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Abstract

Evidence for structural connectivity patterns within the medial temporal lobe derives primarily
from post-mortem histological studies. In humans and non-human primates, the parahippocampal
gyrus (PHg) is subdivided into parahippocampal (PHc) and perirhinal (PRc) cortices which receive
input from distinct cortical networks. Likewise, their efferent projections to the entorhinal cortex
(ERc) are distinct. The PHc projects primarily to the medial ERc (M-ERCc). The PRc projects
primarily to the lateral portion of the ERc (L-ERc). Both M-ERc and L-ERc, via the perforant
pathway, project to the dentate gyrus and hippocampal (HC) subfields. Until recently, these neural
circuits could not be visualized /n vivo. Diffusion tensor imaging algorithms have been developed
to segment grey matter structures based on probabilistic connectivity patterns. However, these
algorithms have not yet been applied to investigate connectivity in the temporal lobe or changes in
connectivity architecture related to disease processes. In this study, this segmentation procedure
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was used to classify ERc grey matter based on PRc, ERc, and HC connectivity patterns in 7
patients with temporal lobe epilepsy (TLE) without hippocampal sclerosis (mean age, 14.86

+ 3.34) and 7 healthy controls (mean age, 23.86 + 2.97). Within samples paired t-tests allowed for
comparison of ERc connectivity between epileptogenic and contralateral hemispheres. In healthy
controls, there was no significant within-group differences in surface area, volume or cluster
number of ERc connectivity-defined regions (CDR). Likewise, in line with histology results, ERc
CDR in the control group were well organized, uniform and segregated via PRc/PHc afferent and
HC efferent connections. Conversely, in TLE, there were significantly more PRc and HC CDR
clusters in the epileptogenic than the contralateral hemisphere. The surface area of the PRc CDR
were greater, and that of the HC CDRs was smaller, in the epileptogenic hemisphere as well.
Further, there was no clear delineation between M-ERc and L-ERc connectivity with PRc, PHc or
HC in TLE. These results suggest a breakdown of the spatial organization of PHg — ERc — HC
connectivity in TLE. Whether this breakdown is the cause or result of epileptic activity remains an
exciting research question.

INTRODUCTION

The medial temporal lobe (MTL) is a historically studied region which mediates numerous
clinically significant cognitive functions including episodic memory. Different neuromedical
illnesses, such as temporal lobe epilepsy (TLE), can affect the structure and function of the
MTL. Therefore, understanding the unique effects of illness on the structure of MTL
circuitry can provide insights into both the pathological process of the disease as well as the
neuroanatomical basis of the clinical phenomenology of that disease. Relatedly, studying the
effect of disease on the functional anatomy of memory circuits can provide additional
insight into the mechanisms of MTL function.

Histological studies have illustrated the intra and interhemispheric connections of the medial
temporal lobe circuits. The parahippocampal gyrus (PHg) can be subdivided along the
rostrocaudal axis into the perirhinal cortex (PRc) and, more posteriorly, the parahippocampal
cortex (PHc), with the dividing line roughly corresponding to the collateral sulcus?. This
distinction is based on the existence of relatively distinct regions of input to the PRc/PHc.
The PRc receives primary afferent input from the ventral visual stream?. In contrast, PHc
input includes multimodal association cortices — parietal, supraoccipital, temporal auditory —
as well as somesthetic cortex and the dorsal visual stream.

As the PHc and PRc receive separate streams of input, their efferent projections to the
entorhinal cortex (ERc) are also distinct::3. The PHc projects to the medial ERc (M-ERc)
which projects to the dentate gyrus and hippocampal fields CA3 and CAL via the perforant
pathway*. Conversely, the PRc projects primarily to the lateral portion of the ERc (L-ERc).
The L-ERc then sends afferent connections to different targets in the dentate gyrus, CA3,
and CA1°. This pattern of connectivity creates two distinct temporal lobe circuits which may
support behaviorally dissociable memory functions.

While postmortem histology studies have demonstrated the elegant complexities of these
MTL memory circuits, our ability to visualize these circuits /77 vivo has been limited by
image resolution and data analysis techniques. Structural neuroimaging studies have
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successfully visualized large MTL white matter tracts and quantified them using diffusion
metrics such as mean diffusivity (MD) and fractional anisotropy (FA)®-12. Functional
neuroimaging studies have successfully delineated similar MTL circuits'3. However, there
has been limited research into structural connectivity patterns within the MTL. A
probabilistic tractography method has been used to investigate patterns of connectivity
between thalamic nuclei and cortex14, striatal regions and cortex1®, amygdala nuclei and
cortex16 as well as amygdala nuclei and subcortical regions!’. To the best of our knowledge,
ours is the first attempt to use probabilistic tractography to visualize connectivity patterns
involving the PRc, PHc, ERc and HC,

Temporal lobe epilepsy (TLE) is an excellent disease model for the study of MTL structure
and function. In the last twenty years, quantitative structural MRI research within TLE
patient populations has revealed volumetric reduction in temporal lobe structures including
the temporal neocortex18, the PHg'9, the ERc??, and the fornix?L. More recently, diffusion
tensor imaging (DTI) studies have demonstrated white matter integrity changes in patients
with TLE in white matter extending into the PHg, within the ipsilateral hippocampus®,
fornix’: 9, into the inferior temporal gyrus and deep temporal white matter®.

A promising DTI analytic tool, probabilistic tractography can be used to perform
connectivity-based segmentation of grey matter structures?2. Boundaries of anatomic
structures cannot be easily identified /n7 vivo, even with high resolution MRI. Use of
differences in connectivity between adjacent and far structures can be used to identify
anatomic boundaries in certain structures. Thus, differences in connectivity will allow
structural boundaries to be defined, or segmented. This connectivity-based segmentation has
not been used to investigate hippocampal or parahippocampal structures. Also absent has
been using connectivity-based segmentation to examine the effect of TLE on white matter
structures.

METHODS

This study was approved by the University of Florida Institutional Review Board as well as
the North Florida/South Georgia Veterans Administration Hospital Institutional Review
Board. All participants or their legal guardians provided written informed consent using
forms approved by the University of Florida Institutional Review Board. In accordance with
University of Florida Institutional Review Board. Seven individuals 10-26 years of age with
physician-verified diagnosis of focal onset seizures of temporal lobe origin (TLE) were
recruited from the University of Florida Comprehensive Epilepsy Program. Neuroimaging
data from a group of seven age and gender matched healthy control individuals were
procured from a collaborator’s (DBF) study of white matter integrity. All participants were
right handed from birth and native English speakers (Table 1). Participants with TLE had a
clinical diagnosis of intractable, medically refractory (i.e. drug resistant) unprovoked focal
onset epilepsy - affecting the temporal lobe - according to International League Against
Epilepsy (ILAE) criteria for epilepsy diagnosis?3. As part of a pre-surgical epilepsy
evaluation, participants underwent continuous time-locked video-scalp EEG (phase 2)
followed at a later date by continuous time-locked subdural temporal and extra-temporal
frontal and parietal lobes electrocorticography (phase 2). All participants were candidates
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for neurosurgical resection, however, none had undergone any neurosurgical intervention at
the time of this study. Exclusionary criteria included diagnosis of neurodegenerative
disorder, history of concussion or traumatic brain injury sufficient to warrant medical
attention, previous psychiatric hospitalization, history of substance abuse, current
psychotropic medication prescription (except anxiolytics and antidepressants), severe,
uncorrected hearing or vision impairment and pregnancy. Additionally, epilepsy participants
were excluded if structural neuroimaging (T1 or T2 data) revealed abnormalities by 3 T
brain MR imaging and/or positron emission tomography (PET). MR imaging was negative
for HS, dysplasia, malrotation and focal neoplasia in all participants. Further, two
participants had a history of febrile status epilepticus (FSE) and were negative for herpes
virus. Both patients underwent acute 3T MR imaging and follow-up 3T MR imaging was
obtained approximately one year later. Visual interpretation by two neuroradiologists was
supplemented by hippocampal volumetrics, analysis of the intrahippocampal distribution of
T2 signal, and apparent diffusion coefficients. Hippocampal T2 hyperintensity occurred
acutely after FSE in one participant in association with increased volume. The other patient
showed a normal MR imaging acutely. Follow-up MR imaging obtained on both children
was MR negative.

Imaging Protocol

Participants with TLE in this study underwent an MR imaging acquisition protocol currently
employed in the University of Florida Comprehensive Epilepsy Center. For this protocol,
T1-weighted structural data was used for manual segmentation of ROIs. T1-weighted, T2-
weighted and FLAIR data were used to assess hippocampal sclerosis (used for secondary
exclusion). 64-direction high angular direction diffusion imaging (HARDI), as well as 6-
direction with three b0 images, were acquired for all participants.

T1-weighted and DWI data was collected using a 32-channel head coil on Siemens
Magnetom 3T scanner (Siemens Medical Solution, Erlangen, Germany) at the University of
Florida Shands Hospital Neuroimaging Center (Gainesville, Florida). Structural MP-RAGE
T1-weighted scans were acquired with 120 — 1.0mm sagittal slices, FOV = 256mm (A-P) x
192 mm (FH), matrix = 256 — 192, TR = 450.0 ms, TE = 10.0 ms, Flip Angle = 8, voxel size
= 1.0mm x 0.94 mm x 0.94 mm. Diffusion weighted images were acquired using single shot
spin-echo planar imaging (EPI) with 60 x 2.0 mm axial slices (no gap), FOV = 256 mm
(AP) x 256 mm (RL), matrix = 128 x 128, TR = 15200 ms, TE = 81 ms, Flip Angle = 30, b-
value = 1000 s/mm?, voxel size = 2.0 x 2.0 x 2.0 mm, and time of acquisition was 7 min 16
S.

Multimodal MRI data for all control participants was acquired using a Philips Achieva 3T
scanner (Amsterdam, Netherlands) using a 32-channel SENSE head coil. Structural T1-
weighted images were acquired with 130 — 1.0 mm sagittal slices, FOV = 240 mm (AP) —
180 mm (FH), matrix = 256 — 192, TR = 9.90 ms, TE = 4.60 ms, Flip Angle = 8, voxel size
=1.0 x 0.94 x 0.94 mm. Diffusion-weighted images were acquired using single shot spin-
echo planar imaging (EPI) with 60 x 2.0mm axial slices (no gap), FOV = 224 mm (AP) x
224 mm (RL), matrix = 112 x 112, TR = 9509 ms, TE = 55 ms, Flip Angle = 90, b-value =
1000 s/mm?, voxel size = 2.0 x 2.0 x 2.0 mm). All imaging data was pre-processed

Epilepsy Behav. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuhn et al.

Page 5

uniformly in order to harmonize data streams across scanners. Data was processed using
FSL software package version 6.0 (FMRIB software Library) (www.fmrib.ox.ac.uk.fsl)24:25,
6- and 64-direction DWI volumes were merged to create a single DWI data file for each
participant in order to optimize the signal-to-noise ratio. This DWI data was eddy current
corrected?S, skull stripped28, and then diffusion tensors were fit to the data?’: 28,

Manual Segmentation of ROIs

Voxel size for both anatomical and diffusion-weighted scans was uniform across scanners.
Therefore, segmentation protocols were carried out in an identical fashion for both age-
matched control and TLE groups. Prior to segmenting experimental data, three independent
raters (TK, JIMG, AEB) received training on all manual segmentation protocols until an
intra-rater reliability of = 0.90 and an interrater spatial overlap reliability (Dice coefficient)
of = 0.80 for each region of interest (ROI) was achieved. Following this training, participant
group classification was blinded from raters and each rater was assigned to segment one ROI
in order to limit the effect of inter-rater variance on our results.

All manual segmentation was conducted using ITK-SNAP22. Published protocols were used
to segment the PHc30: 31, PRc32 33 and ERc32: 33, Conservative boundaries were used in
order to clearly define the PHc as an ROI distinct from the PRc and ERc. The HC was
automatically segmented using the FIRST model-based segmentation tool34, part of the FSL
software package FMRIB software Library. Each segmented mask was then “boundary
corrected” to ensure that there is no overlap between any of the masks.

Each ROI was manually traced in each participant’s native T1-weighted structural space.
Skull stripped, T1-weighted whole brain data was registered to diffusion space using linear
transform and tri-linear interpolation. All ROl masks were then registered to diffusion space
using linear transformation and nearest neighbor interpolation and inspected for quality
control. The four segmented ROIs and the resulting connectivity matrix are presented below.

Probabilistic Tractography

Probabilistic diffusion tractography was conducted using previously defined methods22: 35
using 25,000 streamline samples per seed voxel to compute a connectivity distribution to
each target mask. The manually segmented ERc mask was used as the seed mask. Manually
segmented PRc, PHc and automatically segmented HC masks were used as target masks
between which probability distributions of connectivity with the ERc seed mask were
created. Rather than generating streamline fiber tracts between regions of interest (i.e.
deterministic tractography), this method determines the probability that a voxel in the ERc is
connected with each voxel in the target masks.

Probabilistic tractography was then used to segment ERc voxels into connectivity-defined
regions (CDR) by classifying ERc seed voxels based on their highest connection probability
to the target masks. The validity of this method has been previously demonstrated38. This
method resulted in a color coded image of each participants’ left and right ERc. Each ERc
voxel was given the color of the target mask with which that voxel has the highest
probability of connecting, defined as the largest number of streamline samples between that

Epilepsy Behav. Author manuscript; available in PMC 2019 November 01.


http://www.fmrib.ox.ac.uk.fsl

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuhn et al. Page 6

ERc voxel and a target mask. All ERc voxels assigned to a specific target mask compose a
connectivity defined region (CDR) (e.g. with the HC) of the ERc (Figure 1).

Using FSL software, surface area was computed for each CDR of the hard segmented ERc
for subsequent groupwise analyses. These values were then converted to proportion of the
total ERc surface area in order to yield relative proportion of the entire ERc connecting to
each target mask. In order to minimize the scanner-by-group confound, within-group paired
sample t-tests were conducted to assess differences in proportional ERc CDR surface area
between epileptogenic and contralateral hemispheres. Additionally, the number of CDR
clusters was computed for each ERc. One cluster indicated that a CDR was contiguous.
More than one cluster indicated that a CDR was not contiguous. Rather, the CDR was split
into multiple smaller, less organized clusters. This was based on the hypothesis that in
normal ERc tissue CDR are contiguous, there should be only one cluster per CDR.
Therefore, additional clusters may represent alterations in spatial connectivity.

The TLE group was comprised of four participants with epileptogenic foci in the left
hemisphere and three participants with epileptogenic foci in the right hemisphere. Paired
samples t-tests were conducted to assess differences in the number of CDR clusters between
the epileptogenic and contralateral hemispheres within the TLE group. Paired samples t-tests
also compared the number of CDR clusters in controls after randomly choosing three control
participants and flipping the hemispheric orientation of their data so that it mirrored that of
the TLE group (four left and three right hemisphere).

RESULTS

ERc CDR across control participants were highly organized such that voxels comprising
CDR were contiguous and well separated from other CDR (i.e. voxels were not
intermingled). In accordance with histology results, the medial portion of the ERc connected
to the PHc, the lateral portion connected to the PRc and, primarily in posterior slices, the
central portion of the ERc connected to the HC (Figure 2).

Analysis of qualitative results revealed that there were between-group differences in the
spatial organization of ERc CDR. Unlike those in the control group, the ERc CDR across
participants with TLE diagnoses showed high degrees of variability in spatial organization
(Figure 3). Voxels comprising CDR were less segregated, often displaying tessellated
patterns of CDR voxels intertwining between one another (e.g. HC CDR voxels interspersed
throughout PHc and PRc CDR voxels; Figure 3). Additionally, the spatial organization of
ERc CDR in the TLE group did not reflect the histologically-derived connectivity pattern.
PHc and PRc connections were not restricted to the medial and lateral portion of the ERc,
respectively, and HC connections appeared to be randomly distributed throughout the ERc.

Paired samples t-tests revealed significant differences in the number of CDR clusters in the
epileptogenic hemisphere compared to the contralateral hemisphere in the TLE group. In the
epileptogenic hemisphere, there were significantly more PRc CDR clusters (t(6)= 3.29, p =
0.017) and HC CDR clusters (t(6)= 3.87, p = 0.008) than in the contralateral hemisphere.
The number of PHc clusters did not significantly differ between epileptogenic and
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contralateral hemisphere. There were no significant interhemispheric differences in the
number of clusters within the control group (all p’s > 0.05) (Table 2).
Additionally, paired samples t-tests revealed significant interhemispheric differences in the
surface area of CDR in the TLE group. The surface area of the PRc CDR was significantly
larger in the epileptogenic hemisphere (t(6)= 2.18, p = 0.048) and the HC CDR was
significantly smaller in the epileptogenic hemisphere (t(6)= —2.16, p = 0.050). There were
no significant interhemispheric differences in CDR surface area in the control group (all p’s
> 0.05) (Table 3).

DISCUSSION

This study represents the first successful /n vivo visualization of two adjacent PHg — ERc -
HC circuits as applied to a clinical population3®. Through the use of probabilistic
tractography and connectivity-based segmentation, we were able to successfully demonstrate
the existence of separate, adjacent medial temporal lobe circuits. A uniform organization of
bilateral ERc was observed in control participants consistent with histological findings in
excised human tissue. The structure of CDR of the ERc shows the PRc projecting to the
lateral ERc and the PHc projecting to the medial ERc. These two efferent streams appear to
join towards the center of the ERc and become afferent projections to the HC.

In contrast, the TLE group white matter organization was less spatially defined. The CDR’s
were less well segregated and there were more clusters between CDRs in the TLE patients.
Projections from the PHc and PRc and to the HC were spread more diffusely throughout the
ERc and were not restricted to medial/lateral portions of the ERc, as they were in the control
group. Further, in the control group, bilateral PRc, left PHc and HC ERc CDR and the
majority of right PHc and HC were contiguous throughout the ERc, as indicated by one
CDR cluster. Alternatively, no CDR was contiguous throughout the entirety of the ERc in
any participant with TLE. With the exception of the right HC CDR, each CDR in the TLE
group was less unified, as indicated by two or more clusters. Further, in the TLE group, there
were more PRc and HC CDR clusters within the epileptogenic hemisphere than the
contralateral hemisphere. Interestingly, the surface area of the PRc CDR was greater in the
epileptogenic hemisphere while the surface area of the HC CDR was greater in the
contralateral hemisphere. While we can only postulate about this finding, it is possible that
this greater surface area in the epileptogenic hemisphere is indicative of less pruning leading
to less organized (i.e. more clusters) structures with increased likelihood for producing
seizures. Taken together, this demonstrates a loss of spatial organization in these medial
temporal lobe circuits characterized by reduced spatial specificity of white matter
connections (i.e. increased CDR clusters) and alterations in the degree of connectivity
between regions. More random topological organization of neural networks has been shown
to increase an individual’s susceptibility to seizure3. This can lead to a feed-forward cycle
of seizures causing structural brain changes which reduce the threshold for future ictal onset
(i.e. kindling). Thus, enhanced connectivity of the PRc — ERc — HC circuit may be the result
of seizure related remodeling of structural neural networks. Additionally, the decreased
surface area of the HC CDR in the epileptogenic hemisphere could be related to this aberrant
remodeling and may be involved in TLE-associated memory deficits.

Epilepsy Behav. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuhn et al.

Page 8

Although our findings cannot confirm that structural changes preceded, as has been
previously suggested38, or were the result of epileptogenic activity, it is conceivable that
seizure activity resulted in the loss of spatial organization in ERc CDR. Following repetitive
seizures of multiple etiologies, structural changes and reorganization occur in the temporal
lobe including loss of mossy cells and hilar interneurons3%-41. This degeneration is followed
by mossy fiber sprouting resulting in the formation of recurrent collaterals between granule
cells3941, In the healthy brain, granule cells do not form synapses with other granule cells.
In the epileptic brain, these aberrant granule cell to granule cell synapses are excitatory in
nature and in the postictal stage often produce an increased number of outgoing
connections*2. This enhanced connectivity within the dentate gyrus results in a novel neural
hub shown to provide a mechanism for promoting hyperexcitability leading to recurrent
seizures®3,

All participants with TLE in this study were MR-negative for hippocampal sclerosis (HS),
dysplasia, and focal neoplasia, all of which are the common structural abnormalities in
individuals with drug-resistant TLE. MTL pathology in TLE is often verified with high
reliability using MR imaging and is believed to reflect a combination of initial damage from
an early injury and subsequent seizure-associated injury.*4~47 However, as with our study, no
pathological MR imaging findings in individuals with TLE are reported in up to one-third of
patients#849, It remains a controversy whether this is due to initial disease stages which do
not display lesional findings in MR imaging because of subtle tissue alterations or based on
different illness-entities affecting hippocampal structures. Similarly, two of the TLE
participants (29%) had a history of febrile seizures: one with T2 hyperintense and
hippocampal volume hypertrophy at baseline which resolve at one-year follow-up (MR
imaging negative at that time); one with normal MR imaging findings at both time points.
Given this, it could be speculated that the greater number of CDRs found in the
epileptogenic MTL regions resulted from seizure activity, rather than from an aberrant
neurodevelopmental trajectory leading to seizure formation. However, given that this was
not a longitudinal study, and fine grained DTI analysis was not performed prior to seizure
onset in these participants, this question remains unanswered. Nevertheless, given that all
participants were MR-negative for cortical dysplasias, it is unlikely that increased PRc CDR
number and surface area reflect occult cortical dysplasia. Rather, it is possible that these PRc
CDR findings are related to axonal reorganization related to seizure activity (discussed
further below).

These findings are in line with recent investigations of regional network characteristics in
TLE, which have broadly demonstrated abnormalities in network topologies related to
epileptogenicity. Previous structural network analyses reported decreased structural
organization between MTL and limbic regions®%-52, thalamic and neocortical regions®3:4,
and within cortico-cortical networks®225, Additionally, reduced cortical-subcortical
connectivity, most prominent in the MTL but occurring throughout the brain, have been
observed in unilateral TLES®. Importantly, these structural connectivity analyses were
restricted to large scale connections between MTL regions (e.g. hippocampus, amygdala)
and other more distal brain regions (e.g. limbic, frontal and basal ganglia areas). Therefore,
our findings appear to be, to the best of our knowledge, one of the first studies to replicate
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these aberrant structural connectivity results within highly proximal MTL regions within the
epileptogenic zone.

Further, our findings fit within the context of the literature on TLE-related reorganization of
structural connectivity network. An atrophic consequence of repeated epileptogenic
propagation throughout the MTL network®’ may be related to the reduced spatial
organization and smaller CDR found in the present study. Therefore, it is possible that the
(likely Hebbian-in-nature) enhanced connectivity of the PRc — ERc — HC circuit increases
the probability of subsequent seizures and that those subsequent seizures simultaneously
result in atrophic and/or aberrantly plastic reorganization of the PHc-ERc_HC circuit. This
hypothesis is supported by TLE-related structural reorganization of the hippocampus and
limbic system38:59, which may include increased local fragmentation within the limbic
system®® along with decreased hippocampal cliquiness (or segregation as evidenced by
clustering coefficient) and increased though poorly organized hippocampal connectivity (i.e.
nodal degree)®8. Taken together, these findings suggest decreased structural segregation of
the hippocampus from surrounding networks due to loss of local white matter connectivity
and increased, non-local projections which ultimately result in an overall reduction in local
efficiency®3. Such aberrant connectivity, likely formed via dentate hilar cell loss®® may lead
to the higher connectivity between local MTL structures leading to kindling and subsequent
increased epileptogenic activity.

Regardless of exact etiology, alterations in structural connectivity in TLE deleteriously
impact functional connectivity networks, including changes in local and global efficiency
and covariance®1-63, For example, reduced functional network integration of the
hippocampus in TLE has been associated with seizure-induced atrophy while
parahippocampal connectivity was effected by coherence of white matter tracts subserving
this functional connectivity54. Although not directly analogous, our PHg connecitivity
findings may relat to these TLE-related coherence abnormalities. Further, a graph theory
study®® found increased covariance within-MTL regions, possibly indicative of axonal
sprouting, and decreased coherence between regions, possibly reflecting loss of connectivity
between structures. Similarly, decreased functional connectivity between regions of the
epileptogenic TLE, without any significant findings of within region connectivity
abnormalities have been reported®®. Likely due to the fact that increased distal connectivity
is often indicative of a mechanism attempting to compensate for reduced functional
connectivity between more local regions®7—69, such as those connectivity abnormalities
reported herein, hippocampal connectivity to regions outside the focal epileptogenic MTL
(e.g. limbic cortex, frontal, basal ganglia and brainstem regions as well as default mode,
sensory and motor networks) has been reported’®. Our findings of decreased spatial
organization of CDR as well as the decreased surface area of PHc CDR may relate to these
decreased coherence findings. Overall, our findings add to the literature of structural and
functional connectomics of TLE and further support the necessity of ongoing translational
research in this field’L.

Importantly, our TLE patient group was significantly younger than our control group.
Therefore, the impact of neurodevelopment on structural organization and connectivity may
be more prominent in the TLE group than in the somewhat older control group. Our
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participants were experiencing seizures over a prolonged period of time during development.
The prolonged nature of seizures during critical neurodevelopmental periods may have
allowed transient, peri-ictal changes in neural connectivity to become chronic. Additionally,
seizure activity along with predisposing genetic risk factors, which may have been present in
some of our participants, could have resulted in disorganized white matter connectivity in
these adjacent temporal lobe circuits. Given the average age of our participants, and the fact
that pruning tends to end at approximately 16 years of age’?, it could be argued that our
findings reflect connectivity patterns indicative, not of epileptogenic activity, but of brains
which have not yet completed the process of pruning. However, this is unlikely given that
our participants ranged in age from 10-26 and the loss of spatial organization in ERc
connectivity was found in all TLE participants.

Additionally, earlier age of seizure onset may disrupt neural development and lead to
cerebral reorganization, often with measurable negative consequences on specific domains
of cognitive function. Higher rates of bilateral and right hemisphere language dominance are
seen among patients with TLE’3. Abnormal organization of language’* 7> and memory’6
have been demonstrated in early onset TLE patients. Therefore, it is possible that the
aberrant connectivity found in our younger TLE group was related to, and perhaps the result
of, recurrent epileptic activity rather than normal neurodevelopmental differences inherent in
late adolescence. Additionally, studies suggest that gender affects morphology more than
age, at the level of cortical sulci’’. Given that cortical morphometry dictated manual
segmentation procedures, future studies may seek to investigate the effect of gender on
spatial organization.

This study had several limitations. First, group was confounded with scanner platform;
control data was acquired using a 3T Philips Achieva, while patients with TLE underwent
MRI using a Siemens Magnetom 3T scanner. However, this confound was overcome by
harmonizing MR data processing and then focusing our analyses on within group, paired
samples tests. By doing so, the effect of scanner platform was removed from our analyses.
Further, the ability to produce reliable CDR from small medial temporal lobe regions using
manual segmentation of 64-direction HARDI data, as done in this study, has been shown3®.
Nevertheless, limitations inherent in probabilistic tractography include hypersensitivity to
non-dominant fiber pathway orientation and proneness to false positive errors, both of which
may limit the precision with which it reproduces neuroanatomy. Additionally, spatial
resolution is limited to the scale of MR imaging resolution resulting in an inability to
differentiate afferent from efferent connections or detect neuronal polarity or synapses.
Although some of these limitations are lessened by HARDI acquisition and evidence-based
processing pipeline approaches such as that used here, some remain (e.g. that diffusion
imaging is an indirect measure of neuronal architecture and thus cannot make direct
inferences about effects at the cellular level) and must be taken into consideration when
interpreting results. Further, attempting to reproduce our results using automatic
segmentation protocols (e.g. using Freesurfer to parcellate the hippocampus into subfields)
may allow for more fine grained spatial analysis.

Additionally, even for neuroimaging studies our sample size was small. Replication of our
analysis in a larger independent sample is warranted. A greater sample size would also
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provide additional variance and degrees of freedom in our statistical analyses which could be
used to further investigate the relationship between seizure duration, seizure frequency and
integrity/connectivity of structures within the medial temporal lobe.

Despite these limitations, the study represents a meaningful contribution to the literature on
TLE and the functional neuroanatomy of memory and supports the hypothesis that TLE is
associated with pathologic changes in white matter connectivity in MTL regions. Future
studies may use the tractography-based CDR method used here to map the developmental
trajectory of MTL connectivity and investigate the effect of neuromedical illness on the
structure and function of this region. Longitudinal studies, particularly large cohort studies
which begin in infancy and follow participants to see who develops epilepsy and what
neuroanatomical markers predicted conversion to epilepsy, can help elucidate whether
finding such as ours predate and possibly contribute to the development of seizures or
represent aberrant changes brought about after the onset of seizures.
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Highlights

In humans and non-human primates, the parahippocampal gyrus (PHg) is
subdivided into parahippocampal (PHc) and perirhinal (PRc) cortices which
receive input from distinct cortical networks and project distinctly to the
entorhinal cortex (ERc) which subsequently projects to the hippocampus.

With diffusion tensor imaging (DTI), this study visualized and quantified
these medial temporal lobe networks.

While DTI findings in healthy participants mirrored histology findings, in
participants with temporal lobe epilepsy the spatial organization of these
networks was significantly altered.

Although the causal relationship between these structural connectivity
abnormalities and epilepsy onset is unclear at this time, these findings may
relate to the neuroanatomical underpinnings of kindling and may relate to the
memory impairments common in temporal lobe epilepsy patients
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Fig. 1.

Seggmented medial temporal lobe structures and resulting connectivity. A). Published
protocols for manual segmentation of individual medial temporal lobe regions were used by
trained raters to create masks of each participant’s PRc, PHc, and ERc. An automated
segmentation program, FIRST part of FSL, was used to automatically segment the HC.
B).Voxels of the ERc color-coded based on their highest probability of connecting to PHc
(pink), HC (green), and PRc (red). Highest probability of connection was defined as the
greatest number of streamline samples computed between the seed mask and one of the
three target masks. Clearly delineated adjacent temporal lobe connections were easily
visualized such that the PRc connects to the medial-ERc, the PHc connects to the lateral-
ERc, and the region of the ERc separating PRc and PHc projections is connected to the HC.
These results are supported by extant histology literature. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Epilepsy Behav. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kuhn et al. Page 18

Fig. 2.
Between group comparison of entorhinal cortex connectivity-defined region CDR spatial

organization. Spatial organization of the entorhinal cortex in the left hemisphere of a healthy
control participant (A) and the epileptogenic hemisphere of a participant with current TLE
diagnosis (B). Regions defined by highest probability of connection to parahippocampal
cortex (pink), hippocampus (green), and perirhinal cortex (red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3.

Er?torhinal cortex connectivity-defined regions in temporal lobe epilepsy. A) Connectivity-
based segmentation of the ERc of all patients with TLE demonstrating poor spatial
organization of medial temporal lobe connectivity. Again, voxels are color coded based on
the target mask with which they share the highest number of streamline samples (e.g.,
highest connectivity probability). PHc (pink), PRc (red), and HC (green) connectivity-
defined regions are not contiguous and do not demonstrate the clearly delineated
connectivity pattern seen in health controls. B) Coronal MR slice showing the orientation of
the ERc shown in A. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Table 1.
Tractography Participant demographics (N = 14)
TLE(N=7) Control (N=7)
Mean  Standard Deviation Mean  Standard Deviation
Age a 14.8 3.3 23.9 3.0
Sex 5 Male 2 Female 5 Male 2 Female
Education b 9.1 3.9 11.6 13
Age at First Seizure b 100 54 ) )
4.8 35 - -

Seizure Duration b

Note. All TLE participants were classified by current consensus diagnosis of Complex Partial Temporal Lobe Epilepsy. Current

a,
Years.

N =14
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Within Group Entorhinal Cortex Connectivity-defined Region Clusters

Table 2.

TLE(N=7) Control(N =7)
Mean  Standard Deviation Mean Standard Deviation

Epi HC 2867 0.69 2.14 0.38
ContraHC  2.00 0.0 2.00 0

Epi PR 2867 0.69 1.71 0.49
Contra PR 2.14 0.38 1.71 0.49
Epi PH 2.86 0.38 1.43 0.79
Contra PH 271 0.76 171 0.49

*
p<0.05
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Within the TLE group, there were more clusters in the epileptogenic than contralateral hemisphere for the ERc CDR connected to the PRc and HC.

In the control group, there were no significant differences in number of clusters between hemispheres.
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Table 3.

Within Group Entorhinal Cortex Connectivity-defined Region Proportional Surface Areas

TLE(N=7) Control(N =7)
Mean  Standard Deviation Mean Standard Deviation
Epi HC 0.47 0.17 0.54 0.14
ContraHC  gg0* 0.15 0.59 0.17
Epi PR 0.35* 0.10 0.33 0.11
Contra PR 0.27 0.11 0.29 0.10
Epi PH 0.18 0.13 0.13 0.06
Contra PH 0.12 0.11 0.11 0.09

*
p 0.05
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In the epileptogenic hemisphere of the TLE group, the surface area of the PRc CDR was larger and the surface area of the HC was smaller than that

of the contralateral hemisphere. In the control group, there were no significant differences in CDR surface area between hemispheres.
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