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Abstract

Objective: To assess and validate the performance of a new tool developed for
segmenting and characterizing lacunas in postoperative MR images of epilepsy
patients.

Methods: A MATLAB-based pipeline was implemented using SPM12 to pro-
duce the 3D mask of the surgical lacuna and estimate its volume. To validate
its performance, we compared the manual and automatic lacuna segmentations
obtained from 51 MRI scans of epilepsy patients who underwent temporal lobe
resections.

Results: The code is consolidated as a tool named ResectVol, which can be run
via a graphical user interface or command line. The automatic and manual seg-
mentation comparison resulted in a median Dice similarity coefficient of 0.77
(interquartile range: 0.71-0.81).

Significance: Epilepsy surgery is the treatment of choice for pharmacoresist-
ant focal epilepsies, and despite the extensive literature on the subject, we still
cannot predict surgical outcomes accurately. As the volume and location of the
resected tissue are fundamentally relevant to this prediction, researchers com-
monly perform a manual segmentation of the lacuna, which presents human
bias and does not provide detailed information about the structures removed. In
this study, we introduce ResectVol, a user-friendly, fully automatic tool to accom-
plish these tasks. This capability enables more advanced analytical techniques
applied to surgical outcomes prediction, such as machine-learning algorithms,
by facilitating coregistration of the resected area and preoperative findings with
other imaging modalities such as PET, SPECT, and functional MRI ResectVol is
freely available at https://www.Ilniunicamp.com/resectvol.

Abbreviations: .png, Portable Network Graphics; CSF, cerebrospinal fluid; DSC, Dice similarity coefficient; FWHM, full width at half maximum;
GM, gray matter; MNI, Montreal Neurological Institute; Postop-MRI, postoperative MRI; Preop-MRI, preoperative MRI; TLE, temporal lobe epilepsy;

‘WM, white matter.
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1 | INTRODUCTION

Epilepsy surgery is the treatment of choice for phar-
macoresistant focal epilepsies.' The current chances of
achieving seizure freedom following epilepsy surgery
are still highly variable, with the rates of complete post-
operative seizure freedom ranging from 40% to 80%.**
Despite the extensive literature on the subject, we still
cannot predict surgical outcomes accurately.” The epi-
lepsy surgery decision process is based on the analysis
and concordance of multiple preoperative variables,
such as EEG, MRI, and semiology. Some of these results
are based on subjective impressions and imprecise meas-
urements, making it challenging to develop accurate
predictive models. Nevertheless, models using mainly
clinical data were created with some success.” The ad-
dition of findings from presurgical testing to the clinical
data significantly enhanced the predictive discrimina-
tion of these models,>’ suggesting that a streamlined
integration of data from multiple presurgical modalities
can transform surgical outcome prediction. The devel-
opment of new tools capable of precisely characterizing
and differentiating the individual imaging features of
each patient could be particularly helpful.

When evaluating epilepsy surgery outcomes, infor-
mation on the amount and location of the resected tissue
is undoubtedly important.® However, in most outcomes
research studies, patients are traditionally grouped into
broad categories (eg, temporal lobe, frontal lobe, and pos-
terior quadrant resections) to fit the inputs of traditional
statistical methodologies. The downside is that by over-
simplifying data on the surgical lacuna, we risk losing
valuable predictive information on an individual patient
basis. To overcome this limitation, researchers have used
manual segmentation of the surgical lacuna as a quan-
titative instrument to better characterize the resection.’
Unfortunately, manual segmentation is time-consuming
and subject to variation depending on who performs it.
Furthermore, available methods of automatic or semi-
automatic segmentation of the volume of the lacuna do
not provide information on which brain anatomic regions
were resected.'’

In this study, we present and validate a tool devel-
oped by our group that automatically delineates and
provides a 3D mask of the surgical lacuna, calculates
the volume of the tissue resected, and identifies which
brain structures were removed. This tool will facilitate
and enhance our ability to evaluate surgical resections

Key Points

« Determining the resection volume of specific
brain structures may add information about
cognitive and seizure outcomes in epilepsy
surgery

» ResectVol is a fully automatic tool that calcu-
lates the volume and segments the anatomic
structures within the surgical lacuna using
MRI scans

« The ResectVol 3D segmentation enables the
comparison of resected structures and preop-
erative multimodal imaging

« This tool may help in developing more accurate
predictive models for surgical outcome

in detail and generate a range of possibilities to analyze
the area resected and its relationship with other neuro-
imaging modalities and surgical outcomes. Our ultimate
goal is to use this tool to improve our ability to predict
postoperative seizure freedom.

2 | METHODS

We developed ResectVol, a fully automatic, user-friendly
tool that obtains surgical lacuna segmentations and iden-
tifies the brain structures inside the lacuna using the
pre- (Preop-MRI) and postoperative MRI (Postop-MRI)
3D T1-weighted images. We validate its performance in a
cohort of temporal lobe epilepsy patients who underwent
surgery.

This study was conducted with approval from the
Cleveland Clinical Foundation Institutional Review
Board. Informed consent was waived due to the retrospec-
tive nature of the data collection. All images used in this
study were anonymized.

2.1 | Validation

To validate ResectVol, we used MRI datasets from patients
with temporal lobe epilepsy (TLE) showing preoperative
MRI signs of hippocampal sclerosis or a normal MRI, who
underwent epilepsy surgery at the Cleveland Clinic Epilepsy
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Center from 2010 to 2019. We only included patients with
available 3D T1-weighted Preop-MRI and Postop-MRI. We
randomly selected 60 individuals with temporal lobe epi-
lepsy (TLE) who met inclusion criteria, which is approxi-
mately two times the number used in a similar study."* After
reviewing the quality of MR images, we excluded 4 cases
due to MRI artifacts and 2 cases due to MRI signs of gliosis
secondary to postoperative infection. In order to avoid the
interference of blood and edema in the segmentation, we
excluded patients whose postoperative MRI was performed
less than five months after surgery (n = 3). Hence, 51 image
datasets were used in the final analysis (24 men, 27 women;
median age: 39.6 years; range: 12.4-68.5).

2.2 | Imaging protocol

The 3D Tl-weighted images were acquired across 1.5
and 3 T MRIscanners with different protocols to validate
the segmentation tool in diverse conditions. Imaging
parameters varied within the following ranges: voxel
size = 0.39 X 0.39 X 0.8 to 1 X 1 X 1.5 mm3; TR = 8.5-
2300 ms; TE =2.30-4.92 ms; flip angle = 8-25°; and image
matrix = 192 X 192-512 x 512. There were nine different
MRI scanners (one by Philips and 8 by SIEMENS). A full
description of imaging protocols is available in Table S1.

2.3 | Automatic segmentation

We created ResectVol using MATLAB (version R2020b,
The MathWorks, Inc) and SPM12'? (version 7771) to per-
form the automatic lacuna segmentation. A detailed de-
scription of the image processing pipeline can be found
in Appendix S1. Briefly, the algorithm relies on the iden-
tification of brain tissues (gray matter (GM), white matter
(WM), and cerebrospinal fluid (CSF)) in the Preop-MRI
and Postop-MRI. Tissue maps are processed and then
compared to identify the surgical resection volume. Figure
S1 highlights the main steps in the pipeline.

In summary, six main results are generated: (a) the la-
cuna mask in the Preop-MRI space and (b) in the MNI
IX1549 standard space'?; (c) the description text file with the
lacuna volume and the resected volumes of the brain struc-
tures removed in the surgery; (d) the same file with the vol-
umetric information in the MNI IXI549 space; () individual
files with the resected portion masks for each brain structure
removed in the surgery; and (f) an image file (.png format)
showing axial slices of the segmentation overlayed onto the
brain-extracted Postop-MRI. All 3D image files are saved in
the Neuroimaging Informatics Technology Initiative (.nii)
format.

2.4 | Manual segmentation

Two epilepsy neurosurgery trainees supervised by the
Cleveland Clinic epilepsy neurosurgeon W.B (rater 1
and rater 2) manually segmented the anatomical im-
ages using MRIcron'* (version 1.0.20190902) to draw
the resected volume. All Postop-MRIs were randomly
split into two groups, and each was assigned to one of
the raters.

To enable the comparison of the manual segmentation
with the automatic one, the masks created by raters were
registered into the space of the reference image (Preop-MRI)
since ResectVol masks were produced in the Preop-MRI space.
Finally, these images are lightly smoothed (FWHM =1 X 1
x 1 mm®) and binarized (threshold = 0.5) to create the final
manual masks used in the statistical comparisons.

2.5 | Statistical analysis

All reported metrics are formatted as median (Q1-Q3: 1st
quartile-3rd quartile; range: minimum value-maximum
value).

To assess the performance of ResectVol, we compared
the lacuna masks and volume measurements generated
by the manual and the automatic approaches. Manual
masks were chosen as the gold standard. We calculated
Pearson's correlation coefficient (r), the relative differ-
ences for the volume values, and the Dice similarity co-
efficient (DSC)"” for the lacuna masks. DSC ranges from
0 to 1 and is mathematically defined by the following
equation:

2x(MnA)
MUA

DSC =

where M and A are the manual and automatic binary
masks, respectively. A DSC =0 corresponds to no over-
lap between the manual and the automatic masks, and a
DSC =1 means a perfect match.

3 | RESULTS

3.1 | Surgical outcomes

The median time interval between surgery and Postop-
MRI was 6 months (Q1-Q3: 6-6; range: 5-96). Regarding
surgical outcomes, 47% (24/51) of the participants were
seizure free at the last follow-up. The median postop-
erative follow-up time was 51.58 months (Q1-Q3: 28-70;
range: 7-106).
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3.2 | Segmentation results
Automatic segmentation was conducted in a Microsoft
Windows 10 Pro computer (version 10.0.19041) with
32 GB of RAM and an Intel Core i7-8700K CPU at 3.7 GHz.
The median processing time was 17.9 (Q1-Q3: 11.5-38.2;
range: 7.8-39.3) minutes.

The manual segmentation took approximately
30 minutes on average. It must be noted that manual
segmentation consists exclusively of drawing the lacuna
itself; that is, it does not provide the labeling and detail-
ing of the individual brain structures inside it, as is done
by ResectVol.

Relative Difference
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3.3 | Performance assessment

The median relative difference (Figure 1A) and the me-
dian DSC (Figure 1B) were 37.1 (Q1-Q3: 21.0-58.8; range:
0.9-136.9) % and 0.77 (Q1-Q3: 0.71-0.81; range: 0.23-0.89),
respectively. The linear correlation between the automatic
and the manual volumes obtained for the lacunas was
r(49) = 0.8, P < .001 (Figure 1C).

To offer a more visual perspective of the results, we
display in Figure 2 the images and lacuna masks corre-
sponding to the best (Figure 2A), median (Figure 2B),
and worst (Figure 2C) DSC values. The poor segmen-
tation in Figure 2C is likely a skull stripping error,
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FIGURE 1

Performance metrics. Box plots for the (A) relative difference between approaches and (B) for the Dice coefficient, and (C)

the scatter plot of the volumetric measurements with the linear fit (solid line; coefficient of determination (R%) = 0.638) and the reference

line (dashed)
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FIGURE 2

Segmentation examples. Manual (red) and automatic (cyan) lacuna masks overlayed onto the postoperative images.

The images represent the (A) best (Dice similarity coefficient (DSC) = 0.89), (B) median (DSC = 0.76), and (C) worst (DSC = 0.23) DSCs
obtained by the comparison of the manual and the automatic segmentation approaches

(A)

FIGURE 3
description file

which may be improved by adjusting the preprocessing
parameters.

Finally, an example of the labeled structures identified
inside the lacuna and the associated description text file is
given in Figure 3.

4 | DISCUSSION

The segmentation of brain structures and lesions is a
quantitative procedure frequently used in research and
the clinical setting. Its importance lies in aiding surgical
planning, defining treatment, and estimating progression
and prognostics. However, manual segmentation of surgi-
cal lacunas is a time-consuming task that only provides
the volume of the resected tissue.

(B)

Centroid coordinates (voxel space): 160x106x120

Centroid label: Left-Cerebral-White-Matter
Sub-region mean value: 1
Sub-region volume: 37170.95mm3

Regions in the sub-region:

. Resected Resected Vol Region participation in
Regions i)
percentage (%) (mm3) the resection (%)

Left-Cerebral-White-Matter 3.79 8656.99 23.29
ctx-lh-superiortemporal 34.66 3989.99 10.73
ctx-lh-middletemporal 34.99 3583 9.64
ctx-lh-inferiortemporal 35.02 3369 9.06
ctx-lh-temporalpole 95.86 2082 5.6
ctx-lh-fusiform 24.57 1950 5.25
Left-Hippocampus 47.02 1713 4.61
ctx-lh-entorhinal 96.41 1475 3.97
Left-Amygdala 33.11 397 1.07
ctx-lh-parahippocampal 2115 298 0.8
Left-Inf-Lat-Vent 40.52 141 0.38
ctx-lh-insula 1.65 101 0.27
ctx-lh-lateralorbitofrontal 111 70 0.19
Optic-Chiasm 40.5 49 0.13
ctx-lh-rostralanteriorcingulate 0.26 5 0.01
ctx-rh-medialorbitofrontal 0.1 4 0.01
Left-VentralDC 0.03 1! 0
ctx-lh-medialorbitofrontal 0.02 1 0
Unlabeled region 0.09 9284.99 24.98

Characterization examples. (A) Brain structure masks overlayed onto the postoperative image and (B) the corresponding

Here, we present and validate ResectVol, a user-friendly
and fully automatic tool for segmentation and charac-
terization of surgical lacunas in postoperative MRIs. We
compared the software's performance with the manual
segmentation of postoperative MRIs of TLE surgeries with
good results.

Although many studies have focused on segmenting
brain lesions,'®!® to the best of our knowledge, not as
many have specifically targeted brain lacunas. Gau and
colleagues'' claim to be the first group to have done so.
They compared a fully automatic and a semi-automatic
approach against the manual segmentation masks and
found a median DSC of 0.58 and 0.78, respectively. Their
semi-automatic method requires the user to click inside
the lacuna and decide when the evolving contour has ad-
equately identified its boundaries. In our study, using a
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fully automatic approach in a group of TLE patients, we
obtained a median DSC = 0.77.

Along with the lacuna mask, ResectVol also saves the
resected part of the brain structures inside the lacuna as
individual masks and their volumes using the labeling defi-
nition from the Desikan atlas,'’ since it is one of the most
popular atlases available. It is possible to include other at-
lases in ResectVol to accommodate different types of studies.
The volumes of the structures inside the lacuna will depend
on the atlas chosen, but not the total volume of the lacuna.

We could not find any free tool that would accomplish
a similar task without the need for additional intervention.
The structure labeling is arguably the most advantageous
feature in ResectVol. The individual masks of the resected
brain structures enable researchers to use them as regions
of interest for further analyses like tractography and func-
tional connectivity. In addition, the resected volumes of
these structures may support correlational studies to inves-
tigate their relationship with clinical scores allowing pre-
diction and prognostication. It also raises the possibility to
investigate the neuropsychological outcomes after surgical
intervention. In future, we hope that improvements on this
type of information can contribute to the development of
sophisticated statistical models capable of accurately pre-
dicting surgical outcomes from simulated 3D resections.

ResectVol is freely available from https://www.lniun
icamp.com/resectvol. Users can process one or multiple

subject's datasets either through the graphical interface
(Figure 4) or via command line.

4.1 | Limitations

One limitation of our study was that we excluded pa-
tients whose postoperative MRI was performed less than
5 months after surgery. We based our decision on some
preliminary tests and on the fact that sometimes it was
a challenge to perform the manual segmentation in the
presence of blood, gliosis, and edema. Depending on the
number of perioperative changes in the acute postopera-
tive MRI, it is still possible to use ResectVol; however, we
strongly encourage the visual inspection of the results in
this scenario and whenever the tool is used.

Our algorithm systematically produces slightly larger
estimates, as demonstrated in Figure 2. This overestimation
was intentional because when testing different binarization
thresholds, we noted that more stringent values would gen-
erally find the right boundaries in some parts but underesti-
mate others. Thus, a more liberal threshold would allow for
a complete detection with the side effect of including nonla-
cuna voxels (especially CSF). As the accurate determination
of the brain structures inside the lacuna (Figure 3A) was one
of the main goals of this tool, and it was not affected by this
overestimation, we decided to set more liberal thresholds as

Resection Volume Estimation

Parent Folder
Favorites Data >
Recents DBIni_Find .
e Jobs >
Z/'-\.; Applications ~ LacunaSegmentation >
MATLAB >
Deskto

= . OsiriX Data >
@ Documents Programs d
o Downloads scripts o
Tests >

New Folder

Run
Subjo01 > Post 4
Subjo02 > Pre >
Subjo03 >
Subjo04 »
Subj005 >

Cancel Open

FIGURE 4 User interface. (A) Graphical user interface and (B) the selection of the parent folder containing all subjects’ directories
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default. Nevertheless, as ResectVol is an open code software,
users are entitled to change these values. Finally, although
already mentioned, we must highlight that ResectVol relies
on the contrast between tissues to obtain accurate results.
Therefore, low contrast images that present the lacuna vox-
els (mainly CSF) with a brightness similar to brain tissue
(GM and WM) will probably yield poor results. That is the
case for the outliers in Figure 1A and B.

5 | CONCLUSION

In this study, we assessed the performance of ResectVol,
a tool capable of segmenting brain lacunas. Its validation
was established in a cohort of patients with TLE who un-
derwent surgical treatment, yielding a DSC larger than a
previous study with the same intent (0.77 vs 0.58). These
results indicate that ResectVol is an accurate tool that can
be very helpful in large cohort studies due to its fully auto-
matic nature, with the benefit of avoiding human bias in
the segmentation process, besides providing informative
details about the resected regions.
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