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Hippocampal volumetry is an essential tool in researching and diagnosing mesial tem-

. . ations in hippocampal morphometry. Here, we establish and apply a novel geometry-
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campus of individuals with hippocampal sclerosis (HS-mTLE). In the contralateral
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1 | INTRODUCTION

Mesial temporal lobe epilepsy (mTLE) is the most common form of
focal epilepsy in adults undergoing presurgical assessment in special-
ized epilepsy centers. It is described by clinical, electrophysiological,
histopathological, and radiological features (Engel Jr., 1996; Semah
et al,, 1998; Téllez-Zenteno & Hernandez-Ronquillo, 2012). The hip-
pocampus is the pathological substrate of mTLE and its unilateral neu-
rosurgical resection is a principal treatment option (Blimcke
et al., 1999; Schwartzkroin, 1986; Wieser, 1988). In a large case series
of 1109 of operated mTLE cases from two major epilepsy centers in
Europe (Department of Epileptology at the University Hospital Bonn
and Institute of Neurology at the University College of London),
Blimcke et al. (2002) found hippocampal sclerosis (HS) in approxi-
mately 65%. In the general population of people with mTLE, however,
the prevalence of HS is much lower, since people with HS are more
likely to undergo epilepsy surgery (Engel Jr., 1996). HS is defined by
neuronal cell loss and reactive astrogliosis (Blimcke et al., 2012;
Thom, 2014). Four histological subtypes of HS are differentiated
based on specific patterns of neuronal cell loss in the pyramidal cell
layer of the different cornu ammonis (CA) regions (Blimcke
et al., 2013, see Table 1). Previous studies have demonstrated that
these subtypes have different prognoses in terms of memory perfor-
mance and postoperative seizure control (Blimcke et al., 2007;
Coras & Blumcke, 2015; Saghafi et al., 2018; Stefan et al., 2009).
Hence, it would be of great clinical benefit if histological classification,
which by its nature can only be performed postoperatively, could
serve as a foundation for clinical decision-making preoperatively.
Conventional neuroradiological reading of 3T magnetic resonance
imaging (MRI), however, yields no structural abnormalities in up to
one-third of all individuals with mTLE (MRI-negative; Muhlhofer
et al., 2017). In MRI-negative mTLE cases, the proportion of satisfying
postoperative seizure outcomes has been shown to be lower than in
cases with hippocampal lesions confirmed preoperatively on MRI
(Immonen et al., 2010; Yin et al., 2013). Previous research suggests

that structural alterations of the presubiculum are of subordinate

hippocampus of HS-mTLE and the affected hippocampus of MRI-negative mTLE, we
observed significantly lower thickness in the presubiculum. Impaired verbal memory
was associated with lower thickness in the left presubiculum. In HS-mTLE histological
subtype 3, we observed higher curvature than in subtypes 1 and 2 (all p < .05). These
findings could not be observed using conventional volumetry (Bonferroni-corrected
p < .05). We show that point-wise measures of hippocampal morphometry can
uncover structural alterations not measurable by volumetry while also reflecting his-

tological underpinnings and verbal memory. This substantiates the prospect of their

differential geometry, epilepsy, hippocampal sclerosis, magnetic resonance imaging, shape

importance in epileptogenesis, but rather a consequence of recurring
epileptic seizures (Maccotta et al., 2015). This leads to the hypothesis
that alterations explicitly in the presubiculum should also be expected
in MRI-negative mTLE. While ultra high-field MRI (7T) increases the
diagnostic yield for individuals with mTLE, 3T will remain the available
standard for the foreseeable future even in epilepsy centers (Opheim
et al.,, 2021; Santyr et al., 2017; Wang et al., 2020). Hence, it is hoped
that an analysis of hippocampal morphometry based on universally
available 3T MR-images will allow for a preoperative estimation of the
histological subtype and decrease the number of MRI-negative mTLE
cases.

Hippocampal volume is considered an established imaging marker
for structural alterations in neurological and psychiatric disorders,
however, it has very limited ability to detect subtle microstructural
abnormalities of distinct hippocampal subfields (Wachinger
et al, 2016). A novel analysis of hippocampal morphometry would
have to outperform existing approaches in three respects: First, it
should be based on the internal architecture of the hippocampus. Sec-
ond, hippocampal subfields should not be the only reference for ana-

tomical localization, as subfield delineation is subject to uncertainty

TABLE 1 ILAE classification of hippocampal sclerosis.
HS type 1 HS type 2 HS type 3 No HS
CA1 2 1-2 A 0 0
CA2 0-2 0-1 0-1 0
CA3 0-2 0-1 0-1 0
CA4 2 0-1 1-2 0
\

Note: Scoring system of neuronal cell loss and gliosis defined for CA1-4 as
follows: O = no neuronal cell loss or moderate astrogliosis only;

1 = moderate neuronal cell loss and gliosis; 2 = severe neuronal cell loss
and fibrillary astrogliosis (Bliimcke et al., 2013).

Abbreviations: CA, cornu ammonis; HS, Hippocampal sclerosis.
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and may be driven by atlas information rather than image contrast.
Third, complementary metrics such as hippocampal thickness or cur-
vature should be provided, as morphometric changes of the hippo-
campus are manifold and cannot be captured by volumetric changes
alone. To address these issues, in the present work, we establish a
novel geometry-based algorithm (Diers et al., 2023) that creates a
geometric representation of the internal structure of the hippocampus
and uses hippocampal unfolding to provide an intrinsic anatomical
coordinate system for the point-wise analysis of morphometric alter-
ations. We hypothesize that this point-wise analysis will uncover
structural alterations that are not detectable with volumetry and that
can be linked to the histological underpinnings and neuropsychologi-
cal profile of mTLE. We test these hypotheses in three steps: (1) Inves-
tigating MRI-negative mTLE for previously undetected morphometric
correlates, especially in the presubiculum, using the new point-wise
analysis, (2) relating preoperative morphometric measurements to
postoperative histological classification in HS, (3) showing an associa-
tion between the novel geometry-based imaging marker and neuro-
psychological outcome. It is the aim of this study to establish a novel
imaging biomarker to fully exploit routine 3T MRI in the presurgical

evaluation of mTLE.

2 | MATERIALS AND METHODS

21 | Study group

This retrospective study incorporates three study groups: First, we
ascertained all individuals who underwent presurgical evaluation and
neurosurgical resection of one hippocampus with postoperatively
confirmed HS between 2007 and 2018 (n = 146). To be included in
this study, all individuals with unilateral HS and mTLE (HS-mTLE, total
n = 146) had to be histologically classified and further differentiated
into the subtypes one (HS1, 129/146), two (HS2, 14/149), and three
(HS3, 3/149) according to ILAE criteria (Blimcke et al., 2013). We
refer to the surgically resected hippocampus as affected hippocampus,
and to the non-resected hippocampus as contralateral hippocampus.

Second, we ascertained all individuals who underwent preoperative

evaluation at the Department of Epileptology at the University Hospi-
tal Bonn between 2007 and 2018 with clinically diagnosed mTLE and
normal MRI (MRI-negative mTLE; n = 58). Inclusion criteria for this
group were as follows: (1) Interictal epileptiform discharges in the
temporal lobe and electroclinical presentation of at least three stereo-
typical mesiotemporal seizures in video EEG monitoring, (2) Normal
3T MRI assessed by neuroradiology specialists. In addition, most sub-
jects either underwent additional imaging diagnostic by 8F-
fludeoxyglucose positron emission tomography (*¥FDG-PET, 30/58)
or ictal and interictal single photon emission computed tomography
(SPECT, 14/58) to confirm a temporal focus. In 21/58, mTLE was con-
firmed in invasive EEG recordings. Of all those individuals, 11/58
were bilaterally affected according to EEG recordings, seizure semiol-
ogy, and neuropsychological testing. In this case, both hippocampi
were regarded as affected hippocampi, so a total of 69 affected and
47 contralateral hippocampi were examined in this group. Nine indi-
viduals were treated surgically, all of whom showed gliosis in the hip-
pocampus according to neuropathological examination. Epilepsy
surgery was not performed in the remaining 49 individuals. Third, we
included 57 age- and gender-matched healthy subjects with no his-
tory of neurological disorders. Both hippocampi of the healthy sub-
jects were used for analyses, so a total of 114 healthy hippocampi
were included. Furthermore, we required at least one (presurgical) iso-
tropic T1-weighted MRI to be available for all ascertained individuals.
Based on requirements of the internal review board, only images
acquired above 18 years of age were included. See Table 2 for an
overview of the study cohort. The study was approved by the internal
review board of the University Hospital Bonn. All participants pro-

vided written informed consent.

2.2 | Neuropsychological testing

In 120/146 individuals with HS-mTLE results of neuropsychological
testing were available. Verbal learning and the overall memory perfor-
mance were assessed using the verbal learning and memory test
(Helmstaedter & Durwen, 1990). Abilities in figural memory were

tested using the revised Diagnosticum fuer Cerebralschaedigung

TABLE 2 Demographic and clinical data for the mTLE subgroups and the healthy subjects.
Number of subjects Age at MRI (years) Female Affected side left Impaired verbal memory

HS type 1 129 382+144 69 (52%) 77 (58%) 70/108 (65%)

HS type 2 14 384 +14.1 5 (36%) 7 (50%) 7/12 (58%)

HS type 3 3 320+9.5 1(33%) 1(33%) -

all HS (type 1+2+3) 146 38.1+14.2 74 (51%) 83 (57%) 77/120 (64%)
MRI-negative 58 36.5+10.8 35 (60%) 30 (52%) -

mTLE (HS+MRI-negative) 204 38.0 £ 13.5 109 (53%) 113 (55%) =

Healthy subjects 57 36.4+10.6 34 (60%) — —

Note: Mean * standard deviation is presented. MRI-negative: Individuals with temporal lobe epilepsy and no correlates in magnetic resonance imaging.

Abbreviations: HS, hippocampal sclerosis; mTLE, mesial temporal lobe epilepsy.
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(Helmstaedter et al., 1991). Memory performance was regarded as
impaired if the individual performance was at least one standard devi-

ation below the mean of a normative sample.

2.3 | Image acquisition

All subjects, including the healthy subjects, received T1-weighted
structural imaging on a 3T MRI at the University Hospital Bonn, either
at the Department of Neuroradiology (91/146 HS-mTLE, 0/58 MRI-
negative mTLE, 0/57 healthy subjects; Achieva, Philips, Best, The
Netherlands) or at the Life & Brain Center (55/146 HS-mTLE, 58/58
MRI-negative mTLE, 57/57 healthy subjects; Magnetom Trio, Siemens
Healthineers, Erlangen, Germany). From all sites, 3D T1-weighted
images with a high resolution of either 1.0 or 0.8 mm isotropic voxel
size were included in the study. In cases where more than one 3D
T1-weighted scan was available, we included the latest scan before
surgery. Furthermore, a 3D FLAIR scan with 1.0 mm isotropic voxel
size was available for 80/146 individuals with HS-mTLE, 57/58 indi-
viduals with MRI-negative mTLE and 25/57 healthy subjects. All 3D

FLAIR scans were performed at the Life & Brain Center.

2.4 | Image preprocessing and segmentation

Segmentation of cortical and subcortical structures of T1-weighted
images using FreeSurfer (v7.0, https://surfer.nmr.mgh.harvard.edu/;
Dale et al., 1999) was followed by automated segmentation of the hip-
pocampal subfields and nuclei of the amygdala (Iglesias et al., 2015;
Saygin et al., 2017). Visual inspection for accuracy and alignment of the
results was performed at every step of segmentation, focusing on the
hippocampus. Images with either failed hippocampal segmentation,
inaccurate tetrahedral mesh models or sheet-like representations were
excluded from the analysis (32/236, —14%). FLAIR images were pre-
processed using FSL. A brain extraction with subsequent bias field cor-
rection was performed using FSL. Intensity normalization was
performed as described in detail by Focke et al. (2008, 2009), Huppertz
et al. (2011) and Wagner et al. (2013). In brief, white and gray matter
masks were calculated for each subject using FSL, and average gray and
white matter FLAIR signal intensities were extracted. An individual scal-
ing factor was calculated by rescaling the average signal intensity of the
FLAIR image (mean of white and gray matter signal intensity) to an arbi-
trary value of 100. This scaling factor was then applied to the entire
FLAIR volume. FreeSurfer's within-subject, cross-modal registration
was used to register the preprocessed FLAIR images to the

T1-weighted images in the FreeSurfer space.

2.5 | Volumetric analysis

Volumetric analysis was conducted for the subfields segmented by
the FreeSurfer toolbox, including the parasubiculum, presubiculum,
subiculum, CA1, CA3, CA4, granule cell, and molecular layer of the

dentate gyrus (GC-ML-DG), the molecular layer, the hippocampus-
amygdala-transition-area (HATA), fimbria, hippocampal tail, hippocam-

pal body, hippocampal head and hippocampal fissure.

2.6 | Point-wise morphometric analysis

Hippocampal thickness analysis was performed by a novel, geometry-
based algorithm which creates a parametric shape representation of
the hippocampus (Diers et al., 2023). First, a 3D tetrahedral mesh
model of the hippocampus was created from FreeSurfer's subfield
segmentation. By cutting the mesh at the transitions of the hippocam-
pal body to the head and tail, we obtained its anterior/posterior
boundaries. Two other pairs of boundaries (interior/exterior and
medial/lateral) were determined using the first eigenfunction of the
anisotropic (i.e., curvature-aware) Laplace-Beltrami operator, which
has been designed to have a value of zero at specific high mean curva-
ture regions, such as the lateral and medial edges of the hippocampal
body. Solving Poisson's equation for each pair of boundaries gives
smooth parametric functions along the anterior-posterior, inner-
outer, and medial-lateral dimensions of the hippocampal body. The
level sets (“contours”) of these functions constitute a three-
dimensional grid, from which we extracted inner, outer, and medial
surfaces as sheet-like representations of the hippocampal body as
well as an intrinsic 3D coordinate system of the hippocampal body.
Correspondence of the coordinate system across subjects is achieved
due to the anatomically consistent placement of the boundaries and
parametric functions. Estimates of local hippocampal thickness were
obtained by tracing streamlines along the interior/exterior dimension
at fixed anterior/posterior and medial/lateral grid points (Figure 1).
Similarly, the streamlines allow for a projection of signals from other
modalities (e.g., co-registered FLAIR images) onto the medial surface.
Finally, we computed the mean curvature of the medial surface as an
additional characteristic of hippocampal geometry complementary to
hippocampal thickness. While volumetric measures describe
19 regions throughout the entire hippocampus, it should be noted
that the point-wise analysis covers only the presubiculum, subiculum,
CA1, and CA2/3 subfields. The parasubiculum, granule cell and molec-
ular layer of the dentate gyrus (GC-ML-DG), hippocampal molecular
layer, hippocampus-amygdala-transition-area (HATA), fimbria, and

hippocampal tail are not covered by the point-wise analysis.

2.7 | Statistical analysis

Statistical analysis was conducted in Python using the freely available
toolboxes scipy (v1.5.0, https://scipy.org; Virtanen et al., 2020) and
statsmodels (v0.11.1, https://www.statsmodels.org/; Seabold &
Perktold, 2010), as well as Pymer4 (v0.7.8devO, https://eshinjolly.
com/pymer4; Jolly, 2018). Statistical comparisons were conducted in
two or three steps: First, we tested for differences between groups
using subfield-level volumetric measures as dependent variable; sec-

ond, we conducted point-wise analysis on the hippocampal mid-
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FIGURE 1

lllustration of the preprocessing, the novel geometry-based algorithm and mapping of results. (a) Top: Acquisition of T1-weighted

3T MR-images. Bottom: Segmentation of cortical and subcortical structures using FreeSurfer. (b) Bottom: A 3D tetrahedral mesh model of the
hippocampus is created from FreeSurfers subfield segmentation and cut at the junctions of the hippocampal body to the head and tail. Middle:
Poisson equation for each pair of boundaries provides parametric functions along the anterior-posterior, inner-outer, and medial-lateral
dimensions of the hippocampal body. Top: An internal grid of the hippocampus is created and estimates of hippocampal thickness are obtained by
tracking the inner/outer dimension of the grid. (c) Top: Example three-dimensional plot of results and subfield boundaries on a healthy control
hippocampus. Bottom: Mapping of the results to a two-dimensional coordinate system with only significant points being shown (green cluster).

surface using point-wise measures for thickness and FLAIR signal
intensity as dependent variables. Third, if the point-wise analysis for
the entire hippocampus did not yield significant results, but a hypoth-
esis regarding a distinct subfield was to be tested, the point-wise anal-
ysis was repeated, limited to the respective subfield. To test for the
group effects, we performed one-way analyses of variance (ANOVA),
including age at MRI, sex, and affected side as covariates. As previous
work suggests that the hippocampal subfield segmentation in Free-
Surfer may be biased by different MRI setups (Brown et al., 2020;
Quattrini et al., 2020), we have also included MRI sequence as a
covariate in our model and confirmed our results in a subgroup analy-
sis with all data acquired on the same scanner. In cases where both
hippocampi of a subject were used in the analysis, a linear mixed-
effects model incorporating an additional subject-level random inter-
cept was applied instead. To address multiple comparisons in subfield-
level volumetric analyses, a Bonferroni-correction to control for the
family-wise error rate (FWER) was applied. In point-wise analysis,
Threshold Free Cluster Enhancement (TFCE) was performed using the
MNE Toolbox (v0.24.0, https://mne.tools/stable/index.html; Gramfort
et al., 2014). We considered a p-value of p <.05 as statistically

significant.

3 | RESULTS
3.1 | HS-mTLE versus healthy subjects

An ANOVA with the whole affected hippocampus as dependent vari-

able showed a significant volume loss in individuals with HS-mTLE
compared to healthy subjects (—30%, post-hoc t-test FWER-corrected

p < .001). ANOVAs with hippocampal subfields of the affected hippo-
campus as dependent variables revealed volume loss in individuals with
HS-mTLE in the following subfields: parasubiculum (—13%), presubicu-
lum (—25%), subiculum (—26%), CA1 (—33%), CA2/3 (-33%), CA4
(—36%), GC-ML-DG (—35%), molecular layer (—32%), HATA (—15%),
fimbria (—25%), and hippocampal tail (—28%); post-hoc t-test, all
FWER-corrected p < .001. See Online Table 1 for statistical details. In
the contralateral hemisphere, we found significant volume loss of the
fimbria (—13%; p < .001), but not in the subfields covered by point-wise
analysis. See Online Table 2 for statistical details.

Point-wise morphometric analysis of hippocampal thickness
between the affected hippocampus of the HS-mTLE group and
healthy subjects revealed significantly lower thickness (FWER-
corrected p <.05) in the presubiculum, subiculum, CA1, and the
medial regions of CA2/3. Moreover, individuals with HS-mTLE
showed higher FLAIR signal intensity in the subiculum, CA1, and
CA2/3 in the affected hippocampus, however not in the presubicu-
lum. Regarding the contralateral hemisphere, a point-wise analysis
revealed lower hippocampal thickness in the presubiculum and no
alterations of FLAIR signal intensity (Figure 2).

Volumetric and hippocampal thickness results were confirmed in
a subgroup with data acquired on one same scanner only, see Online
Tables 3 and 4 for volumetric analyses, and Online Figure 1 for hippo-
campal thickness analyses.

3.2 | MRI-negative mTLE versus healthy subjects

ANOVAs with the hippocampal volume and the hippocampal subfields
both in the affected and contralateral side as dependent variables

85UB01 T SUOLULLOD dA1ID) 3[Rl dde 8y Ag peusenob ae sajolie YO ‘9sn JO Sa|nl o} Akeiqi8UlJUQ AB]IM UO (SUOPUOD-PUR-SUIB)/W0 A8 |1 Ale.q U [Uo//Sdiiy) SUORIPUOD pue swis 1 8y} 89S *[£202/20/52] uo AkeiqiTauliuo 48] ‘BepoineN nd wnnuez seyosined Ad 6892 WAU/Z00T 0T/10p/Luoo"A8] im Ale.d1jpul|uoy/sdny Wwolj pepeojumod ‘ZT ‘S20Z ‘€6T0L60T


https://mne.tools/stable/index.html

“2 | WILEY

FISCHBACH ET AL.

HS-mTLE versus healthy subjects:

(a)
1
2
3
4
£
og 5
o
- 6
o 2 7
'EE 8
oa 9
°-° 10
o+~ 11
-
25 2
35 u
Be u
oc 15
S® .

Thickness and FLAIR analysis

non-significant
non-significant

uckness €3

non-significant
non-significant

non-significant
‘non-significant

E\-
)
-T
w o
Pl
c v
—0
oa
a
)
D -
‘-l-
co
35
~ -
oc
owm
(8]
0
1
2
3
4
o s
» 0 6
-
wo 7
to 8
— o0
oa
°.° 10
o« 11
-
© = 12
2 3
-
To M
o 15
Owm
o 16
17
18
19
20
e | —
Coordinate points from medial to lateral
(Presubiculum, Subiculum, CA1, CA2/3)
FIGURE 2

Individuals with HS-mTLE versus healthy subjects: Thickness and FLAIR analysis. (a) Thickness analysis of the affected

hippocampus of individuals with HS-mTLE versus healthy subjects. (b) Thickness analysis of the contralateral hippocampus of HS-mTLE versus
healthy subjects. (c) FLAIR analysis of the affected hippocampus of HS-mTLE versus healthy subjects. Left: Negative logarithms of significant p-
values mapped along the intrinsic coordinate system of the hippocampus. Non-significant points are shown in dark-blue color. White lines:
plotted boundaries of subfields, colored bars correspond to subfields. Right: Mapping of the negative logarithms of significant p-values onto the
medial surface of a control hippocampus. CA, cornu ammonis; HC, healthy subjects; HS-mTLE, hippocampal sclerosis in individuals with mesial

temporal lobe epilepsy.

revealed no significant differences between individuals with MRI-
negative mTLE and healthy subjects, see Online Tables 5 and 6 for
statistical details.

In point-wise analysis of hippocampal thickness, no significant
clusters could be observed after FWER correction in the affected hip-
pocampus. To test the hypothesis of alterations in the presubiculum,

as in the contralateral hippocampus in individuals with HS-mTLE, we

repeated the point-wise analysis confined to mid-surface points
assigned to the presubiculum. In this analysis, we observed a cluster
with significantly lower thickness (FWER-corrected p < .05) located in
the medial presubiculum. In the contralateral hemisphere, we found
no significant alterations in point-wise analysis of hippocampal thick-
ness across the entire hippocampus. A point-wise analysis confined to

the contralateral presubiculum vyielded a significant cluster (FWER-
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Thickness of the Presubiculum of MRI-negative mTLE vs. healthy subjects
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FIGURE 3

Individuals with MRI-negative mTLE versus healthy subjects: Thickness analysis. (a) Thickness analysis of the affected

hippocampus of MRI-negative mTLE versus healthy subjects. (b) Thickness analysis of the contralateral hippocampus of MRI-negative mTLE
versus healthy subjects. Left: Negative logarithms of significant p-values mapped along the intrinsic coordinate system of the presubiculum. Non-
significant points are shown in black color. White lines: plotted boundaries of subfields, colored bars correspond to subfields. Right: Mapping of
the negative logarithms of significant p-values onto the medial surface of a control hippocampus. CA, cornu ammonis; MRI-negative mTLE,
individuals with mesial temporal lobe epilepsy and no correlates in magnetic resonance imaging.

corrected p < .05) in this subfield, similar to the affected hippocampus
(Figure 3). Regarding FLAIR signal intensity, we found no clusters with
altered signal intensity in the affected or contralateral hippocampus in
individuals with MRI-negative mTLE, both in the evaluation of the

entire hippocampus and in a separate analysis of the presubiculum.

33 |
subtypes

Comparison between histological HS

A volumetric comparison of the HS1 and HS2 subtypes within the
HS-mTLE sample did not reveal any significant subfield-specific differ-
ences, see Online Table 7.

A point-wise comparison of hippocampal thickness values
between HS1 and HS2 also revealed no significant differences. In a
next step, curvature values were assessed along the medial-lateral
axis. It is noticeable that the average of all three subjects with HS3
shows a peak in curvature in the CA1 region, which can also be seen
in the individual graphs of HS3 individuals (Figure 4). This peak cannot

be found in the average graphs of HS1 and HS2. Due to a small sam-
ple size of the HS3 group, we refrained from statistical testing at this

point.

3.4 | Impaired versus non-impaired verbal memory
A point-wise analysis of hippocampal thickness unveiled no significant
differences of the affected or of the contralateral hippocampus in sub-
jects with impaired verbal memory compared to individuals with
unimpaired verbal memory.

Additionally, as verbal memory is known to be lateralized, we
used a native left/right orientation, no longer distinguishing between
affected and contralateral sides. In the right hippocampus, this yielded
no significant differences between subjects with impaired and unim-
paired verbal memory.

In the left hippocampus, however, we observed a cluster with sig-
nificantly lower hippocampal thickness (FWER-corrected p < .05) in
the presubiculum and medial part of the subiculum (Figure 5).
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FIGURE 4 Mapping of curvature values along the medial-lateral axis of the affected hippocampus of HS-mTLE subtypes (HS1, HS2, and
HS3). (a) Mapping of the average curvature values of HS1, HS2, and HS3 subgroups and healthy subjects along the medial-lateral axis of the
affected hippocampus. (b) Mapping of curvature values of the individuals in the HS3 subgroup and average curvature values of the HS3 subgroup
along the medial-lateral axis of the affected hippocampus. #: marks the individual with HS3 whose affected hippocampus is presented in (c).

(c) Left: FreeSurfer output of the left hippocampus of a healthy subject. Right: FreeSurfer output of the affected, left hippocampus of a HS3
individual. Top inlay demonstrates the angles calculated in the curvature feature. Below inlay shows the coronal plane of which the photo was
taken. CA, cornu ammonis; HS-mTLE, hippocampal sclerosis in individuals with mesial temporal lobe epilepsy.

4 | DISCUSSION

In this retrospective study, we examined the internal structure of the
hippocampus using a novel geometry-based algorithm in a cohort of
204 individuals with HS-mTLE or MRI-negative mTLE and compared
our results to conventional volumetric measurements.

41 | Point-wise analysis uncovers structural
alterations missed by conventional volumetry

In the affected hippocampus of individuals with HS-mTLE, the
novel point-wise analysis revealed areas with lower hippocampal

thickness and higher FLAIR signal intensities as compared to

85U8017 SUOWIWOD 9A1TE81D 3|qeot ddke 8y Aq pauenob ae Sapile WO '8sN JO Sa|Nn 10} AreIq1TaUIUO AB[IM UO (SUONIPUOD-PUe-SWBAL0O" A 1M Alelq 1 jeul[U0//SdnL) SUOIPUOD Pue swie | 8y} 89S *[£202/20/5Z] Uo Ariqiauljuo A81im ‘BapoineN Ind wniuez ssuyosined Aq Z6€9z WAU/Z00T 0T/I0p/wod" A3 1mAelq1jpuluo//sdny woy pepeojumod ‘2T ‘€202 ‘S6T0L60T



FISCHBACH ET AL.

WILEY_L#7

Left hippocampus of HS-mTLE with impaired vs. non-impaired verbal memory
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FIGURE 5

Left hippocampus of HS-mTLE with impaired versus non-impaired verbal memory: Thickness analysis. Left: Negative logarithms of

significant p-values mapped along the intrinsic coordinate system of the hippocampus. Non-significant points are shown in dark-blue color. White
lines: plotted boundaries of subfields, colored bars correspond to subfields. Right: Mapping of the negative logarithms of significant p-values onto
the medial surface of a control hippocampus. CA, cornu ammonis; HS-mTLE, hippocampal sclerosis in individuals with mesial temporal lobe

epilepsy.

healthy subjects throughout the entire hippocampus, which
meets expectations and is confirmed by the results of conven-
tional volumetric measurements showing lower volumes of
almost all hippocampal subfields. It should not be dismissed that
the FLAIR signal, albeit normalized may be ill-defined and only
carefully used as a quantitative metric. Particularly, there is no
canonic approach to the intensity normalization of the FLAIR-
signal. The method used here has been tested in previous studies
(Focke et al.,, 2008, 2009; Huppertz et al., 2011; Wagner
et al., 2013) and we compared it to a simple normalization, which
yielded the same results.

In the contralateral hemisphere, we observed no volumetric alter-
ations in the subfields covered by the point-wise approach. In point-
wise analysis, however, lower hippocampal thickness as compared to
controls was observed in the entire presubiculum, without any corre-
sponding significant FLAIR signal alteration. Most interestingly, point-
wise analysis showed lower hippocampal thickness in the presubicu-
lum of the affected hippocampus in individuals with MRI-negative
mTLE as compared to healthy subjects, while conventional volumetric
analyses revealed no significant differences. Hence, the novel
geometry-based approach applied in this study can uncover structural
alterations of the hippocampus not measurable by conventional
volumetry.

It is worth noting that different MRI scanners were used for the
images of the HS-mTLE group, which may bias the segmentation of
hippocampal subfields in FreeSurfer (Brown et al., 2020; Quattrini
et al., 2020). This effect is controlled for by the covariate sequence in
our statistical analysis. However, this effect is only estimated in the
HS-mTLE group, although ideally it would be estimated across all

groups.

4.2 | Geometry-based point-wise analysis extends
the scope of hippocampal morphometry

Another advantage of the proposed geometry-based approach lies in
its ability to assess a set of geometrical properties of the hippocampus
beyond thickness. This includes curvature, which can be understood
as a proxy measure for the volume of the medial CA4 subfield and the
dentate gyrus. For instance, lower volumes of the dentate gyrus, a
structure that lies within the “C”-shaped CA, would theoretically
result in a compression of the “C”-shape and therefore in a higher cur-
vature mostly in the CA1 region (see Figure 4). In our study, this fea-
ture was proven successful in differentiating between the HS1/HS2
and HS3 subtype, which is histologically defined by cell loss mostly in
the CA4 subfield (Blimcke et al., 2013; see Table 1). These differ-
ences could even be seen on a single case level.

However, both the point-wise analysis and the volumetry per-
formed in this study rely on FreeSurfer-derived segmentations of hip-
pocampal subfields and are therefore closely related. Regarding
subfield delineation, the boundaries projected onto the internal coor-
dinate system are mappings from the image-based segmentation to
the hippocampal midplane. Therefore, the same limitations as for the
boundaries in the original segmentation apply. Nevertheless, the
geometry-based method improves this specific aspect in two ways:
First, for the construction of the internal coordinate system and the
estimation of hippocampal thickness and curvature, only the segmen-
tation of the hippocampal body, but no subfield boundaries are
required. Second, point-wise analysis permits the detection of effects
that cover only part of a given subfield or extend across the borders
of subfields, therefore reducing the need to rely on subfield

boundaries.
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Taken together, our results reach in multiple aspects beyond the
scope of conventional volumetric measures. This raises hope that a
point-wise geometry-based approach may on a long-run improve
imaging-based preoperative evaluation of mTLE and diminish the

group of MRI-negative cases in clinical practice.

43 | Geometry-based hippocampal morphometry
is linked to clinical markers

Looking at the clinical picture of mTLE, verbal memory impairment
ranks among the most relevant clinical markers for disease severity
(Helmstaedter & Kockelmann, 2006). Previous research has outlined
in manifold ways that verbal memory performance is linked to struc-
tural integrity of the left hippocampus (Postma et al., 2020; Sidhu
et al., 2013; Weintrob et al., 2002; Witt et al., 2014). However, litera-
ture is ambiguous on whether there is an association of verbal mem-
ory performance with alterations in a specific hippocampal subfield or
rather with the integrity of the entire hippocampus (Comper
et al., 2017; Coras et al., 2014; Ono et al., 2021; Sass et al., 1992; Witt
et al., 2015). Our point-wise analysis adds to this by showing lower
hippocampal thickness in individuals with HS-mTLE and impaired ver-
bal memory than in persons with HS-mTLE and unimpaired verbal
memory specifically in the presubiculum and subiculum of the left hip-
pocampus. In the right hippocampus, we did not observe any
differences.

44 | Pathomechanic implications of point-wise
morphometry in TLE

Regarding the pathomechanisms underlying mTLE, our novel mor-
phometric results yield two common aspects: First, despite the more
fine-grained spatial resolution as compared to subfield-level volu-
metric measures, all structural alterations we observed follow the
internal subfield architecture and an anterior-posterior axis of the
hippocampus, which has recently been shown to form the main orga-
nizational gradient regarding anatomical and functional properties
(Strange et al., 2014; Vos de Wael et al., 2018). Second, lower thick-
ness of the presubiculum is commonly found in hippocampi that
were supposedly nonlesional, such as in MRI-negative individuals
and in the contralateral side in individuals with HS-mTLE. Previous
research has hypothesized that structural alterations of the presubi-
culum in mTLE may rather be due to epileptic seizures than to the
primary pathological process (Maccotta et al.,, 2015). Considering
that in our study structural alterations in the presubiculum were not
accompanied by higher FLAIR signal intensity, and even signal alter-
ations in the affected hippocampus in HS-mTLE excluded the presu-
biculum, it appears indeed unlikely that this subfield is involved in
the primary inflammatory process. In this respect, our results support
the hypothesis of potentially bilateral secondary degeneration of the
presubiculum as proposed by Maccotta and colleagues. Furthermore,

the geometry-based method finds structural changes in the

presubiculum on the affected side of MRI-negative mTLE without
detectable signs of active inflammation. This result may be predi-
cated in that we cannot exclude the possibility that there are cases
of HS in this group because histopathologic workup was not avail-
able in the 49/58 MRI-negative subjects who did not undergo sur-
gery. Previous studies have shown that interictal connectivity also
differs between MRI-negative mTLE and HS-mTLE with a lack of
involvement of mesiotemporal regions in MRI-negative mTLE
(Vaughan et al., 2016). Our findings support the hypothesis that
mesiotemporal structures are not primarily involved in epileptogen-
esis in MRI-negative mTLE and that HS-mTLE and MRI-negative
mTLE are different pathologies.

4.5 | Limitations

The aspects that limit the explanatory power of our data are three-
fold: A first limitation of our study lies in its cross-sectional design,
which is challenged by therapeutic interventions. As mTLE is one of
the major causes for medically refractory epilepsy, it must be assumed
that all individuals with mTLE seeking care at a tertiary epilepsy center
have been exposed to different and highly individual therapy regimes
regarding antiepileptic drugs, which themselves are known to have an
effect on both cognition and structural integrity of brain structures
and are not incorporated in the statistical models (Brunbech &
Sabers, 2002; Quon et al., 2020). A second limitation concerns statisti-
cal aspects, such as the fact that our HS3 cohort consists of too few
subjects to perform meaningful statistical analyses. In addition, all ana-
lyses presented in this study were performed at the group level. To
adopt the novel approach in a clinical setting, however, it would also
need to be applicable at subject-level, which ideally needs to be dem-
onstrated in a prospective design. Third, the histologic underpinnings
of the proposed geometry-derived measurements remain speculative.
Although it seems logical that the reduced thickness and increased
curvature are due to cell loss in specific subunits of the hippocampus,
this direct correlation would need to be demonstrated by ex-vivo his-
tological studies.

5 | CONCLUSION

In conclusion, our study established and applied a novel geometry-
based analysis approach to hippocampal structure and has proven it
to be useful in individuals with mTLE. We demonstrated that this
approach, with its extended imaging markers, has surplus value over
conventional volumetric analysis of the hippocampus with respect to
diagnostic and pathophysiological implications, raising hope that this
or similar methods will find their way into clinical practice.
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