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Abstract
Depression is a common comorbidity in temporal lobe epilepsy (TLE) that is thought to have a
neurobiological basis. This study investigated the functional connectivity (FC) of medial temporal
networks in depression symptomatology of TLE and the relative contribution of structural versus
FC measures. Volumetric and functional connectivity MRI (fcMRI) were performed on nineteen
patients with TLE and 20 controls. The hippocampi and amygdalae were selected as seeds, and
five prefrontal and five cingulate regions of interest (ROIs) were selected as targets. Low-
frequency blood-oxygen-level-dependent signals were isolated from fcMRI data, and ROIs with
synchronous signal fluctuations with the seeds were identified. Depressive symptoms were
measured by the Beck Depression Inventory-II. Patients with TLE showed greater ipsilateral
hippocampal atrophy (HA) and reduced FC between the ipsilateral hippocampus and ventral
posterior cingulate cortex (vPCC). Neither HA nor hippocampal-vPCC FC asymmetry was a
robust contributor to depressive symptoms. Rather, hippocampal-anterior prefrontal FC was a
stronger contributor to depressive symptoms in left TLE (LTLE). Conversely, right amygdala FC
was correlated with depressive symptoms in both patient groups, with a positive and negative
correlation in LTLE and right TLE (RTLE), respectively. Frontolimbic network dysfunction is a
strong contributor to levels of depressive symptoms in TLE and a better contributor than HA in
LTLE. In addition, the right amygdala may play a role in depression symptomatology regardless
of side of the epileptogenic focus. These findings may inform the treatment of depressive
symptoms in TLE and inspire future research to help guide surgical planning.
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1. INTRODUCTION
One of the most common comorbidities suffered by patients with temporal lobe epilepsy
(TLE) is depression, with the prevalence of depressive disorders estimated at up to 50% [1].
Although depression in TLE was traditionally thought to be secondary to psychosocial
variables (e.g., lack of independence, stigma), there is strong evidence of a neurobiological
component to depression in TLE that may involve similar mechanisms to those that generate
seizures [1]. Obtaining a better understanding of the neurobiological underpinnings of
depression in TLE is important because depressive symptoms have been linked to both poor
quality of life [2, 3] and poor surgical outcomes [4, 5].

Previous structural neuroimaging studies in individuals with TLE traditionally focused on
the contribution of single medial temporal structures, including the hippocampus and
amygdala, to depressive symptoms [6]. These studies have shown altered morphometry in
depressed patients with TLE relative to those without depression, including bilaterally
reduced hippocampal volumes [7] and enlarged amygdala volumes [8, 9]. However, other
studies have yielded conflicting results [10–14].

Given the often contradictory findings related to individual structures, a broader network of
brain structures may better explain depression in TLE. Recent data have revealed
widespread brain structural alterations [15–18] in patients with TLE that extend well beyond
the medial temporal lobe (MTL). Importantly, these widespread abnormalities are linked
with cognitive and psychiatric symptom manifestations in TLE [19]. Therefore, it is likely
that brain networks involved in temporal lobe seizures overlap with those that contribute to
depression. In particular, frontolimbic and cingulate networks have been implicated both in
TLE [20, 21] and in depression [22, 23].

The current investigation utilized functional connectivity (FC) magnetic resonance imaging
(fcMRI) to examine whether connectivity of MTL structures to prefrontal and cingulate
cortices relate to self-reported depressive symptoms in patients with TLE. FcMRI analyses
probe regions of the brain whose low-frequency blood oxygen level dependent (BOLD)
signal fluctuations are synchronous, implying network connectivity among regions. We
isolated low-frequency BOLD fluctuations from task performances (i.e., task-regressed
fMRI)- a method successfully utilized in investigations of healthy controls and other clinical
disorders to study cooperation among regions [24].

To date, altered FC of the hippocampus [25, 26] and the amygdala [27, 28] has been
reported in studies of patients with TLE, but only one study has examined limbic network
alterations in depression in TLE [29]. This study revealed regions of decreased and
increased FC in depressed relative to non-depressed TLE patients, including decreased FC
between the limbic system and prefrontal lobe and increased FC between the limbic system
and the angular gyrus. The current study extends the existing literature by (1) investigating
how structural volumes and FC of these limbic networks differentially contribute to
depression in TLE, and (2) exploring differences in these relationships between left TLE
(LTLE) and right TLE (RTLE). We hypothesized that alterations in FC of MTL networks
would be associated with depression symptomatology in patients with TLE. Specifically, we
predicted that decreased frontolimbic functional cooperation would be associated with
higher self-reported symptoms of depression. We also predicted that frontolimbic FC would
be a stronger contributor to depressive symptoms than structural volumes of the
hippocampus or the amygdala. Due to potential differences in disease mechanisms between
LTLE and RTLE, as indicated by difference in neuroanatomical compromise [30, 31] and
studies suggesting greater depressive symptoms in LTLE compared to RTLE [20], we
predicted that LTLE would show greater reductions of frontolimbic FC than RTLE.
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2. MATERIAL AND METHODS
2.1 Participants

Nineteen patients with a diagnosis of medically refractory TLE and 20 healthy control
individuals participated. This study received prior approval by the institutional review board,
and informed consent was obtained from each participant. All patients who met inclusion
criteria were consecutively recruited from the UCSD Epilepsy Center where they were
under evaluation for surgical treatment. They were diagnosed by experienced epileptologists
(E.S.T and V.J.I.), according to the International League Against Epilepsy criteria [32].
Patients were classified into LTLE (n = 11) or RTLE (n = 8) based on seizure onsets
recorded by video-EEG including electrographic ictal onset, seizure semiology, and
neuroimaging results. Where clinically indicated, patients underwent Phase II video-EEG
monitoring using 5-contact foramen ovale electrodes to exclude bilateral independent
seizure onsets. Clinical MRI scans were available on all patients, and were visually
inspected by a board-certified neuroradiologist for detection of hippocampal sclerosis (HS)
and the exclusion of contralateral temporal lobe structural abnormalities. In 12 patients (7
LTLEs, 5 RTLEs), MRI findings suggested the presence of ipsilateral HS. No patients
showed evidence of contralateral HS or extrahippocampal pathology on clinical MRI. Five
patients had a history of febrile seizures (3 LTLE, 2 RTLE). All patients were treated with
antiepileptic medications (AEDs) at the time of the study (see supplemental table). Control
participants were recruited from the greater San Diego area via study flyers and word of
mouth. They were screened for neurological or psychiatric conditions per their self-report.

2.2 Procedure
2.2.1 Measurement of Depression—All participants completed the Beck Depression
Inventory-II (BDI-II), a widely used 21-item multiple-choice measure that assesses
emotional, cognitive, and vegetative symptoms of depression [33]. A value of 0 to 3 is
assigned to each item, with 3 being the most severe, yielding a possible total score ranging
from 0 to 63. The total score served as a dependent variable in the current study. BDI-II was
part of a larger neuropsychological battery and usually was administered within one week, if
not on the same day, of the MRI scans.

2.2.2 Image Acquisition
2.2.2.1 Structural MRI: Magnetic resonance imaging was performed on a General Electric
Discovery MR750 3T scanner with an 8-channel phased-array head coil. Image acquisitions
included a conventional 3-plane localizer and a T1-weighted 3D structural sequence (TR =
8.08 msec, TE = 3.16 msec, TI = 600 msec, flip angle = 8°, FOV = 256 mm, matrix = 256 ×
192, slice thickness = 1.2mm). All patients were seizure-free for a minimum of 24-hours
prior to the MRI scan.

2.2.2.2 Functional Data Acquisition: Functional T2*-sensitive echo planar imaging (EPI)
sequence (TR = 3000 msec, TE = 30 msec, flip angle = 90°, FOV = 220 mm, 64 × 64, slice
thickness = 2.5 mm) was performed. Forty-seven axial slices were obtained during each TR,
covering the entire cortex. The first five volumes were discarded, and a total of 172 volumes
were obtained per each run. A total of two runs were acquired per participant, with two
different phase encoding directions (forward and reverse) to correct for geometric distortions
in the EPI images [34]. The order of the phase encoding directions, and combination of the
phase encoding directions and word lists, were counterbalanced across the participants to
control for order effects.
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2.2.3 Image Processing
2.2.3.1 Surface Reconstruction, Segmentation, and Parcellation: Individual T1-weighted
images were used to construct models of each participant’s cortical surfaces using
FreeSurfer software 4.5.0 (http://surfer.nmr.mgh.harvard.edu). Volumes of the hippocampi
and amygdalae were obtained using FreeSurfer’s automated atlas-based segmentation [35].
All segmentations and cortical parcellations were visually inspected by a trained image
analyst to ensure accuracy of the results.

2.2.3.2 Functional Connectivity Analysis: Functional imaging data were processed and
analyzed using the Analysis of Functional Neuroimages (AFNI) [36], Surface Mapping
(SUMA) software [37], and MatLab (MathWorks, Natick, MA). We isolated low-frequency
BOLD fluctuations (0.008-0.08 Hz) from a task fMRI dataset and performed a seed-based
approach for FC analysis [38]. We chose the hippocampus and the amygdala as the “seed”
regions because of their prominent roles in TLE and mood [10, 39], and the frontal and
cingulate cortices as target regions of interest (ROIs) due to the past literature in depression
indicating altered FC between the limbic system and these regions [23, 40, 41]. The task
performed during the functional runs was an event-related, semantic judgment task where
participants pressed a button with their left index finger whenever a low-frequency animal
word, interspersed with other words and false font sequences, appeared on the screen. The
block-design implementation of this task is detailed in McDonald et al. [42].

DICOM images from the two functional runs were reconstructed into two separate 3d+time
files, with the first volume used for correction of geometric distortions, resulting in 171
volumes per run. Each functional volume was registered to the first volume of each run
using a 3D co-registration algorithm (the program 3dvolreg of AFNI), and slice time
correction was applied (the program 3dtshift of AFNI). Two fMRI runs were concatenated
into a total of 342 time points. The signal intensities were normalized. Images were
resampled to 2.5 mm3 isotropic voxels. Then, hemodynamic responses to each stimulus type
of the task were estimated using AFNI’s 3dDeconvolve using a cubic-spline (“csplin”) basis
function that covered a 15-second period after each stimulus onset, in order to remove the
task-related signal fluctuations. To reduce noise, six motion parameters and baseline drifts
were also modeled. The residuals obtained from this task regression were then fed forward
to the FC analysis and were treated as analogous to resting state data.

Task-regressed data and the motion files were filtered using a bandpass filter of 0.008-0.08
Hz. Cerebral parcellations according to the Destrieux cortical atlas [43] and subcortical
volume segmentation were accomplished using FreeSurfer, and converted to volume data
using the program @SUMA_Make_Spec_FS of SUMA. Binary masks for the whole brain,
white matter, and ventricles obtained from this segmentation were used to extract mean
signals to be included as regressors in subsequent analysis. Binary masks of the
hippocampus and amygdala were projected to the functional images in the native space to
extract the average time-series from each seed. Each of the averaged time-series was
correlated with every voxel in the brain at the individual-subject level, to obtain the intrinsic
connectivity maps, where motion parameters, global signal level and scanner drift, measured
via CSF and white matter signal fluctuations, were regressed out as nuisance variables.
Voxel-wise correlation coefficients were then converted into Fisher’s Z.

To conduct ROI analysis, five cingulate ROIs were used; anterior part (ACC), middle-
anterior part, middle-posterior part, posterior-dorsal part, and posterior-ventral part (vPCC)
of the cingulate cortex, see Figure 1. Multiple parcelled Destrieux regions were combined to
create meaningful ROIs for prefrontal ROIs. Specifically, anterior prefrontal (APF), superior
frontal, orbital frontal, middle frontal, and inferior frontal ROIs were created, as shown by
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Figure 1. The means of Fisher’s Z of these ROIs were obtained bilaterally for the
connectivity with the bilateral hippocampal and amygdalar seeds.

2.3 Statistical analysis
An alpha of .01 was used in all analyses in order to strike a balance between Type I and
Type II errors. Age, years of education attained, left/right volume asymmetry of the
hippocampi and amygdalae calculated as ([left volume – right volume]/([left volume + right
volume]/2), and BDI-II scores of the healthy controls and patients with LTLE and RLTE,
were compared by analyses of variance (ANOVAs). Structural and functional asymmetries
were included because asymmetry is often a more robust measure of TLE-related pathology
relative to measures of ipsilateral pathology alone [44]. Clinical variables (i.e., age of
disease onset and duration of illness) were compared between LTLE and RTLE groups
using t-tests. Correlation coefficients were calculated between these clinical variables,
structural volume asymmetries, and BDI-II score.

Group differences in the frontolimbic connectivity strength were investigated with repeated-
measures ANOVAs (RMANOVAs) performed for each ROI, with the side of the seed (left/
right) and of the target ROI (left /right) as within-subject factors, and group membership
(control, LTLE, and RTLE) as a between-subject factor. To examine asymmetry of FC in
patients, RMANOVAs were run for each of the ROIs, with group (LTLE/RTLE) as a
between-subject factor, and the side of the seed (ipsilateral/contralateral to the seizure focus)
and of the target ROI (within/cross hemisphere connection) as within-subject factors. Then,
asymmetry indices (ipsilateral Fisher’s Z – contralateral Fisher’s Z) were created for ROIs
that showed significant asymmetry in the above analysis. These indices were then entered
into a correlational analysis to examine the relationship between FC asymmetry and
depressive symptoms. For ROIs without significant asymmetry, ipsilateral and contralateral
FC values were separately correlated with BDI-II scores to investigate the relationship.
Finally, to investigate the relative contribution of structural volumes versus FC for
predicting BDI-II scores, hierarchical regression analysis was performed, with the structural
volume asymmetry at step 1, and FC strengths at step 2.

3. RESULTS
There were no statistically significant differences among the controls, LTLE, or RTLE, in
age or years of education (F[2,38] = 1.17, p = .37, F[2,38] = 2.84, p = .07, respectively). The
distribution of the two genders across the groups was comparable (χ2[2] = 2.47, p = .29).
Table 1 presents demographic, clinical, and structural volume information of our
participants. The BDI-II scores ranged from minimal (0) to moderate (22) level of self-
reported depressive symptoms in patients. There was a trend for a difference in BDI-II
scores among the three groups (F[2,37] = 3.014, p = .062), with a tendency for patients to
present with greater levels of depressive symptomatology. There was no difference in the
BDI-II score between patients with LTLE and RTLE. BDI-II scores were not correlated with
disease duration or age of seizure onset in patients. Between LTLE and RTLE, there was no
statistically significant difference in age of seizure onset or duration of seizure disorder.

3.1 Structural Asymmetry of the Hippocampus and Amygdala
Hippocampal asymmetry (HA) was significantly different among the three groups (F[2,38]
= 6.289, p = .005), with both LTLE and RTLE groups showing smaller ipsilateral relative to
contralateral hippocampal volumes. When LTLE and RTLE groups were combined, longer
disease duration was associated with greater ipsilateral-to-contralateral HA (r = −.575, p = .
01). There was a trend between LTLE and RTLE to show different amygdala asymmetry
(F[2,38] = 5.408, p = .029), with LTLEs showing smaller ipsilateral relative to contralateral
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amygdala volume while RTLE showed the opposite asymmetry. This was due to one patient
with RTLE showing an asymmetry in the opposite direction (left < right). Without this
patient, ANOVA indicated that LTLE and RTLE both showed smaller ipsilateral volume
(F[2,37] = 6.767, p = .003).

3.2 Group Differences in Functional Connectivity
Figure 2 portrays group maps of the average FC differences between patients with LTLE
and controls and patients with RTLE and controls. Reductions in FC were predominately
seen in patients between the hippocampi and anterior cingulate (LTLE and RTLE), and
between the hippocampus and posterior cingulate (LTLE only). At the whole brain level,
other small areas of decreased FC were observed in LTLE and RTLE [see 45 for details],
but fell outside of the theory-driven ROIs of this paper. Table 2 shows the mean FC
strengths of the hippocampus and the amygdala within these ROIs. There was a tendency for
reduced FC between the hippocampus and the ACC and vPCC ROIs in patients with TLE,
F(2,36) = 4.138, p = .024, and F(2,36) = 3.928, p = .029, respectively. Reduced FC did not
depend on the side of the seed or of the target ROI. No effects were significant in the
amygdala FC ROI analyses (See supplemental figure).

3.3 Functional Connectivity Asymmetry of the Hippocampus and Amygdala
Next, in order to investigate whether FC values show asymmetry similar to the hippocampal
volume, RMANOVAs with group membership as a between-subject factor, and the side of
the seed and of the target ROI as within-subject factors, were performed. The analyses
showed a significant main effect of the side of the seed (F = 9.864, p = .006) in the vPCC
region, suggesting that FC between the ipsilateral hippocampus and the vPCC was lower
than FC between the contralateral hippocampus and the vPCC. This suggests that FC of the
hippocampi to this target ROI was asymmetrical in patients with TLE, therefore asymmetry
indices were created for inclusion in the FC-BDI analysis.

3.4 Relationship Between Volumetric and FC Asymmetry, and BDI-II Score
There was a tendency for patients with LTLE, but not RTLE, to show a relationship between
HA with BDI-II score (r = −.64, p = .034), with a greater ipsilateral hippocampal volume
loss associated with higher BDI-II scores. Amygdalar volume asymmetry was not
statistically associated with BDI-II scores in patients.

As for FC, the asymmetry of the hippocampus-vPCC connection was marginally associated
with the BDI-II score in patients with TLE (r = −.47, p = .049). Specifically, greater
ipsilateral reductions in FC between the hippocampus and vPCC tended to be associated
with higher levels of self-reported depressive symptoms. However, when LTLE and RTLE
were examined separately, FC asymmetry did not significantly correlate with BDI-II scores.
No other asymmetry indices (cross-hemisphere or combined) were associated with BDI-II
scores.

3.5 Relationship Between Prefrontal and Cingulate FC, and BDI-II Score
Because a lack of FC asymmetry in TLE does not necessarily mean a lack of contribution of
FC to depression symptomatology, the relationship between the BDI-II scores and the
hippocampal and amygdalar connectivity with the prefrontal and remaining cingulate ROIs
was investigated (Figure 3). In patients with LTLE, FC of the contralateral amygdala to the
contralateral and ipsilateral superior frontal ROI, and FC of the ipsilateral hippocampus to
the ipsilateral APF ROI were positively correlated with BDI-II score (r = .739, p = .009, r
= .703, p = .006, and r = .915, p < .001, respectively) indicating that increased FC between
the hippocampus/amygdala seeds and these frontal regions was associated with higher
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depression scores. In patients with RTLE, FC of the ipsilateral amygdala to ipsilateral APF
ROI was negatively correlated with BDI-II score (r = −.770, p = .043), indicating that
decreased ipsilateral (right) amygdala-prefrontal FC was associated with higher depression
scores.

Finally, hierarchical regression was performed within the LTLE group to determine the
relative contribution of HA and FC strengths to APF ROI, as both were associated with
depressive symptoms in LTLE. The analysis indicated that FC between the ipsilateral
hippocampus and the ipsilateral APF ROI explained a significant amount of variance in the
depression score (R2 change = .496, p < .001) above and beyond the amount of variance that
HA explained (R2 = .409, p = .034). When hippocampus-APF FC was entered at step 1, it
explained 83.7% of the variance (p < .001). These analyses indicate that FC was a stronger
contributor than HA, and, it explained a significant amount of unique variance above and
beyond HA, with a total of 90.5% of the variance accounted for by the model. FC strengths
in these regions did not show statistically significant associations with disease duration or
age of onset.

4. DISCUSSION
The main finding of the current study is that FC between the hippocampus and vPCC was
reduced ipsilaterally in patients with TLE, but this asymmetry was only a weak contributor
to self-reported depressive symptoms. Rather, FC of the hippocampus to the APF cortex
predicted depressive symptoms in LTLE, and it was a stronger contributor than hippocampal
atrophy. These data suggest the presence of neurobiological factors contributing to
depressive symptoms in TLE, but the network showing the greatest ipsilateral reductions in
TLE (i.e., hippocampal-vPCC) is not necessarily driving depression. This may indicate that
although TLE and depressive symptoms share common pathogenic mechanisms that include
the hippocampus and PCC network, dysregulation of other brain regions (i.e., anterior and
superior prefrontal cortex) [46] are involved in modulating this association.

4.1 Role of Frontolimbic Network in Co-morbid Depression in TLE
Our finding that frontolimbic dysregulation contributes to depressive symptoms in TLE is
consistent with Chen et al. [29] who found reduced limbic connectivity with inferior frontal
cortex and Brodmann area 10 (which corresponds to our APF ROI) in depressed versus non-
depressed patients with TLE. Both the current study and Chen et al. suggest that not all the
patients with TLE show alterations in prefrontal FC, but greater dysregulation of
frontolimbic networks are associated with the presentation of depressive symptoms.

Our study extends the literature by demonstrating that hippocampal-prefrontal FC was a
stronger contributor to depressive symptoms than hippocampal atrophy alone in patients
with LTLE. Although some studies have found relationships between hippocampal
structural pathology and depression in TLE [13, 39], other studies have found otherwise [10,
14] or only found a relationship in RTLE with the left hippocampus [11, 12]. This suggests
that structural characteristics of the hippocampus may not be a sufficient contributor to
depression in TLE. We statistically demonstrate that dysregulation of hippocampal-
prefrontal networks is superior to structural volume loss in explaining the level of depressive
symptoms in TLE. This is an important addition to the literature that indicates that a better
understanding of broad network dysfunction could be valuable in understanding and treating
depressive disorders in TLE.
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4.2 Difference Between TLE Co-morbid Depression and Major Depressive Disorder
The previous literature in epilepsy and mood disorders indicates both overlapping and
distinct brain regions involved in each disorder. In TLE, the temporoammonic pathway (the
CA1 regions of the hippocampus, and the entorhinal cortex) is believed to play a critical role
in seizure generation [47] and it is well established that the greatest morphometric changes
in TLE are found in ipsilateral MTL structures [31]. However, recent studies of TLE
demonstrate structural alterations (e.g., cortical thinning) in the prefrontal and cingulate
cortices [15–18, 30], including the anterior/orbitofrontal regions [18], and structural
aberrations within the orbitofrontal cortex have been linked to depression in one study of
TLE [46]. In major depressive disorder, prefrontal involvement is considered a core feature
of the disease process [48] by means of a loss of top-down regulation of the limbic system
by the prefrontal cortex. Although hippocampal volume loss is reported [49], reductions in
resting-state FC have been more amygdala-driven. The FC reductions have been reported
between the limbic system and the ventral prefrontal [40], middle and inferior frontal
regions [41]. It may be that patients with major depressive disorder present with more
defined amygdala-driven limbic network dysregulation that is core to the disease process
while patients with TLE show more hippocampus-driven functional changes that depend on
the degrees of structural compromise.

4.3 LTLE and RTLE Difference
Interestingly, in our study patients with LTLE and patients with RTLE showed an opposite
relationship between depressive symptoms and amygdala-prefrontal FC, in that increased
contralateral (right) amygdala FC was associated with greater levels of symptoms in LTLE,
while decreased ipsilateral (right) amygdala FC was associated with greater levels of
symptoms in RTLE. It may be that dysfunction within right amygdala-prefrontal networks is
more related to mood symptoms, regardless of the side of the seizure focus. In non-epileptic
individuals with depression, reduced amygdala-prefrontal FC, similar to our RTLE findings,
has been reported [40, 41]. Reasons for the reversed relationship (i.e., increased FC resulting
in greater depression scores) in LTLE, and for differential patterns between LTLE and
RTLE are unknown. In patients with chronic, refractory epilepsy that make up the majority
of our sample, possible functional reorganization within the frontal lobe [50] or interactions
between frontolimbic FC and other disease-related variables (e.g., anticonvulsant
medications) may play a role. Findings from future research that address such variables may
provide additional insight into these complex relationships.

4.4 Limitations
Despite the novel findings, several limitations of our study should be noted. First,
“depression” was operationalized as a score on a self-report measure, and was not confirmed
by a clinical diagnosis. However, this approach provides an advantage of examining
depression as a continuous variable rather than artificially dichotomizing patients into
“depressed” and “non-depressed,” especially when the sample size is modest. Including a
more comprehensive assessment of depression and other co-morbid psychopathology may
provide additional insights into the relationship between mood disorders and network
dysfunction in TLE. Second, although the automated atlas-based segmentation that we used
has been shown to provide reliable and highly reproducible estimates of subcortical volumes
[35, 51], we did not manually check all the ROI borders of each individual. Thus, it is
possible that small errors in segmentation were present that went undetected. Third,
although our results are largely consistent with the Chen et al. study, it is possible that
different methodological approaches to measuring FC led to some differences in our FC-
depression relationships. Fourth, further investigation of LTLE and RTLE differences
should be carried out with a larger sample size. Such larger studies would permit one to
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examine the contribution of other important variables to our FC-depression relationships,
including the presence/absence of febrile seizures or HS. Nevertheless, our sample size is
comparable to some other FC studies, and the significant results may attest to the robustness
of FC analyses. Fifth, our patients were not treatment naïve (see supplemental table). Some
patients were taking antiepileptic medications with known moodstabilizing properties, and it
is unclear what effect these medications had on the presentation of their depressive
symptoms and/or our FC analysis. Finally, participants in our study reported minimal to
moderate levels of self-reported depression. There may have been a selection bias in that
patients who were emotionally higher functioning were more likely to volunteer to
participate in the study. Including a cohort of TLE patients and controls with severe
depression (i.e., major depressive disorder) may provide additional insight into the
underlying neurobiology, which could lead to more targeted and effective treatments for
depressive symptoms in patients with TLE and other neurological disease.

4.5 Conclusion
In conclusion, although disruption of the hippocampal connectivity to vPCC may be central
to TLE and contribute to their depressive symptoms, altered connectivity between the MTL
and APF region appears to have a greater contribution to whether a patient will present with
depressive symptoms. Our results strengthen the view that there is a neurobiological
component to depression in TLE and suggest that this mechanism differs for patients with
LTLE versus RTLE. Investigating the relative contribution of other factors driving
depression (e.g. neurochemical, seizure-related) is a fruitful avenue for future research. In
our sample we did not observe an association between two disease variables (i.e., disease
duration, age of seizure onset) and the frontolimbic connectivity, but it is possible that other
structural or disease-related variables that were not addressed in the current study are
additional modulators of depressive symptoms in TLE.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Frontolimbic functional connectivity strongly correlated with depressive
symptoms

• Functional connectivity was a stronger correlate of depression than volume
measures

• Mechanisms of depression may differ between left and right temporal lobe
epilepsy
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Figure 1.
Regions of interest in the cingulate and prefrontal cortices. SF = superior frontal; MF =
middle frontal; IF = inferior frontal; OF = orbitofrontal; APF = anterior prefrontal; ACC =
anterior cingulate cortex; aMCC = anterior part of middle cingulate cortex, dPCC = dorsal
part of the posterior cingulate cortex, pMCC = posterior part of the middle cingulate cortex
vPCC = ventral part of posterior cingulate cortex
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Figure 2.
T-statistic maps of hippocampal functional connectivity group difference between controls
and each of the patient groups based on the whole brain analysis (voxel-wise threshold p = .
005, with cluster correction, p < .05). Cold colors indicate areas where a patient group
showed a relative decreased in connectivity, while warm colors indicate areas where a
patient group showed a relative increase in connectivity, relative to healthy controls. The red
arrows point to the anterior cingulate region, while the white arrow points to the posterior
cingulate region.
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Figure 3.
Scatterplots showing the relationship between depression (BDI-II score) and FC of the
ipsilateral hippocampus to ipsilateral anterior prefrontal ROI (top left), the contralateral
amygdala to contralateral superior frontal ROI (bottom left), and the contralateral amygdala
to ipsilateral superior frontal ROI (top right) in LTLE, and FC of the ipsilateral amygdala to
ipsilateral anterior prefrontal ROI (bottom right). Note that in the bottom left panel, 2
patients with the same BDI score of 8 had very similar functional connectivity values thus
they are overlapping.
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Table 1

Demographic, clinical, and volumetric information of the participants

Healthy Control
(n = 20)

LTLE (n = 11) RTLE (n = 8)

Age 42.26 (15.80) 39.93 (11.54) 33.00 (14.56)

Education 15.85 (2.25) 14.27 (1.74) 14.00 (2.73)

BDI-II 5.1 (6.05)
Range: 0 – 21

10.82 (7.36)
Range: 1 – 21

9.86 (7.71)
Range: 0 – 18

Age of Onset - 17.50 (15.17) 20.00 (11.24)

Disease Duration - 21.86 (17.01) 12.75 (13.60)

Left Hippocampus Volume 3947.10 (368.88) 3359.09 (789.98)* 3975.25 (611.36)

Right Hippocampus Volume 3987.40 (366.37) 3980.55 (335.42) 3418.38 (1183.00)

Left Amygdala Volume 1526.25 (247.17) 1443.27 (358.29) 1669.88 (256.47)

Right Amygdala Volume 1720.15 (247.63) 1774.36 (266.75) 1743.50 (488.20)

Hippocampal Asymmetry −.01 (.05) −.18 (.19)*^ .20 (.26)^

Amygdala Asymmetry −.12 (.13) −.22 (. 17)^ −.02 (.20)^

Note:

*
denotes a patient group showing statistically significant difference from the control group at alpha of .05.

^
denotes LTLE and RTLE significantly different from each other at alpha of .05 Although the RTLE group show larger left hippocampal volume

than the healthy control, the difference did not reach statistical significance, and by removing one outlier from RTLE group, their left hippocampal
volume is smaller than healthy controls.
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