ume measures are based on crude assessments of tumor diameters (RECIST criteria,MacDon-
ald Criteria,WHO, RANO criteria) [6, 17, 18]. With such divergingmethodology, between-
study comparisons are difficult.

In later years, several semi-automatic or fully automatic segmentationmethods have been
developed to save time and resources and to improve reliability of volume measurements [7,
19–21]. The simplest of these segmentation techniques is based on all voxels within a contrast-
enhanced border, and have the potential of precisely estimating pre- and postoperative vol-
umes.When combined with a well-developed graphical user interface, they can be imple-
mented in an everyday clinical setting and in clinical studies. However, there are few validation
studies or comparative studies of segmentation algorithms in clinical data sets. The nearly
automatic methods generally rely on input from severalMRI sequences, and generally require
a high technical knowledge of the user [7, 20]. Semi-automatic methodsmore often employ
only one type of MRI sequence, and could be easier to implement in a clinical research
environment.

The aim of this study was to compare three different software packages for semi-automatic
segmentation of glioblastoma; namely BrainVoyagerTM QX, ITK-Snap and 3D Slicer. We
assessed intra- and inter-rater agreement in pre-operative tumor volumes with between-soft-
ware comparisons. Time expenditure was recorded as a measure of usability in everyday clini-
cal practice. By publishing results and image data, we also seek to establish a possible reference
database, which could be utilized to compare future segmentationmethods.

Method and Materials

Study design and participants

St. Olav’s University Hospital has a region-based referral practice where all brain tumors in
the region are referred to our Neurosurgical department. A sample of 20 consecutive
patients who had undergone primary surgery for glioblastoma was included. The exclusion
criteria were: earlier brain tumor surgery or radiotherapy, non-contrast-enhancing lesions,
gliomatosis cerebri, unavailable or unsuitable preoperative MRI scans (no contrast given,
unacceptable motion artifacts). Two tumors were later excluded due to low and/or diffuse
contrast enhancing properties in two of the MRI scans making reliable segmentation nearly
impossible, as judged by a neuroradiologist (E.M.B). Therefore, only 18 were included in the
analyses. An example of an excluded tumor is presented as Fig 1. The study was approved by
the Regional Ethics Committee (Central) as part of a larger project (reference 2013–1348),
with waiver of informed consent for retrospective review of MRI images obtained as part of
clinical routine.
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Data acquisition

Pre-operative contrast enhanced 3D T1 MPRAGE (Magnetization-Prepared Rapid Acquisition
Gradient-Echo) images acquired at 1.5 or 3 Tesla were retrospectively obtained from the
St. Olav’s University Hospital’s radiology database. MRI scans had been performed on three
different scanner systems; exact scan parameters for each case are presented in S1 Table. All
scans had been obtained using a gadolinium based contrast agent (Dotarem; Bayer Schering
Pharma, Leverkusen,Germany and Omniscan; GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom). Scans were de-identifiedby one of the authors (E.M.B) and segmented
independently by two investigators (A.L.S, E.H.F) using three different software packages:
BrainVoyagerTM QX version 1.2 (Brain Innovation B.V., the Netherlands, available at www.
brainvoyager.com) [22], 3D Slicer version 4.3.1 (www.slicer.org) [19] and ITK-Snap version
3.0.0 (www.itksnap.org) [21]. The choice of software solutions was guided by the following cri-
teria: (1) BrainVoyager was included because this had been the software previously used for
brain tumor segmentation in our group, and it was thus natural to compare other software
with this. (2) The software should offer semi-automatic segmentation from a singleMRI
sequence (contrast enhanced T1 in this case). (3) The software should also have a graphical
user interface that could be used without specific technical knowledge. (4) Preferably, the soft-
ware should be open source and free of charge. ITK-Snap and 3D Slicer are both free and
open-source, while BrainVoyager requires a license.

Tumor volume was defined as the pathological contrast enhancement plus the necrotic tis-
sue within the contrast enhancing borders. Non-enhancing bulk tumor, indicating a trans-
formed lower grade glioma, was not seen in any of the included patients. At the time of
segmentation, A.L.S was a medical student trained in segmentation by a neuroradiologist (E.M.
B), and E.H.F was a resident neurosurgeon. As part of a different project, A.L.S had segmented
106 GBMs in BrainVoyager before the start of this study [13]. Each tumor was segmented two
times in each software package by each of the two investigators with a minimum of 14 days
between segmentations of the same tumor. Thus, tumors were segmented six times per investi-
gator to a total of twelve segmentations per tumor. After segmentation, E.M.B performed a
visual control of the first segmentation round in BrainVoyager by both A.L.S and E.H.F as

Fig 1. Example of a case excluded due to very diffuse contrast enhancing properties.

doi:10.1371/journal.pone.0164891.g001
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quality control. The inspection revealed that all tumors were segmented after the contrast-
enhancing border, no obvious non-tumor tissue was included, and all segmentations were con-
sidered to delineate the tumor very well. No segmentations were evaluated as in need of correc-
tion after control.

Segmentation procedures

In BrainVoyager, the authors first selected a 3D volume with a box tool that covered the entire
tumor. Subsequently, a range algorithm was applied, that selected all voxels with intensity
above a defined threshold within this volume. Contrast enhanced voxels not representing
tumor (meninges, blood vessels, plexus choroideus) were manually deselected from each slice
with an in-software tool. The resulting segmented volume comprised the contrast enhancing
tumor tissue. The procedure was repeated for the voxels with intensity below the above-defined
threshold within the contrast enhancing limits to select necrotic parts of the tumor. The vol-
ume was then calculated from the voxel size and the number of voxels segmented.

In 3D Slicer, a competitive region-based segmentationmodule called “GrowCut” was used.
The workflow has previously been describedby others [19]. In short, very rough inner and
outer tumor borders were selected in three orthogonal planes before applying the GrowCut
function. The software calculated the rough borders of the tumor and presented this as colored
areas on the images. These borders were refined using the functions “Dilate” and “Erode” with
8 pixel neighbors and a manual segmentation tool, before calculating the volume of the tumor.

ITK-Snap is based on a combination of geodesic active contours and region competition in
order to create an evolving estimate of tumor borders [21]. Using the Active Contour Segmen-
tation Mode with region competition, different growing points in the contrast-enhancing
tumor parts were selected to “grow” the algorithm. The evolving estimate was graphically dis-
played as a color label. We stopped the algorithm when there was no further algorithm growth
for approximately 5 seconds, or when the estimated tumor borders leaked outside the contrast-
enhancing tumor. The central non-enhancing tumor tissue often had to be manually added to
the segmentation result.

More comprehensive segmentation workflows with illustration images can be found in the
S1 Appendix. Examples of tumor segmentations in each software package with colored seg-
mentation labels are presented as Fig 2. Time expenditure for segmentation was measured for
all segmentations by A.L.S using a stopwatch.

Statistical considerations

Intra-rater agreement was calculated as difference of tumor volume means with 95% limits of
agreement (LoA) between the first and second segmentations for each of the investigators in
each software package, as describedby Bland and Altman [23]. Inter-rater agreement was cal-
culated in the same manner using difference of tumor volume means with 95% LoA between
investigators for the second segmentations in each software package. A combinedmean tumor
volume for each software package was calculated based on the second segmentations of both
investigators. Agreement between software packages was calculated by the difference of these
combined tumor volume means with 95% LoA.We used the second segmentations as basis for
inter-rater and between-software agreement. Bland-Altman plots [24] with 95% LoA were cre-
ated from the above calculated values.

To compare our results to the results obtained for automatic glioma segmentation in the
BRATS benchmark, a spatial overlap index was calculated [20]. Specifically, intra-rater Dice’s
similarity coefficients (DSC) were calculated for both investigators [25]. Inter-rater and
between-softwareDSC and Hausdorff distances (HD) were calculated, again using the second
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Fig 2. Examples of user-interface for segmentation in each software package. a BrainVoyager, b 3D

Slicer, c ITK-Snap.

doi:10.1371/journal.pone.0164891.g002
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segmentation for each rater [26]. Between-softwareDSC and HD were calculated separately
for each of the investigators. DSC was in this study used to measure spatial overlap between
tumor segmentations with 0 representing no overlap and 1 representing perfect overlap. DSC
is a widely usedmeasure of segmentation overlap, and is relatively insensitive to outliers. A
DSC of> 0.700 is regarded as good overlap [27]. HD was used as a measure of the longest dis-
tance between two voxels on the outer borders of two segmentations for a random set of voxels.
HD is sensitive for variations in segmentation borders and small volume outliers.

In order to explore the magnitude of differences in volume between segmentations relative
to the tumor volume, we calculated the difference in volume between segmentations as a per-
cent of tumor volume. Differences in time expenditure between segmentation rounds and
between software packages were analyzed using paired samples t-test. Simple plots of mean
tumor volumes with 95% confidence intervals were created in order to investigate any trend
towards increasing or decreasing segmentation volumes with repeated segmentations as a sign
of a possible learning curve in image interpretation.

3D Slicer version 3.2.1 with the DiceComputationmodule was used to calculate DSC, while
the ModelToModelDistance module was used to calculate HD (both downloaded through the
3D Slicer built-in extension manager). IBM SPSS Statistics version 22.0.0.2 64-bit for OS X was
used for all other analyses.

Results

There was no systematic increase or decrease in mean segmentation volume with repeated seg-
mentations for any of the two investigators (Fig 3). Descriptive statistics of tumor volumes are
presented in Table 1. The intra-rater agreement, inter-rater agreement and between-software
agreement are presented in Table 2. Inter-rater agreement was highest for BrainVoyager with a
difference of means of 0.19 mL and 95% LoA from -2.42 mL to 2.81 mL. Analyses of between-
software agreement resulted in very similar differences of means and 95% LoA to the inter-
rater analyses. Bland-Altman plots for inter-rater and between-software agreement with 95%
LoA are presented as Figs 4 and 5.

Inter-rater mean difference in volume was 3.7% (range 0.2% to 11.6%) for BrainVoyager,
3.9% (range 0.1% to 7.6%) for 3D Slicer and 5.5% (range 1.1% to 15.4%) for ITK-Snap (S3
Table). Between-softwaremean difference in volume was 4.4% (range 0.1% to 14.7%) between
BrainVoyager and 3D Slicer, 3.7% (range 0.2% to 9.4%) between BrainVoyager and ITK-Snap
and 4.8% (range 0.7% to 19.7%) between 3D Slicer and ITK-Snap. The largest differences in
percent were with the smallest tumors, where small variations in segmentation volumes result
in large differences in percent.

Dice’s similarity coefficients (DSC) with Hausdorff distance (HD) between investigators
and between software packages are presented in Tables 3 and 4. All in all, there were high DSC
for all analyses, with all mean DSC for intra-rater, inter-rater and between-software
segmentations� 0.93 (S4 Table). We identified two cases that skewed the HD; in two cases of
BrainVoyager segmentations by E.H.F, there were a few voxels lying far away from the tumor
resulting in HD as high as 74.3 mm. As such, HD are presented as median values. Because the
HD is sampled in a random set of voxels and not all voxels, maximumHDwere only affected
in between-software analyses and not inter-rater analyses. In two segmentations in 3D Slicer
by E.H.F, a missing satellite tumor was discovered when comparing volume models between
segmentations. The satellite tumors were then segmented and included in the analyses, as the
focus of this study was agreement between segmentation algorithms and not a test of radiologi-
cal diagnostics. This only resulted in minimal changes in mean tumor volume (� 0.01 mL), dif-
ferences of means (change in difference of means� 0.01 mL and change in 95% LoA� 0.04
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Fig 3. Mean volumes with 95% CI for the two raters in the different software solutions. a Segmentations by

A.L.S, b segmentations by E.H.F.

doi:10.1371/journal.pone.0164891.g003
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mL for all affected analyses) or DSC (� 0.01 for all affected analyses), but the maximumHD
was reduced from 16.7 mm to 8.0 mm when comparing second segmentations in 3D Slicer
between investigators, and from 16.3 mm to 9.2 mm for E.H.F segmentations in ITK-Snap vs.
3D Slicer segmentations. All numbers reported in this paper and the supplementary informa-
tion are after these corrections.

The mean time expenditure for the second segmentation by A.L.S for BrainVoyager, 3D
Slicer and ITK-Snap was 41 min (range 13 min to 1 h 19 min), 18 min (range 5 min to 30 min)
and 18 min (range 6 min to 39 min), respectively (S6 Table). The difference in time expendi-
ture was statistically significant between BrainVoyager and 3D Slicer (P< 0.001), and between
BrainVoyager and ITK-Snap (P< 0.001), but not between 3D Slicer and ITK-Snap
(P = 0.887). There was a significant decrease in mean time expenditure between first and sec-
ond segmentations by A.L.S in BrainVoyager and 3D Slicer by 7 min 33 sec (95% CI 1 min 07
sec to 14 min 0 sec, P = 0.024) and 4 min 49 sec (95% CI 1 min 21 sec to 8 min 16 sec,
P = 0.009), respectively. No such effect was found for ITK-Snap (mean difference 6 sec,

Table 1. Descriptive statistics for tumor volume segmentations in mL for each investigator (N = 18).

A.L.S E.H.F

Mean (standard deviation, range) Mean (standard deviation, range)

BrainVoyager

First segmentation 43.9 (27.1, 1.7 to 91.7) 43.7 (27.0, 2.0 to 89.7)

Second segmentation 43.5 (26.7, 1.7 to 89.6) 43.3 (26.6, 1.9 to 89.8)

3D Slicer

First segmentation 43.8 (27.2, 1.9 to 91.1) 42.0 (25.8, 1.8 to 87.4)

Second segmentation 42.9 (26.3, 2.1 to 88.5) 42.2 (25.9, 1.9 to 87.4)

ITK-Snap

First segmentation 42.6 (26.9, 1.9 to 89.2) 42.1 (26.9, 1.8 to 87.2)

Second segmentation 41.8 (26.5, 1.9 to 89.0) 43.2 (26.8, 1.7 to 88.0)

doi:10.1371/journal.pone.0164891.t001

Table 2. Intra-rater, Inter-rater and Between-software agreement reported as difference of means

(mL) with 95% LoA.

Intra-rater agreement A.L.S E.H.F

Difference of means (95% LoA) Difference of means (95% LoA)

BrainVoyager 0.45 (-1.34 to 2.25) 0.40 (-1.70 to 2.50)

3D Slicer 0.84 (-1.93 to 3.61) -0.23 (-1.70 to 1.24)

ITK-Snap 0.80 (-2.69 to 4.30) -1.16 (-5.41 to 3.09)

Inter-rater agreement Difference of means (95% LoA)

BrainVoyager 0.19 (-2.42 to 2.81)

3D Slicer 0.72 (-2.32 to 3.77)

ITK-Snap -1.47 (-5.37 to 2.44)

Between-software agreement

BrainVoyager vs. 3D Slicer 0.82 (-2.36 to 3.99)

BrainVoyager vs. ITK-Snap 0.87 (-2.26 to 4.01)

ITK-Snap vs. 3D Slicer -0.06 (-3.53 to 3.42)

Difference of tumor volume means in mL with 95% LoA (limits of agreement) between first and second

segmentations for each investigator (A.L.S, E.H.F, intra-rater agreement), between investigators using

second segmentations (inter-rater agreement), and between software packages using the combined mean

of the second segmentations (between-software agreement) (N = 18)

doi:10.1371/journal.pone.0164891.t002
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P = 0.927). Running the GrowCut function in 3D Slicer took from 21 sec to 6 min 5 sec using a
midrange portable computer (Intel Core i5-3317U 1,7 GHz processor and 4 GB RAM).

Discussion

This is the first study to explore agreement between these three semi-automatic brain tumor
segmentation software packages for segmentation of glioblastoma. There was high agreement
within and between software packages in terms of small intra-rater, inter-rater and between-
software differences of means and high DSC. BrainVoyager, the least automatic and by far
most time-consuming segmentationmethod, did not perform better than the more automatic
methods in terms of agreement.

Differences of means and 95% LoA between software packages are comparable to the intra-
and inter-rater differences of means and 95% LoA, indicating similar performance of the three
software packages. Further, all the mean DSC were� 0.93, indicating very good spatial overlap
between segmentations. Results from 20 state-of-the-art multimodal automatic segmentation
algorithms were published by Menze et al. in 2015 [20]. In that study, T1-weighted, T2-
weighted and FLAIR images from high grade gliomas were used to segment different tumor
compartments, which then were used for validation of automatic segmentation results. The
regions used for validation were the whole tumor including edema, “tumor core” and “enhanc-
ing tumor core”, of which “tumor core” corresponds best to our definition of the tumor vol-
ume. The manual segmentations of the tumor core of high-grade gliomas in the study by
Menze et al. had a mean inter-rater DSC of 0.93. When choosing the best segmentation of each
tumor from all the automatic algorithms, they obtained a DSC of 0.82 for tumor core in high
grade gliomas. This would be the theoretical upper limit of segmentation overlap of the auto-
matic algorithms they tested [20]. Compared to their manual segmentations, we achieved
higher mean inter-rater DSC for all software packages. This is in line with recent studies show-
ing better reproducibility and robustness with semi-automatic segmentation algorithms com-
pared to manual segmentation in primary lung tumors and uterine fibroids using CT scans
and MRI scans, respectively [8, 28]. High intra- and inter-rater agreement ensures reproduc-
ibility and enables comparisons across studies, and may bemore important than agreement
with manual segmentation, the current “gold standard”.

Using BrainVoyager, mean segmented volumes were slightly larger than for the other soft-
ware packages. The investigators experienced that they had a tendency of slightly increasing
the tumor edges when the software applied the color mask because one could then easier visu-
alize the differences in contrast outside of the color mask. When removing the color mask, it
was often seen that the mask was slightly too large. As the human eye over-emphasizes con-
trast, tumor volume may by this workflow be over-estimated and result in measurement bias.

When exploring mean difference in volume as a percent of tumor volume, we found that
the largest differences in percent were in the smallest tumors. This reflects that relatively small
variations in segmentation volume will tend to result in larger differences in percent for small
tumors. However, when comparing this with Figs 4 and 5, small volume segmentations still
have smaller tumor volume differences than larger tumors in mL.

Compared to the study by Egger et al. using 3D Slicer for segmentation of brain tumors, we
had higher DSC, but also higher HD [19]. Higher HD was especially evident in a few of the

Fig 4. Inter-rater agreement. Difference in tumor volumes for second segmentations between investigators

using each software plotted against mean tumor volume of each segmentation (inter-rater agreement).

Whole line represents mean difference, stapled lines represent 95% limits of agreement. a BrainVoyager, b

3D Slicer, c ITK-Snap

doi:10.1371/journal.pone.0164891.g004
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segmentations using BrainVoyager, where voxels had been erroneously included in the seg-
mentations because they had not beenmanually removed, as the workflow in this software
requires. This has little impact on DSC and tumor volume estimations, but underlines the need
for segmentation software that requires as little manual adjustment as possible in order to min-
imize sources of error.

Despite optimal treatment glioblastoma almost invariably progresses, and the evaluation of
disease progression and response to therapy is based on radiological assessment. Volumetric
tumor segmentations are likely to be more sensitive [29, 30] than crudemeasures used in cur-
rent guidelines. Today, so called “progression free” survival is often defined as less than a 20%
increase in the sum of diameters of a tumor [17]. In an ellipsoid shaped lesion this equals
approximately a doubling of the volume. Thus, smaller treatment effects can potentially be
missed and statistical power is lower than with use of more sensitive measures [5]. Also, glio-
blastomas, and especially tumor remnants, are usually not ellipsoid shaped, hampering volume
measures based on crude diameters. Segmentation can also be of clinical use. Pre-operative 3D
segmentation can improve visualization for the surgeon both during planning and intra-opera-
tively when using neuro-navigation. Also, volume segmentationmay be useful for planning
radiotherapy or evaluating treatment effects in individual patients.

For everyday clinical work, time expenditure was higher than desired for all software pack-
ages. This especially applies for BrainVoyager, which was considerably more time consuming
than the two other software packages. Running the GrowCut algorithm in 3D Slicer took up to
about 6 minutes, and total segmentation time expenditure may therefore be somewhat reduced
on a more powerful computer. For segmentation to become part of everyday practice, it is
imperative that state-of-the-art algorithms are implemented in user-friendly graphical user-
interfaces that are accessible to clinicians and engineers alike.

A possible limitation of the present study was that none of the investigators who performed
the segmentations were neuroradiologists, despite considerable experiencewith assessment of
brain tumors. Because tumor margins were defined as the edges of contrast enhancement on
MRI scans, tumor borders were readily visible in most cases. Possible pitfalls are contrast
enhancement in tumor-near blood vessels or vessels entering the tumors, in addition to other
contrast enhancing tissue such as the choroidal plexus. However, as the tumor could be visual-
ized in all three orthogonal planes in all programs, this is not likely to be a major source of
error. Satellite tumors represent a different kind of pitfall.

In this study we defined the tumor volume as the contrast enhancing compartment together
with the central necrosis in contrast enhanced T1-weighted images. This is a commonly used
glioblastoma tumor volume definition, but it could be seen as a limitation to our study that we
lack information about segmentation of tumor in T2/FLAIR images. The contrast enhancing

Fig 5. Between-software agreement. Difference in tumor volumes for combined mean of second

segmentations for investigators between software packages plotted against mean tumor volume of each

segmentation. Whole line represents mean difference, stapled lines represent 95% limits of agreement. a

BrainVoyager and 3D Slicer, b BrainVoyager and ITK-Snap, c ITK-Snap and 3D Slicer

doi:10.1371/journal.pone.0164891.g005

Table 3. Inter-rater Dice’s similarity coefficients (DSC) and Hausdorff distance in millimeters (HD)

(N = 18).

Mean DSC (range) Median HD (range)

BrainVoyager 0.96 (0.89 to 1.00) 3.9 (2.3 to 7.1)

3D Slicer 0.95 (0.90 to 0.99) 4.6 (2.2 to 8.0)

ITK-Snap 0.95 (0.89 to 0.99) 4.8 (2.4 to 12.9)

doi:10.1371/journal.pone.0164891.t003
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compartment, with or without the central necrosis, is currently being used for measuring
extent of tumor resection, preoperative tumor growth, and progression of tumors after treat-
ment, as suggested in the RANO criteria [6, 31, 32]. For primary glioblastomas, the most rele-
vant additional tumor compartment to segment would be the edema surrounding the tumor,
as seen on T2 or FLAIR images, which is known to encompass varying degrees of infiltrating
tumor cells. However, as stated in the RANO-criteria, several other disease processes, such as
infarctions, might resemble the appearance of tumor edema in these images [6]. In addition, it
is not possible to differentiate edema due to tumor infiltration from reactive edema based on
T2/FLAIR images alone [5, 33]. From a technical point of view, there exists many automatic
algorithms which produce segmentations of several different tumor compartments. However,
in the BRATS challenge, no one algorithm produced optimal results for all the three included
tumor regions [20]. Of the software solutions we tested, none could deliver concurrent multi-
modal semi-automatic segmentation. However, it would be possible to segment T2/FLAIR and
T1-images separately. As shown by Menze et al., segmentation of the whole tumor including
edema is generally easier than to segment contrast-enhancing tumor [20]. If a standard defini-
tion of tumor on T2/FLAIR images was chosen, the software tested in our study could be used,
but the time usage would be an even stronger practical limitation.

The MRI scans were obtained from different MRI scanners with varying field strengths
(both 1.5 T and 3 T). As such, the scan parameters obtained were not standardized. By analyz-
ing differences of means and DSC this is unlikely to contribute to bias, though precision of the
volume estimates may vary with quality of images. However, one may argue that this more
closely resembles the day-to-day workflow with different scanners and scan parameters.

Conclusions

In this study, we have found the software packages BrainVoyager, 3D Slicer and ITK-Snap to
have similar performance in terms of high intra-rater, inter-rater and between-software volume
agreement and spatial overlap for segmentation of GBM. Time expenditure was significantly
longer in BrainVoyager than in the two other software packages, but both time expenditure
and smoothness of workflow could be better for all three software packages.
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doi:10.1371/journal.pone.0164891.t004
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