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Abstract

Obijective: Vascular structures may play a significant role in epileptic pathology. Although
previous attempts to characterize vasculature relative to epileptogenic zones and hippocampal
sclerosis have been inconsistent, an /n7 vivo method of analysis would assist in resolving these
inconsistencies and facilitate a comparison against healthy controls in a human model. Magnetic
resonance imaging is a non-invasive technique which provides excellent soft tissue contrast, and
the relatively recent development of susceptibility-weighted imaging has dramatically improved
the visibility of small veins.

Methods: We built and tested a Hessian-based segmentation technique, which takes advantage of
the increased signal and contrast available at 7 Tesla (7T) to detect venous structures /n vivo. We
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investigate the ability of this technique to quantify vessels in the brain and apply it to an
asymmetry analysis of vessel density in the hippocampus in patients with mesial temporal lobe
epilepsy (MTLE) and neocortical epilepsy.

Results: Vessel density was highly symmetric in the hippocampus in controls (mean asymmetry
=0.080 £ 0.076, median = 0.05027), while average vessel density asymmetry was greater in
neocortical (mean asymmetry = 0.23 + 0.17, median = 0.14) and MTLE (mean asymmetry = 0.37
+ 0.46, median = 0.26) patients, with the decrease in vessel density ipsilateral to the suspected
seizure onset zone. Post-hoc testing with 1-way ANOVA and Tukey’s post-hoc test indicated
significant differences in the group means (p < 0.02) between MTLE and the control group only.

Significance: Asymmetry in vessel density in the hippocampus is visible in patients with
MTLE, even when qualitative and quantitative measures of hippocampal asymmetry show little
volumetric differences between epilepsy patients and healthy controls.

Keywords
7T MRI; non-lesional focal epilepsy; temporal lobe epilepsy; SWI; hippocampus

Introduction

Epilepsy is a chronic condition that is characterized by recurrent seizures and actively affects
approximately 1-8% of the worldwide populationl=5. Mesial temporal lobe epilepsy
(MTLE) is the most common seizure type in adult epilepsy. MTLE is often drug resistant
and difficult to clinically manage. One of the most frequent magnetic resonance imaging
(MRI) findings in adult MTLE is hippocampal sclerosis, which is characterized by gliosis
and neuronal loss®2.

In vivo identification of hippocampal volume asymmetry or of a hyperintense lesion on
structural MRI scans are both key indicators of hippocampal sclerosis. However, even
patients without a clear lesion or volume asymmetry on pre-surgical imaging who do
undergo successful surgery (guided by seizure semiology and both scalp and intracranial
electroencephalography (EEG))) can have distinct, epileptogenic abnormalities identified in
the resection via post-surgical histopathologyl® 11. This suggests that there are discrete
structural abnormalities that are not well characterized by current imaging protocols and
analysis.

Vascular structures may play a significant role in epileptic pathology. In analysis of sclerotic
hippocampi of temporal lobe epilepsy patients, changes in permeability of the blood-brain
barrier have been reported!2-14. Although previous attempts to characterize vasculature
relative to epileptogenic zones and hippocampal sclerosis have been inconsistent, an increase
in hippocampal vasculature, found through examination of immunohistochemistry markers
such as collagen-1V and macroscopic observations of the epileptogenic zone, have been
interpreted as evidence of an increase in hippocampal vasculature in MTLEL5-22, However,
this pattern is discordant with histochemical labeling studies employing alkaline
phosphatase, a marker of endothelial cells in the blood-brain barrier and both high-
magnification light- and electron- microscopy, which suggest a decrease of blood vessels

Epilepsia. Author manuscript; available in PMC 2021 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feldman et al.

Methods

Participants

Page 3

and visual identification of atrophic blood vessels in sclerotic hippocampi?3-26, Existing
techniques investigating alterations in vasculature during epilepsy have relied on ex vivo
assessment of the resected hippocampus. An /n vivo method would assist in resolving these
inconsistencies and facilitate a comparison against healthy controls in a human model.

MRI is a non-invasive technique which provides excellent soft tissue contrast, and the
relatively recent development of susceptibility-weighted imaging (SWI) has dramatically
improved the visibility of small veins?’-2%, A number of algorithms making use of Hessian
filters have been proposed to facilitate the segmentation of blood vessels made visible by
SWI15.30-33 | this work we build on the Steger algorithm33 to create a Hessian-based
segmentation technique, which takes advantage of the increased signal and contrast available
at MRI strengths of 7 Tesla (7T) to detect venous structures /in vivo. The method integrates
high resolution SWI and anatomical knowledge derived from T1-weighted images. We
investigate the ability of this technique to quantify vessels in the brain and apply it to an
analysis of vessel density in the hippocampus in patients with neocortical epilepsy and
MTLE.

Patients with epilepsy, between ages 18—78 years, were referred for 7T imaging by their
epileptologist (M.C.F, L.V.M). Inclusion criteria for this analysis required epilepsy patients
to 1) have suspected seizure onset in the temporal lobe (MTLE), or other forms of focal
epilepsy from the neocortex, as revealed by their clinical history, seizure semiology and/or
EEG data; 2) have standardized epilepsy protocol 1.5T or 3T MRI scans that were read as
MRI-normal, i.e., without epileptogenic lesions; by a neuroradiologist (BND) and 3) have no
contraindications to 7T MRI. Institutional Review Board approval for human research was
obtained for this study and written, fully informed, consent was given by each participant
prior to enrollment. A total of 17 MTLE patients (10 female; mean age = 37+15 years),
underwent scanning for the present study, as well as 17 neocortical patients (10 female, age
37+13 years), selected for similar age and gender, and 17 age and gender matched normal
controls (10 female, mean age = 37+13 years) (Table 1). All MTLE patients recruited to
participate in 7T research on epilepsy patients with MRI-normal clinical scans were
analyzed. Control volunteers were included if they had no contraindications to 7T MRI and
self-identified with no history of seizure or epilepsy. From neocortical patients, seizure onset
was suspected to be focal (10, including nine frontal and one parietal) or multi-focal (7).
Additional clinical information is provided in the supplemental Tables el and e2.

Data acquisition

All imaging was performed on a 7T whole body scanner (Magnetom, Siemens Healthcare,
Erlangen, Germany). A SC72CD gradient coil (max slew rate = 200T/m/s, Gpmax = 70
mT/m) was used with a single channel transmit and a 32-channel receive head coil (Nova
Medical, Wilmington, MA, USA). The patients were scanned using a 90-minute epilepsy
MRI protocol, and qualitative analysis of the data has been reported34. For this analysis we
made use of the T1-weighted (MP2RAGE3?) sequence (TA 7:26; voxel size 0.8 x 0.8 x 0.8
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mm3; FOV 255 x 183 mm?; TR 6000 ms; TE 5.1 ms; TI1/T12 1050/3000 ms; FA1/FA2 5/4;
Matrix 282 x 146; BW 130 Hz/pixel; iPAT 3) and the SWI sequence (TA 7:30; voxel size
0.2 x 0.2 x 1.5 mm3; TR 23 ms; TE 14 ms; FA 12; matrix 1024 x 832; BW 150 Hz/Pixel;
iPAT 3).

Vessel tracing

Verification

The protocol developed to automatically detect potential venous structures from the acquired
data is illustrated in Figure 1. Uniform Denoised (UNIDEN) images were produced from the
MP2RAGE acquisitions (Figure 1A) and minimum intensity projection (mIP) images
through 5 contiguous slices were produced from the magnitude of the SWI acquisition
(Figure 1B). Masks were created using cortical, subcortical and white matter volumetric
segmentation of the brain in FreeSurfer v6.0 (http://surfer.nmr.mgh.harvard.edu, MGH). The
UNIDEN image and associated mask were co-registered to the SWI image using the SPM
12 software (www.fil.ion.ucl.ac.uk, Wellcome Center for Human Neuroimaging). The vessel
tracing algorithm also utilized a volumetric segmentation of the hippocampus created in
FreeSurfer (Figure 1D). The components of the segmentation comprising the hippocampus
were combined to create a mask of the desired region of interest (ROI).

The mIP images were processed to detect potential venous structures based on Frangi and
Steger32: 33 methods for detection and segmentation implemented in Matlab (The
Mathworks, Inc, Natick, MA). Vessel enhancement was performed by finding the
eigenvalues of the Hessian matrix and extracting the principle direction32. The results were
masked using the combined hippocampal segmentation to include only the ROI (Figure 1E).
The resulting three-dimensional datasets were linked along an 18-connected network
through the nearest neighbors. Individual objects were characterized using the *bw/abel’
function in Matlab. Resultant networks excluded objects with a connected length of less than
4 voxels (Figure 1F). A consistent threshold was used for all analysis. The scripts used to
produce this analysis are available upon reasonable request to the corresponding author.

The vessel tracing protocol was validated against manually traced vessels across 13 non-
contiguous axial mIP slices of a control SWI image representing the brain from the basal
ganglia to the vertex. The manual tracings were performed in Osirix Image analysis software
(Pixmeno, Geneva). For comparison, the vessel tracing protocol was applied to the same
slices, constrained by a mask containing a volumetric segmentation of white matter and gray
matter. The manual and automatic vessel tracings were compared, and for the purposes of
this analysis, the manual segmentations were defined to be the gold standard manual positive
results (mP). The vessels detected on both the manual and automatic vessel tracing protocol
were defined as true positive results (TP) and the venous structures detected on the manual
segmentation but missed on the automatic tracing were defined as false negative results
(FN). Finally, structures which were visible on the automatic tracing but absent from the
manual tracing were defined as false positives based on the manual results (manual false
positives, mFP) for the purpose of this calculation. True negatives (TN), regions which were
not marked in both the manual segmentation and the automated segmentation, constituted
the majority of the image but were not segmented into objects or quantified.
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Sensitivity of the automatic object segmentation was calculated using Equation 1:

Sensitivity = il Equation 1
ensitioviry = TP+FN quation
Positive predictive value (PPV) was calculated using Equation 2;
TP .
PPV = TP+ FP Equation 2

Sensitivity and PPV were calculated for each slice, and for the overall set of 13 slices based
on the manual segmentation gold standard.

To evaluate the manual markings used as our standard, we randomly selected 20% of the
mFP identified through comparison of the manual and automatic tracings and evaluated the
6 slices surround the marking. The mFP was then classified as either accurate segmentation
(i.e., an in-plane or through-plane visualization of a vessel that was missed by the manual
segmentation and captured by the automatic segmentation) or a false segmentation (i.e.,
noise or other image feature not identifiable as a vessel that was captured by the automatic
segmentation).

Finally, true positive voxels (TPv), true negative voxels (TNv), false positive voxels (FPv),
and false negative voxels (FNv) were identified using a voxel-wise comparison of the
manual and automatic segmentations. From these values a voxel-wise sensitivity, specificity,
PPV, and the false positive rate (FPR) were calculated.

Vessel Density analysis of the hippocampus

Hippocampal volumes (HV) for each subject were the total volume of the voxels contained
within the volumetric segmentation of the T1-weighted images. This was calculated by
determining the total number of voxels contained within each segmentation and multiplying
by the acquired voxel volume. The same volumetric segmentations were used as the mask to
demarcate the ROI for the automatic vessel tracing. The vessel density (VD) on both the left
and right was estimated by calculating vessel volume (VV) as the total number of voxels
traced in each ROI scaled by the voxel volume and dividing by HV (Equation 3).

|44

VD= "

Equation 3

To explore left/right asymmetry, an asymmetry index (Al) (Equation 4) and absolute
asymmetry index (JAl|)(Equation 5) were calculated for both HV (Al,) and VD (Alp). For
the calculation of Al, and Alp R represents HV or VD in the right ROI and L represents
HV or VD in the left ROI.

(R-1)

Al = i
§(R+L)

Equation 4
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I(R—- L)

ATl = 1
5(R+ L)

Equation 5

To explore the correlation between HV and VD, HV and VD were calculated over the total
hippocampus (left and right) for each subject and the Pearson product moment correlation
coefficient was calculated for each group (MTLE, neocortical, and control) and for the
combined population of epilepsy patients (MTLE and neocortical).

Statistical analysis

The hippocampal volumes and vessel densities in the right and left hemisphere amongst
MTLE, neocortical, and controls were calculated. Patients and controls were compared using
both |Al,| and |Alp| and between group differences were calculated using a one-way
ANOVA and Tukey’s post-hoc test.

Results

Tracing verification

The SWI mIP (Figure 2A and 2B) served as the substrate for both the manual tracing
(Figure 2C and 2D) and the automated tracing (Figure 2E and 2F). The validation set
contained a total of 1245 manually traced vessels used as the gold standard and 1444 veins
were identified by the automated method. 1215 veins were concordant between the two
methods. A total of 229 objects were labeled as veins by the automated method where none
were indicated in the manual tracing (mFP). A total of 30 veins were only seen by manual
tracing. The sensitivity of the automated tracing technique, calculated using Equation 1, is
plotted in Figure 3A and ranged between 0.81 and 1.0, while PPV of the method ranged
between 0.63 and 1.00. Summary statistics give a sensitivity of 0.98 and a PPV of 0.84
(Figure 3B).

Analysis of False Positives

Of the mFPs reexamined (approximately 20% of the 229 of the mFPs), 3/46 (6.5%) objects
were classified as false segmentations, and the remaining 43/46 (93.5%) were classified as
accurate segmentations (an example Figure 2). Of the accurate segmentations, 27143
(62.8%) were fully visible in the plane of the image, 13/43 (30.2%) were partially visible in
the plane of the image but more fully visible in the slice immediately above or below the
plane of the marked image, and 3/43 (7.0%) vessels running essentially perpendicular to the
plane of the image, identified as points of susceptibility which persist through five or more
slices.

Voxel-wise validation

A voxel-wise comparison between the manual and automatic tracings evaluated 6202326
voxels located within the brain mask over the 13 slices. The sensitivity of the automated
technique compared to the manual segmentation was found to be 0.89 (TPv = 1053405, FNv
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= 131345), and the specificity was found to be 0.96 (TNv = 4805978, FPv = 211598). Thus,
the PPV was 0.83, and the FDR was 0.04.

Comparison between MTLE, neocortical and controls

The total hippocampal volumes in MTLE (mean = 2.1 £ 0.5 cm?3), neocortical (mean = 2.4 +
0.2 cm?3) and controls (mean = 2.7 + 0.3 cm?3) ranged between 1.8 and 3.5 cm3, with the
lowest hippocampal volume found in a patient with left temporal epilepsy, and the largest in
a control.

Individually calculated Al and Alq are reported in the supplementary information (Tables
el and e2). In aggregate, there was little asymmetry in the control population in total
hippocampal volume (mean |Al,| = 0.065 + 0.04, median = 0.06). Although the mean
volume asymmetry was slightly higher than controls in both neocortical (mean |Al,| = 0.066
+ 0.06, median = 0.05) and MTLE (JAl,| = 0.135 £ 0.15, median = 0.05), the medians were
slightly lower as shown in Figure 4. A 1-way ANOVA resulted in no significant differences
between the group means.

Vessel density was also highly symmetric in controls (mean |Alg| = 0.080 + 0.076, median =
0.050), while average vessel density asymmetry was greater in neocortical (mean |Alg| =
0.23 £0.17, median = 0.14) and MTLE (mean |Alg| = 0.37 + 0.46, median = 0.26) patients.
A 1-way ANOVA indicated significant differences in the group means (p < 0.02) and
Tukey’s post-hoc test indicated that this result was driven by a significant difference between
MTLE and controls groups (p < 0.05) in vessel density asymmetry. No other significant
differences were indicated.

In all cases the asymmetry reflected a lower vessel density in the hippocampus ipsilateral to
the suspected seizure onset zone when compared to the contralateral hippocampus (Tables
el and e2). This result is shown for a control and an epilepsy patient over several slices of
the hippocampus in Figure 5.

Correlation between VD and HV

Weak, but not significant positive correlation between VD and HV was found in all groups.
The correlation in the control group was r(15) = 0.02, p = 0.93; the correlation in the
neocortical group was r(15) = 0.20, p = 0.43; the correlation in the MTLE group was r(15) =
0.31, p = 0.21. Over the combined group of epilepsy patients (neocortical and MTLE) there
was a weak significant correlation between VD and HV r(32) = 0.33, p = 0.04.

Discussion

The present study utilized SWI to assess changes in hippocampal venous vasculature in vivo
and results show a decrease in vessel density in the hippocampus in patients with MTLE
who have non-lesional clinical MRI’s.

Comparison between manual and automatic vessel tracings

Our analysis demonstrates a high level of agreement between the manual and automatic
tracings. The method was less sensitive in slices in the more inferior brain, closer to the
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paranasal sinuses and basal ganglia. The PPV of the automatic object segmentation against
the manual tracing was increasingly accurate from the basal ganglia to the vertex. The net
PPV was calculated to be 0.84, meaning approximately 1 out of 6 objects traced
automatically were not identified as a vessel during the manual marking (mFP). An
examination of 46 (20%) of the mFPs revealed that 3 (7%) of the vessels were falsely
segmented by the algorithm. By applying the same accurate segmentation and false
segmentation rates to the rest of the sample, the number of false positives (fa/se
segmentations) could be corrected to 15, while the number of true positives (TP’s and
accurate segmentations) could be corrected to 1429. Finally, the number of FN’s would
remain unaffected (30 total).

The voxel-wise analysis produced values for sensitivity and PPV which were lower than the
object-based validation. In addition to the voxels contained in the 229 mFP objects identified
by the algorithm (Figure 2D and 2F), the boundaries identified on the manual and automatic
vessel segmentations are not identical, thus objects identified as mTP’s on the automatic
segmentation contain voxels which are TPv, FPv, and FNv — reducing the overall specificity
and positive predictive value.

Although the majority of structures (and voxels) were common to both the automatic and
manual vessel segmentation techniques, each protocol also uniquely identified a set of vessel
structures. The object-based segmentation revealed that while manual segmentation was
more accurate in regions near the sinuses or where low overall signal rendered SWI less
reliable but where it was possible to manually interpret the image through noise. However,
the automatic segmentation technique did not suffer from inconsistencies due to manual
rater fatigue and was likely better able to combine information across multiple imaging
planes to identify vessels across slices, particularly closer to the vertex.

Volume Asymmetry

Hippocampal asymmetry, rather than overall hippocampus volume, is a more common
qualitative metric used in conjunction with hyperintensity on FLAIR images to
radiologically identify hippocampal sclerosis36. An analysis of the quantitative volumetric
Al in neocortical, MTLE, and controls reveals only minor, non-significant changes to mean
asymmetry in both groups of epilepsy patients when compared to controls (Figure 4A). This
analysis was performed on data acquired from patients whose prior clinical scans were
interpreted as non-lesional, in whom no significant qualitative hippocampal asymmetry had
been described. Thus, this result of minimal quantitative volumetric hippocampal asymmetry
in patients with neocortical epilepsy and MTLE is consistent with the initial referral criteria.

Vessel Density Asymmetry

Quantitative vessel analysis using SWI mIPs in MTLE and neocortical epilepsy did reveal
structural indicators of the presence of disease even in the absence of a qualitative
identification of volumetric hippocampal sclerosis. A qualitative examination of the 7T
structural images for the two MTLE patients with high Al (Figure 4, |Al| = 1.27 and 1.79,
Table 1), revealed suggestions of hippocampal asymmetry and bilateral hippocampal
sclerosis not visible in their clinical scans. This appears consistent with previous work
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investigating the hippocampus, and in particular the CA1 subfield and the cornu ammonis as
a whole, which indicates that in epilepsy these regions are particularly susceptible to
deterioration8-2. In TLE, changes in permeability of the blood-brain barrier in the
hippocampus have been reported, likely associated with the development of the
inflammatory processes that induce glial hypertrophy, proliferation and neuronal death12-14,
It therefore follows that changes to vascular structures may play a significant role in, or may
result from, epileptic pathology.

The abnormal vasodynamics coupled with a reduction in functional vessels might further
contribute to microscopic hypoxia and ictal neurodegeneration3’- 38, Thus, ongoing seizures
may eventually involve structures and vasculature in the hippocampus even when the region
is not implicated as a primary epileptogenic zone. Patients without suspected seizure onset
zones in the mesial temporal lobes (neocortical) showed a mean asymmetry (mean |Alg| =
0.23 + 0.17) greater than controls (mean |Alg| = 0.08 + 0.76), but the posthoc test did not
indicate significance. Approximately half (9/17) of the neocortical patients had |Alg| > 0.13,
which more closely resembled MTLE patients (JAlg| > 0.13 in 13/17 patients) than controls
(JAlg| > 0.13 in 2/17 patients). This suggests that in approximately half of the epilepsy
patients without EEG or clinical symptoms indicating a mesial temporal seizure onset zone
(neocortical), there may be some degree of hippocampal involvement.

Correlation between HV and VD—For all subjects the voxel-wise vessel segmentation
was normalized by the HV to produce VD in order to minimize the correlation between the
metrics. In controls, the correlation between HV and VD was very weak and non-significant.
However, for epilepsy patients, a weak positive correlation was detected between HV and
VD in both groups. This correlation did not achieve significance for the sample size.
However, when the correlation between HV and VD was analyzed for all epilepsy patients
(MTLE and neocortical), a weak, but significant correlation was identified. This suggests
that, in the presence of pathology, both hippocampus volume and vessel density are
decreased and that sclerotic tissue is drained by disproportionately fewer intact vessel.

Although differences in the symmetry of hippocampus volumes were not identified, the
analysis may have been limited by the segmentation tool used. Freesurfer may not be
capable of providing segmentations with sufficient accuracy and precision to detect real, but
small, alterations in hippocampus volumes in the 7T data sets evaluated here.

Future work evaluating a larger sample size with more precise segmentation tools could
explore the correlation between VD and HV and indicate where a decrease in VD may
identify hippocampal pathology before changes in HV are detected.

Hippocampal vasculature in previous ex vivo work

Although histochemical markers of increased vessel formation would seem to be in conflict
with our finding of reduced vessel density ipsilateral to the suspected epileptogenic zonel®,
other ex vivo experiments have shown diminished histochemical labeling of alkaline
phosphatase (AP) in CA1 subfields that exhibit sclerosis23. AP is a marker of endothelial
cells in the blood-brain barrier, so gross reduction is a marker of lower concentrations of AP-
positive vessels. Additionally, since AP activity appears to be altered during induced seizure
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activity in rats, abnormalities in the AP genetic structure may prompt epileptic activity
through perturbation of the role of AP to regulate GABA synthesis leading to alterations in
GABAergic regulation?® 24, High magnification light and electron microscopy of resected
specimens also suggests that blood vessels are diminished within epileptogenic zones within
human hippocampi. Collectively, these findings appear to suggest that prior ex vivo results
showing increased vascular markers have identified not only functional vessels providing
drainage but also collapsed and atrophic vessel fragments in the labeling. When such vessel
damage was taken into account, active vasculature was actually significantly reduced in
sclerotic hippocampi?>: 26,

The presence of atrophic blood vessels in sclerotic hippocampi suggests that a reduction of
‘normal’ vasculature in this region is a characteristic of MTLE. This local reduction in
functional veins may be representative of aberrant vasogenesis and is consistent with our
imaging results identifying a decrease in structures carrying deoxygenated blood in the
hippocampus. However, more imaging studies with larger sample sizes and validation with
resected tissue will be necessary to truly ascertain the pathophysiological processes
underlying these vascular differences.

Additional Limitations and future directions

SWI emphasizes the incoherent signals in each voxel and the phase accumulation due to
local sources of magnetic susceptibility, leading to a magnification of the effect of small
veins in the image?®. Thus, we would expect an overemphasis on small vessels as detected
by both the manual and automatic tracing methods.

Another limitation of the technique is the potential conflation of veins with other sources of
T2*-shortening. In the validation set, approximately 3 of the 46 ‘false positives’ identified
through comparison between the manual tracing and the automatic segmentation we
considered to be ‘false segmentations’ — that is segmentations which, upon visual
inspections of the image, were considered to unlikely to be vessels. Other Image features,
such as calcifications, and hemosiderin appear dark on the SWI. The filters designed by
Frangi and Steger were constructed to detect long edges, such as roads and vessels. Thus,
when applied to calcification or hemosiderin, punctate sources of susceptibility will not be
segmented. However, when the impact of these features on the image become long, thin, and
more vessel-like, the segmentation tool will detect them.

The proximity of veins to other susceptible structures such as air and bone, including near
the skull base may challenge the detection of small structures using this technique. This may
be problematic when analyzing veins near low signal structures, leading to impaired
detection accuracy in regions affected by both RF and main field inhomogeneity.

Previous work has shown volume loss in selective hippocampal subfields is correlated to
epilepsy39-4L, It has been shown that different parts of the hippocampus show different
levels of resistance to disruption in perfusion, with the CA1 region known to be particularly
sensitive, while CA2, and CA3 are thought to be particularly resistant2. Thus, it may be
possible that this change in vessel density is also associated with particular hippocampal
subfields. By acquiring high resolution SWI of sufficient quality to permit subfield
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segmentation in addition to the vessel segmentation, it may be possible to further localize
and characterize this change in subfield vasculature as it relates to MTLE.

Finally, only group differences in asymmetry were evaluated, due to the limited sample size.
Future work, on a larger sample size would power a direct comparison of hippocampus
volume and vessel density which could highlight bilateral pathology in both MTLE and
neocortical epilepsy patients which is lost in the self-normalization intrinsic to the Al
calculation. The analysis of vessel density symmetry in patients with neocotical epilepsy did
not yield results significantly different from that of controls. There was a wider distribution
of asymmetry in neocortical patients when compared to controls. High vessel density
asymmetry among neocortical patients may implicate a wider seizure network. Future work
could include a larger patient population, seizure duration, seizure severity and an analysis
of refractoriness alongside vessel density asymmetry in the hippocampus and possibly
throughout the brain. Further validation of vessel density asymmetry as a biomarker through
imaging and histology may help to provide a means of identifying patients who are more
likely to be refractory to medications, help to target electrode placement surgically during
intracranial monitoring to evaluate more elaborate seizure networks as well as to guide
interventions such as responsive neurostimulator placement.

This experiment aggregates vessel density over the entire hippocampus. Measurement of this
metric as part of a comprehensive epilepsy imaging protocol may permit us to follow and
assess structural changes associated with MTLE and eventually prevent or ameliorate the
progression of neuronal damage in patients via the administration of targeted
pharmacotherapy3®.

Conclusions

We introduce and validate a novel method of venous structure detection and report in vivo
evidence of reduced functional vasculature in the hippocampus associated with MTLE. This
feature is visible in patients with MTLE, even when qualitative and quantitative measures of
hippocampal asymmetry show little volumetric differences between epilepsy patients and
controls.
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Key Points

Vessels were segmented in the hippocampus from high-resolution SWI
images

No significant difference in hippocampus symmetry was detected

Significant changes in vessel symmetry in the hippocampus were detected in
patients with mesial temporal lobe epilepsy
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Image Processing:
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Figure 1:
Image Processing. A) The UNIDEN reconstruction of the MP2Rage image and B) the SWI

mIP image were C) co-registered (MP2RAGE - green; SWI — blue). D) A segmentation of
the hippocampus was used to mask the SWI with all components combined to make a right-
and left- hippocampus mask. E) A Hessian edge detection filter was used to detect the ridges
which were linked on F) an 18-connected network.
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SWImIP Manual Vessel Tracing Automatic Vessel Tracing

Figure 2:
Comparison of manual and automated segmentation. (A) Axial slice of the SWI mIP, and

(B) a magnification of the mIP vessels highlighted in the yellow box. (C) Manually
segmented vessels and (D) a magnification of the manual segmentation highlighted in the
yellow box. (E) The result of automated vessel tracing, and (F) a magnification of the
automatic segmentation highlighted in the yellow box. The arrows in (B) indicate that the
automatic segmentation produced accurate segmentations of some mFP vessels (i.e., vessels
which were identified in the automated segmentation but not in the manual segmentation).
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[C——sensitivity

[ Postitive Predictive Value

6 7 8 9

Segmented Slice Number

B) # True # False # False Sensitivity  Positive Predictive Value
Positive Positive Negative
Overall 1245 229 30 0.98 0.84
Figure 3:

A) Slice-by-slice sensitivity and PPV calculation of the automated method against the
manual gold standard. B) Overall sensitivity and PPV of automatic vessel tracing.
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A) Hippocampus Volume
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Figure 4:
Asymmetry of hippocampal volume and vessel density. The purple line in each figure

represents the median value for all groups. A) The mean asymmetry of hippocampus volume
is not significantly different between MTLE and neocortical patients and controls, although
there is more variability in the epilepsy patients. B) The asymmetry in vessel density is
significantly higher and MTLE than in controls (*) at p < 0.04. Median for each group is
indicated with an orange bar.
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A) Healthy

Figure 5:
Vessels in the hippocampus over 3 axial slices for A) a control and B) a patient with MTLE

of suspected left onset. The radiological right hippocampus (R) is located on the left side of
the image.
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Table 1:

Participant Demographics

MTLE Neocortical Healthy Controls

Number of Subjects 17 17 17
Male 7 7 7
Female 10 10 10

Age (Years + STD)  37+15 37+13 37+13

Table of Participant Demographics. MTLE: Mesial Temporal Lobe Epilepsy; STD: Standard Deviation
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