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Impaired hippocampal functional connectivity in patients
with drug resistant, generalized tonic-clonic seizures
Zhengge Wang?, Xiaoyun Wang®, Rong Rong®, Yun Xu®, Bing Zhang?

and Zhongyuan Wang®

The aim of this study was to better understand the imaging
features of drug-resistant epilepsy (DRE), especially in
idiopathic generalized tonic-clonic seizure (GTCS), as well
as to discover the associated mechanisms and functional
connectivity (FC). A total of 31 idiopathic generalized
epilepsy-GTCS patients and 17 healthy controls were
enrolled. For each patient, resting-state functional MRI was
performed. After a 12-month follow-up observation, patients
were further divided into either drug-resistant (DR) or drug-
sensitive (DS) groups. Compared to the DS group, DR
patients had previously received more types of antiepileptic
drugs and had taken more types of failed antiepileptic
drugs. There were distinct FC changes toward the left
thalamus, left putamen, left precuneus, and right precentral
gyrus in the left hippocampus between DR and DS patients.
FCs in the DR group largely decreased or remained
unchanged, while DS patients exhibited compensatory
enhancement. Disease duration was negatively correlated
with FC between the left hippocampus and the left
thalamus—-putamen in patients with DRE. Further, DRE
patients had an extremely high area under the curve (0.978)

Introduction

Epilepsies are a group of brain diseases characterized by
repetitive seizure activities, which affect nearly 1% of the
population in terms of lifetime prevalence [1]. Approximately
17% of patients die from epilepsy onset [2]. More than one-
third of epilepsies are drug-resistant epilepsies (DREs) [3],
which account for the largest burden of epilepsy, have a poor
prognosis, and they further induce increased morbidity and
mortality [4-6].

"The current understanding of epilepsy is deepening with the
application of noninvasive neuroimaging techniques that
explore different aspects, such as volume changes or sponta-
neous functional organization. Functional connectivity (FC)
based on functional MRI (fMRI) is one of the most useful
markers for predicting epileptogenic events [7-9]. For exam-
ple, abnormal fundamental dynamic interactions and
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and a cut-off FC between the left hippocampus and
thalamus—-putamen of 0.282. Together, hippocampal FCs in
patients with DR GTCS were impaired and time-dependently
correlated with disease duration. Hippocampal FCs in DS
patients showed overall compensatory enhancement, which
could be used as a sensitive and specific marker to identify
and predict DR GTCS. NeuroReport 30:700-706 Copyright
© 2019 The Author(s). Published by Wolters Kluwer Health,
Inc.
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dysconnectivity are associated with the subcortical and cere-
bellar regulation of frontoparietal dysfunction in frontal-lobe
epilepsy [7]. There are also connectivity changes in temporal-
lobe epilepsy with dysfunctional networks identified by
changes in hippocampal connectivity [8].

Damaged hippocampal FC is involved in various diseases;
patients with systemic lupus erythematosus, for instance,
often have central nervous system involvement, and
improving hippocampal connectivity in systemic lupus
erythematosus patients can compensate for central mem-
ory impairment [10]. In addition, Baur ¢z #/. [11] confirmed
that insula—amygdala, resting-state FC could be assessed
easily and in a straightforward manner, and has great
potential to serve as a biomarker for anxiety. Idiopathic
generalized epilepsy (IGE) is characterized by the wide-
spread, generalized spike-and-wave/polyspike—waves and
undetectable focal anatomical brain abnormalities. It has
been widely accepted that thalamic—cortical network
abnormalities play crucial roles in IGE development.
Generalized tonic-clonic seizure (G'TCS) is the most
common subtype of IGE. Thus far, its pathophysiological
mechanisms remain unclear, and few studies probed the
mechanism of hippocampal FC abnormality in drug-
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resistant (DR) GTCS. This study aimed to examine
resting-state-fMRI connectivity levels between the hip-
pocampus and relative regions and to explore the rela-
tionship between hippocampal FC changes and DRE.

Materials and methods

Patients

This retrospective study was approved by the Ethics
Committee of the Affiliated Drum Tower Hospital of Nanjing
University Medical School (Nanjing, People’s Republic of
China). Patients that had epilepsy from 2013 to 2016 were
enrolled according to the following inclusion criteria: (a) those
with a diagnosis of IGE-GTCS, as determined by the 2017
International League Against Epilepsy classification scheme
[12]; (b) those aged 14-50 years old; (c) those without struc-
tural abnormalities of the brain, as based on 3.0'T resting-state-
fMRI examination; (d) those with a normal intelligence
level, as determined by neuropsychological assessment with
Mini-Mental State Examination and Montreal Cognitive
Assessment scores; (e) those who do not have growth retar-
dation; and (f) those who do not have other diseases that
might cause seizures. The exclusion criteria included: (a)
those with intracranial tumors; (b) those with a history of
severe brain trauma; (c) those with a history of drug or alcohol
abuse; and (d) those with the presence of other mental
diseases.

A total of 17 normal, age-matched and sex-matched
control patients were enrolled. Healthy controls did not
have any personal or family history of neural/mental ill-
ness. Before our analysis, all patients had signed an
informed consent form. All participants completed the
Edinburgh Handedness Inventory [13], which deter-
mines hand preference during everyday tasks. In the
inventory, a list of daily activities was shown in the left
and right columns. Scores of 1 or 2 were written in the
respective column according to the degree of dominant
hand use. An individual’s score was calculated using the
following formula:

Score of right hand — score of left hand
Score of right hand+score of left hand

Scores, therefore, ranged from —1 to 1. All patients in this
study scored 1, thus they were identified as right-handed.
After a 12-month follow-up observation, the GTCS
patients were further divided into a DR or drug-sensitive
(DS) group. Imaging acquisition was performed 1-3 days
prior to treatment or during treatment with standard
medications, when necessary.

Drug-resistant epilepsy identification

Kwan e al. [9] proposed that the DRE phenotype should be
determined using the following criteria. DRE was defined as
a failure of adequate trials of two tolerated, and appropriately
chosen and used antiepileptic drug (AED) schedules (whe-
ther as monotherapies or in combination) to achieve sus-
tained seizure freedom. Specifically, if no seizure onset was
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observed during the 12-month follow-up for a duration that
was three times the longest interval observed for a given
individual, this patient was considered to be DS. If a relapse
was found in the 12-month follow-up period, or if the
duration was less than three times that of the longest interval
for a given patient, this patient was classified into the DR
group. Patients with the following situations were identified
as undefined cases and were thus excluded: (a) those who
withdrew due to intolerable adverse reactions; and (b) those
who failed to receive enough of a therapeutic dose
(< 3 months or the defined daily dose) for personal reasons.

Image acquisition and preprocessing

All participants were referred for structural and resting-state-
fMRI by clinicians at our hospital using the Philips 3.0T
Magnetic Resonance Imaging System (Koninklijke Philips
N.V., Amsterdam, The Netherlands). fMRI imaging data
were acquired using the single-shot echo planar imaging
sequence with the following parameters: repetition time =
2000 ms; echo time =30 ms; flip angle =90 field of view =
192 mm X 192 mm X 140 mm; voxel size =3 mm X3 mm X4
mm; matrix =64 mm X 64 mm; 35 slices; and a total of 230
time points. Next, data were pre-processed within the
Matlab Platform environment applying the Resting State
Brain Function Data Assistance Processing tool (DPARSF
V4.1). Filtered imaging data were processed to remove the
sources of spurious variance, including head motion, cere-
brospinal fluid signal, and white-matter signals. Data from
the first 10 time points were removed, and time-level and
head-motion corrections were performed using data from the
remaining 220 time points. Spatial normalization was per-
formed using the Montreal Neurological Institute template.
The voxel volume was 3 mm X3 mm X 3 mm. Next, spatial
smoothing was performed, followed by removing linear drift.
Patients with head displacement more than 1.5 mm or at an
angle more than 1.5° were excluded.

Functional connectivity analysis

For seed-based FC analysis, the bilateral hippocampus was
used as the seed regions of interest. The time series of the
voxel in each region of interest were averaged, followed by
correlation with the time series of each other voxel across the
entire brain. The correlation value was z-transformed for each
sample. The z-transformed FC maps were compared among
the DR, DS, and normal control groups by one-way analysis of
variance (ANOVA; AlphaSim corrected for multiple compar-
isons; P<0.01), resulting in significantly different regions
employed as the mask for the next analysis. Subsequently, an
assessment of FC strength between the two groups was
performed using a two-samples #test (AlphaSim corrected;
P<0.05).

Statistical analysis

SPSS 18.0 (IBM Corporation, Armonk, New York, USA)
was used for statistical analyses. Among groups, the
clinical features were compared using ¥ (for frequencies),
independent samples #test or ANOVA (for quantitative
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data). Welch ANOVA test was used for the comparison of
age at imaging acquisition (nonhomogeneous variances).
The quantitative data for each group were expressed as the
mean=£SD. Different hippocampal FC levels were ana-
lyzed among groups, as mentioned previously. Spearman’s
correlation analysis was applied to reveal the relationship
between disease duration and FC levels. The receiver
operating characteristic (ROC) curve was drawn to assess the
diagnostic value of the hippocampal FC for DRE. A P value
less than 0.05 was considered statistically significant.

Results

Clinical information

For GTCS patients, 31 individuals were excluded (four due
to poor imaging quality of the resting-state data and 27 for an
indefinite drug response); thus, the data of 31 patients were
collected for analysis. As shown in Table 1, the 31 patients
were divided into two groups according to their therapeutic
outcomes, including 19 (11 males and eight females) in the
DS group and 12 (five males and seven females) in the DR
group. The DR group showed a slightly older age at onset
(20.2+ 7.8 years) and imaging acquisition (30.0+11.2 years)
when compared with those in the DS group (18.1£8.1 and
22.3£8.9 years, respectively), but this difference was not
statistically significant. The mean epilepsy durations were
slightly similar between the two epileptic groups (#=1.940,
P>0.05). Compared to DS patients, DR patients had used
more types of failed AEDs (#=11.902, P <0.001) or they had
been taking more types of AEDs (#=7.417, P<0.001).

Different functional connectivity of the right
hippocampus among groups

First, the FC of the right hippocampus for each patient
was acquired using the Matlab Platform. Among all areas,
the FCs between the right precentral gyrus and the right
hippocampus showed significant differences among the
three groups (£'=13.562, P<0.001, Fig. 1a and b). The
DS group, but not the DR group, had a significantly
enhanced FC level compared to the control group
(r=4.73, P<0.001; Fig. 1a and c). There was a highly
significant difference between the two GTCS groups
(r=3.85, P=0.001; Fig. 1a and d).

Different functional connectivity of the left hippocampus
among groups

Differently, the FCs of the left hippocampus toward the
relative brain regions showed distinct trends between the DS
and DR patients. The FC toward the left thalamus in the DR
group was significantly attenuated compared to controls
(r=-2.69, P=0.01; Fig. 2a and d) and the DS group
(r=—5.48, P<0.001; Fig. 2a and e), respectively, while that in
the DS group was slightly enhanced (#=2.05, P=0.048;
Fig. 2a and c). Similarly, the left hippocampus/left putamen
FC in the DR group was downregulated (#=-—3.13, P<0.01
vs. control; Fig, 2a and d), and that in the DS group was
slightly upregulated (#=2.07, P=0.046 vs. control; Fig, 2a and
¢). Moreover, the left hippocampus/left precuneus FC level
was slightly suppressed in the DR group (#=—-2.10, P=0.045
vs. control; Fig. 2a and d), but it was enhanced in the DS
group (#=3.308, P <0.01 vs. control; Fig. 2a and c). Consistent
with the right hippocampus, the FC towards the right pre-
central gyrus was dramatically upregulated in the DS group
(r=2.863, P<0.01 vs. control; Fig. 2a and c), but it remained
unchanged in the DR group (#=0.279, P> 0.05; Fig. 2a and
d). Collectively, there were distinct left hippocampal FC
changes between the DR and DS patients, insofar as the FC
levels in the DR group largely decreased or remained
unchanged, while these parameters exhibited compensatory
enhancement in DS patients.

The prognostic value of functional connectivity between
the left hippocampus and thalamus-putamen

Based on the differential parameters described above, the
FC between the left hippocampus and the thalamus—
putamen (FC-LHTP; thalamus—putamen as an entire
region compared to the seeds) was further selected as one of
the diagnostic and prognostic markers of GTCS, which was
significantly different between groups (F =18.548, P < 0.001,
Fig. 3a). As expected, this index was decreased in DR
patients (r=-—3.320, P<0.01 vs. control), but it was
increased in DS patients (#=2.335, P<0.05 vs. control).
Afterward, we analyzed the correlation between disease
duration and FC-LHTP in the DR group. Consistent with
the above conclusion, there was a significantly negative lin-
ear correlation between disease duration and FC-LHTP
(r=-0.538; P<0.01; Fig. 3b). This finding confirmed that
impaired FC could be an indicator of epilepsy severity.

Table 1 Clinical features of three groups
Groups
Variables DR DS Control Test statistic P value
Sex (female/male) 7/5 8/11 7/10 =1.01 0.603
Age at imaging acquisition 30.0+11.2 22.3+8.9 25.6+2.1 Test statistic =2.134% 0.145
df.=2

Age at onset 20.2+78 18.1+£8.1 - t=0.718 0.478
Receiving AED number 2.92+0.79 1.26+0.45 t=7417 <0.001
Failed AED number 2.92+0.79 0.26+0.45 t=11.902 <0.001

AED, antiepileptic drug; DR, drug resistant; DS, drug sensitive.

#Welch analysis of variance test was used for nonhomogeneous variances among groups.
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Differences in the functional connectivity (FC) levels of the right hippocampus among groups. (a) Statistical comparison of FC toward the right

precentral gyrus among the control, drug-sensitive (DS), and drug-resistant (DR) groups. The DS group, but not the DR group, had a significantly
enhanced FC level compared to the normal control (NC) group. There was a highly significant difference between the two GTCS groups. (b) Regions
with differential FCs from the right hippocampus among the three groups; (c) FC between the right hippocampus and the right precentral gyrus was
enhanced in the DS group versus controls; (d) FC between the right hippocampus and the right precentral gyrus was attenuated in the DR group

versus the DS group.**P<0.01 versus the NC or DR groups.

Besides, a ROC curve was drawn to assess the diagnostic
value of hippocampal FC for DRE, with an extremely high
area under the curve (0.987; P<0.05; Fig. 3c). This ROC
curve had a cut-off FC of 0.282 with 94.7% sensitivity and
91.7% specificity. Together, a lower FC level of FC-LHTP
implied a higher risk of DRE, especially for those with an
FC level less than 0.282.

Discussion

In this study, we investigated the differences in resting-
state networks between DR and DS patients with IGE-
GTCS and pointed out that some cases of DRE were
associated with FC changes and neurophysiology. First,
abnormal hippocampal FC levels were observed in
GTCS patients compared to controls. Second, DS
patients had significantly enhanced FCs towards differ-
ent regions, while DR patients showed unchanged or
attenuated FCs. Additionally, a strong, negative

correlation was found between FC-LHTP and GTCS
duration, and a 0.282 cutoff value of FC implied a high
risk of DRE.

Hippocampal connectivities are related to various diseases
in different contexts. For instance, structural atrophies in
the hippocampus and aberrant patterns of FCs between
the hippocampus and the rest of the brain were important
characteristics of Alzheimer’s disease [14]. Besides, the
resting-state FC of the anterior insula and basolateral
amygdala can serve as a biomarker for anxiety [11].

The hippocampus is also closely related to learning and
memory functions, as were the regions linked to the
hippocampus in our results. For example, episodic source
memory is related to a functional network that includes
the posterior precuneus [15]. It is known that both the
precuneus and the left inferior prefrontal cortex are
important for the regeneration of rich episodic contextual
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Differences in the functional connectivity (FC) levels from the left hippocampus among groups. (a) Statistical comparison of FC toward the left
putamen, left thalamus, left precuneus, and right precentral gyrus among the three groups. FCs in the drug-resistant (DR) group largely decreased or
remained unchanged, while they exhibited compensatory enhancement in drug-sensitive (DS) patients. (b) Regions with differential FCs from the right
hippocampus among three groups; (c) FCs between the left hippocampus and the right precentral gyrus, left putamen, and left precuneus were
enhanced in the DS group versus normal control (NC); (d) FCs between the left hippocampus and the left thalamus/left putamen demonstrated
significant attenuation in the DR versus NC groups. The FC level between the left hippocampus and the left precuneus decreased slightly in the DR
group versus the NC group. (e) FCs between the left hippocampus and left thalamus/left putamen/left precuneus were attenuated in the DR group
compared to the DS group. *P < 0.05 versus the NC; **P<0.01 versus the NC.

associations [16]. Lesions in the right precentral gyrus
may cause speech difficulties, while lesions in the medial
area of the left putamen may cause learning and memory
deficits [17]. Based on our findings, GTCS onset may
lead to cognitive impairments, such as attention, mem-
ory, and language dysfunctions. In line with the findings

of our study, these effects can be deduced by many
published articles [18-20].

Although this is the first study to explore the relationship
between hippocampal FC levels and DRE development
in GTCS, our novel findings can be partially supported
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The prognostic value of functional connectivity (FC) between the left
hippocampus and the left thalamus—putamen. (a) The FC between the
left hippocampus and thalamus—putamen (FC-LHTP) was significantly
different among groups; (b) the negative linear correlation between
disease duration and FC-LHTP; (c) the receiver operating characteristic
curve to assess the diagnostic value of hippocampal FC for DRE, with a
high area under the curve (0.978; P<0.01) and a cutoff FC of 0.282.
*P < 0.05 versus normal control (NC); **P < 0.01 versus NC.

by published works. In the aspect of hippocampal FC
variations in epilepsy, patients with nonepileptic seizures
were reported to display lower cognitive performance and
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higher dissociation scores, as well as stronger connectivity
values between areas involved in emotion (insula),
executive control (inferior frontal gyrus and parietal cor-
tex), and movement (precentral sulcus) [21]. Based on a
gamma-butyrolactone rat model of absence seizures,
there was an overall increase in FC across most regions of
the hippocampus as related to the thalamocortical cir-
cuitry [22].

Indeed, hippocampal pathology shares some relation-
ships with DRE. It has been repeatedly noticed that
DRE may reflect hippocampal sclerosis [23-27]. Loss of
neural stem cells or newborn neural cells in the sclerotic
hippocampus were found [24], which may underlie the
decreased FC levels in DRE. Also, the herpes virus can
play a pathological role in DRE patients with hippo-
campal sclerosis [25]. Recently, DRE was also proposed
to be induced in different regions of the hippocampal
formation, including regions that are severely affected by
the neuronal loss [25]. Together, hippocampal pathology
may serve to directly explain our findings, and it is rea-
sonable to take advantage of hippocampal functional
changes to evaluate a potential resistance to AEDs.

Thus far, this is the first study to observe that the FC
level between the hippocampus and thalamus—putamen
is one of the most sensitive and specific markers of DRE.
Scholars have observed that juvenile myoclonic epilepsy
patients exhibited decreased gray-matter volume in the
left putamen, the right hippocampus, and the right tha-
lamus [28]. The thalamus is an essential node involved in
epilepsy networks; however, in genetic generalized epi-
lepsy, thalamic structural abnormalities were revealed to
be an intrinsic feature — but not a consequence — of AEDs
or disease duration [29]. Conversely, progressive myo-
clonic epilepsy type 1, an autosomal recessively inherited
neurodegenerative disorder, was reportedly characterized
by significant textural differences in the thalamus and
right putamen. However, it currently remains unclear
whether impairment of these regions confers FC
abnormality. Anyhow, the negative correlation between
FC-LHTP and the duration of GTCS in DR individuals
provides new insights into the pathophysiological
mechanisms underlying GTCS. This finding implied a
gradually decreased FC along with GTCS deterioration
and resistance development.

Still, there are some limitations in this study. First, some
patients may have theoretically experienced some cog-
nitive impairments due to the presence of abnormal
hippocampal FCs, especially in the DR group. We did
not perform cognitive assessments across different
dimensions (i.e. only the Mini-Mental State Examination
and Montreal Cognitive Assessment scales were used to
exclude cognitive impairments), and this will be carried
out in future work. Second, the sample sizes of the three
groups were small. Third, there are still controversies
related to whether epileptogenesis is characterized by
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neuronal loss, or progressive hippocampal and extra-
hippocampal atrophy, and whether there is a strong
relationship between the severity and duration of epi-
lepsy and hippocampal atrophy. We are still unsure about
the actual role of hippocampal FC variation in GTCS or
DRE. Lastly, we did not investigate the relationship
between hippocampal FC and resistance to any specific
drug, which may deepen the understanding of the
mechanisms underlying the roles of the connectivity
between the hippocampus and other specific regions in
the brain.

Conclusion

The hippocampal FCs in patients with DR G'TCS were
impaired, and impairment degree correlated with disease
duration. The FCs in DS patients showed overall com-
pensatory enhancement. Therefore, the hippocampal FC
can be used as a sensitive and specific marker to identify
and predict DR GTCS.
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