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Abstract

Depression in temporal lobe epilepsy (TLE) is common, is a strong predictor of subjective
disability, and may have unique pathophysiological characteristics. Previous studies showed that
reduced hippocampal volume is associated with significant depressive symptoms in TLE patients.
We utilized regions of interest analysis of high-resolution brain MRI and a reliable and valid
measure of depressive symptoms to evaluate 28 consecutive adult subjects with video/EEG
confirmed TLE. Regions of interest were based on prior human and animal studies of mood and
behavioral dysfunction. Forty-three percent of the entire group had significant symptoms of
depression, defined by a Beck Depression Inventory (BDI) score of greater than 15. Total
hippocampal volumes were significantly smaller in the group with BDI< 15, (p< 0.007). None of
the subjects in the quartile with the smallest left hippocampal volume had a BDI score greater than
15, compared to 57% of the subjects in the upper three quartiles (p< 0.008). No other limbic brain
structures that we assessed: amygdala, subcallosal gyrus, subgenual gyrus, gyrus rectus, or total
cerebral volume, were associated with depressive symptoms. Adequate hippocampal integrity may
be necessary to maintain depression symptoms in mesial temporal lobe epilepsy. This finding also
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supports the possibility of a unique mechanism for depression in mesial temporal lobe epilepsy,
such as hyerexcitable neuronal influence on the limbic network.
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1. Introduction

The hippocampus was initially described as a core component of the “emotional circuit” by
Papez in 1937 [1]. He proposed a network with the concept that hippocampal
hyperexcitation may activate negative mood states. Although smaller hippocampal volumes
in humans have been associated with depression in psychiatric patients without other
neurological disorders, the pathophysiology underlying these observations is not known [2,
3]. In the temporal lobe epilepsy (TLE), which is the most common type of epilepsy and
often associated with depression [4], there is a much greater range of structural disturbances
in the mesial structures, including the hippocampus [5]. An association of hippocampal
volume and symptoms of depression remains controversial. Although a decreased
hippocampal volume is associated with mood disorders in some but not all studies of TLE
[6,7], recent studies indicate that left hippocampal volume reduction is associated with
depression [8,9]. The neuronal cell loss and synaptic reorganization observed in
hippocampal sclerosis [10,11,12], which correlates with hippocampal volume on MRI [5],
may provide an opportunity to study the association of structural variability with depression
in a specific patholophysiological state. Many investigators described frequent spiking as a
characteristic of the injured, epileptic hippocampus. These data support the concept of
hippocampal sclerosis related to adjacent hyperexcitable neurons [10]. If hippocampal
volume in temporal lobe epilepsy is associated with severity of depressive symptoms, a
model of hyperexcitable hippocampal input into the limbic network in depression could be
postulated. We evaluated the relationship of neuroimaging evidence of hippocampal injury
with severity of depressive symptoms in consecutive patients with TLE.

2. Methods

2.1 Participants

Patients with recurrent seizures receiving optimized pharmacological therapy in the
outpatient clinic at the Washington University Comprehensive Epilepsy Center were offered
presurgical evaluation that included long-term video/EEG monitoring and high resolution
brain MRI. A neuropsychologist assessed the patients' clinical mood state during presurgical
evaluations, and we used the Beck Depression Inventory BDI for reliable and valid
quantification of their depression symptoms. We enrolled 28 consecutive adults with
confirmed TLE based on clinical semiology of their seizures, interictal EEG, and ictal video/
EEG. All participants signed an informed consent document that was approved by the local
Human Studies Committee.

We determined demographic variables for age, gender, and epilepsy-related factors (seizure
type, localization of epileptogenic region, seizure frequency, age at first seizure, and
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epilepsy duration). Seizure classification was based on the definitions proposed by the
International League Against Epilepsy (ILAE) [13]. Seizure type and localization were
determined by long-term video/EEG monitoring. Seizure frequency was defined as the
average number of complex partial seizures per month for the previous six months. We also
looked at type or number of antiepileptic drugs the subjects were taking at the time of their
assessment.

2.2 Beck Depression Inventory

We utilized the BDI [14,15], which is a questionnaire commonly used for evaluation of
depressive symptoms in persons with epilepsy [16]. A prior multicenter study determined
that a cut score of 15 was based on an optimized receiver-operating characteristic curve of
data for major depression in epilepsy [17].

2.3 MR acquisition

MR imaging was performed using an epilepsy-specific protocol on 1.5 T Siemens machine
(Siemens Medical Systems, Erlangen, Germany). The imaging included coronal T1
weighted magnetization-prepared rapid gradient echo (MPRAGE) sequences [repetition
time (TR) 11.4 ms, echo time (TE) 4.4 ms, inversion time (T1) 300 ms, flip angle (FA) 8°,
resolution 1x1x1.5, matrix 256x256x108]. All parameters (calibration, window setting, etc.)
were carefully monitored and optimized for best contrast and brightness. Sequence details of
the coronal T1 weighted MPRAGE images were acquired from a high resolution clinical
test. Inter- and intra-scan motion correction and averaging were accomplished off-line.
Patients with hippocampal atrophy and/or signal change and patients with normal MRI were
included. Since patients with normal MRI by visual and volumetric analysis may have
hippocampal sclerosis on pathological evaluation, we elected to determine the association of
MRI volumetric quantification with severity of depression.

2.4 Image Processing and Regions of Interest Measurement Procedures

Image processing prior to the region of interest (ROI) analysis included several image
registration steps described earlier [2]. Multiple regions of interest were drawn using the
Analyze AVW software (version 6.0, Biomedical Imaging Resource, Mayo Foundation)
[18]. Images were displayed and each ROl was manually outlined (HH and JS), in
consultation with a neuroanatomist (JP) and guided by the previous reports. Manual outline
of the regions of interest was blinded to clinical and BDI data. The volume estimation was
performed using the Cavalieri's principle [19].

2.5 Anatomical definitions of Regions of Interest

2.5.1 Hippocampus—Anatomical boundaries were identified using prior definitions [2,
20]. In the coronal plane the tail of the hippocampus continues as the indusium griseum, a
thin strip of grey matter overlying the surface of the corpus callosum. The most posterior
slice for measurement was defined as the slice where the hippocampus first appeared
adjacent to the trigone of the lateral ventricle. The grey matter with a boundary superiorly
defined by the fornix-fimbria white matter junction, inferiorly by the parahippocampal gyrus
white matter, medially by the subarachnoid spaces of the cisterns, and laterally by the lateral
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ventricle was included. The subiculum extending medially to the edge of the dentate gyrus
was included in the measurement, but the alveus with the surrounding white matter,
including the thin white matter border with amygdala, was excluded. Orthogonal views were
consulted for all slices.

2.5.2 Amygdala—The amygdala was first visualized in a coronal plane. The anterior
boundary of this structure was the first section in which the temporal stalk was connected to
the white matter of the insula. Dorsally, the border was defined in the anterior sections by
the entorhinal sulcus between the basal forebrain and temporal lobe, and posteriorly, in the
sagittal section, by a horizontal plane to the posteroinferior edge of the temporal stem with
the temporal horn of the lateral ventricle. Ventrally, visualized in the sagittal section, the
amygdala was restricted by the ventral-anterior edge of the hippocampus. Posteriorly,
viewed also in the sagittal section, the amygdala was defined by its border with the
hippocampus. Medially, best seen in the coronal section, the amygdala was bounded by a
subarachnoid space. Laterally, also in the coronal section, the amygdala was bounded by the
surrounding white matter [21].

2.5.3 Subcallosal gyrus (BA 25)—Tracing began at the slice where an anterior
commissure was Vvisible in a coronal plane. The mesial gray matter area of the prefrontal
cortex in all slices anterior to the anterior commissure and extending to the last slice in
which the internal capsule appeared was included.

2.5.4 Subgenual gyrus (BA 24)—This structure began as the first mesial gyrus in a
superior to inferior plane in the prefrontal cortex on the coronal section. The grey matter
included was between the first slice in which the internal capsule was visible and ended with
the most anterior extension of the corpus callosum.

2.5.5 Gyrus rectus (BA 11)—The gyrus rectus was delineated in the coronal plane. It
was defined by boundaries including the olfactory sulcus (lateral boundary), the olfactory
trigone (posterior boundary), and, on the medial side, the cortex inferior to the horizontal
line connecting the deepest point of the olfactory sulcus and the nearest point in the midline
[22,23]. Tracing started in the plane where the most anterior part of the olfactory sulcus was
visualized. Moving posteriorly, sagittal and axial views helped to identify the olfactory
trigone. Tracing stopped at the point where the olfactory trigone was no longer visible.

2.5.6 Total cerebral volume—-Brain tissue of the cerebral hemispheres, including both
grey and white matters, was considered as the total cerebral volume. The midbrain superior
to the pons was also included in the analysis. The volume was determined using an auto
tracing module of the software in the coronal and transverse planes, with manual
adjustments as needed to accurately define the border of neocortex.

Statistical analysis

Volume of each ROI was analyzed as an absolute volume and as a ratio, i.e. volume of the
ROI as a proportion of the each subject's whole brain volume. The adjustment for the whole
brain volume was done in order to minimize potential interindividual variations in the brain
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size due to individual and demographic characteristics (e.g. gender, age). Kolmogorov-
Smirnov test confirmed that the distribution of the data was normal; thus student's t test and
Pearson correlation analyzes were used to determine group differences for clinical and ROI
variables. Assuming a sigma of 25% (as observed for most structures), the analysis had a
power of 0.8 at an alpha of 0.05 to determine as significant any difference of greater that
25%. We elected to not use a formal correction procedure for multiple tests performed, such
as the Bonferroni, which is in line with others [23]. This would have made the results highly
susceptible to type Il errors. Alpha level <.05 (two-tailed) was used as significant. All data
were analyzed using the SPSS (SPSS Inc., Chicago, IL) statistical package.

Patients with TLE were divided into two groups, based on the clinical significance of their
depressive symptoms. The group of patients (n= 15) with BDI score < 15, indicating no or
minimal depression symptoms had a mean total BDI of 3.9+£3.8. The group of patients (n=
13) with the BDI= 15 had a mean score of 25.7+12.4, as shown in Table 1.

The patient group with the lower BDI scores had significantly smaller left (p< .004), and
total hippocampal volumes (p< .007). The level of significance was similar for the
hippocampal volumes normalized to the whole brain volume (p< .007 and p<.01,
respectively), as shown in Table 2. No difference was found between the two groups in the
volumes of other limbic structures tested, including the amygdala, gyrus rectus, subgenual
gyrus and subcallosal gyrus.

Left hippocampi and total hippocampi volumes of all subjects (n= 28), irrespective of their
BDI score, were further analyzed after grouping into quartiles. The quartile of TLE patients
with the smallest left hippocampi had a mean total BDI score of 6.5+4.2. This score was
significantly lower than in the patients with the left hippocampal volumes in the upper three
quartiles (n= 21), with the mean BDI score of 16.5£15.3 (p< .01), presented in Figure 1. No
subjects in the quartile with the smallest hippocampal volumes had a BDI score of >15,
compared to 57.1% of the subjects in the upper three quartiles (p< .008). Since the t-test
analysis did not show an association of volume with depression for the right hippocampus,
we did not do quartile analysis. There was no difference in the mean total BDI score in the
subjects (n= 14) with normal MRI report reading (15+12) compared to patients (n= 14) with
MRI-defined hippocampal sclerosis (15+19). The BDI scores were not associated with
lateralization of the epileptogenic region defined by the results of long-term video/EEG
monitoring (p=.56). We found no association of depression when we compared subjects
taking one or more antiepileptic drugs concomitantly.

4. Discussion

In this study we found a high rate of significant depression symptoms, as previously
reported [24] in other samples of patients with TLE, with 43% of our TLE patients scoring
above 15 on the BDI. However, none of the subjects in the quartile with the smallest
hippocampi had significant symptoms of depression. In contrast to the group with severely
atrophic hippocampi, 57% of the subjects in the upper three quartiles had increased
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symptoms of depression (p< .008). We found no association between the epileptic region
lateralization and severity of depressive symptoms.

Significant symptoms of depression are reported in 30-55% patients with medication
refractory epilepsy, and possibly more prominent in TLE [17, 24], but the pathophysiology
of the increased rate of depression symptoms is poorly understood. The most common
pathological finding in TLE is mesial temporal sclerosis (MTS), and the severity of the
sclerosis is highly variable. The combination of elevated rate of depression and high
variability of hippocampal volume loss in TLE provides a unique opportunity to study the
association of volume of the epileptic hippocampus with severity of depressive symptoms.
Models of limbic system dysfunction in human depression [25] have consistently
emphasized the role of the hippocampus, which could be predicted by Papez original
description of the “circuit of emotion” that was defined by structures with known
connections to the hippocampus [1]. A plausible hypothesis is that an adequately large
aggregate of hyperexcitable hippocampal neurons is required to alter limbic network
function and induce depressive symptoms. Hippocampal volumes in TLE have been directly
correlated with the number of neurons present in the hippocampus [5]. Hippocampal atrophy
and associated sclerosis in TLE is characterized by neuronal loss and gliosis in CA1 and
CA3 regions of the hippocampus and the hilus of the dentate gyrus [11,12]. This pattern of
neuronal injury is frequently associated with sprouting in the mossy fiber pathways,
dispersion of granule cells in the dentate gyrus and aberrant neurogenesis [26]. Babb [10,
27] and others [28] suggested that cell reduction in the injured hippocampus initiates
synaptic reorganization in adjacent epileptogenic neurons due to the existence of tonic
hyperexcitable neuronal afferents. Using intrahippocampal electrodes during prolonged
monitoring of patients with TLE, the group showed persistently increased frequency of
spiking rates and seizures associated with a decrease in the hippocampal cell densities.
These investigators hypothesized that neuronal cell loss in the injured hippocampus may
contribute to the “feedforward” excitation of the neurons [27, 29]. Price [30] and others [28,
31] identified direct monosynaptic pathways from the hippocampus and subiculum to
specific structures of the prefrontal cortex, such as Brodmann areas (BA) 11, 12, 13, 25 and
32 [30] This direct pathway is excitatory [32] and the terminal fields of these projections
release glutamate as a neurotransmitter, with a direct excitatory effect on pyramidal cells of
the prefrontal cortex. These neurons have mostly a-amino-3-hydroxy-5-methylisoxazole-4-
priopionate (AMPA), and, to a lesser degree, N-methyl-D-aspartate (NMDA) receptors [32].

Based on these observations, we propose that the influence of chronic hippocampal
hyperexcitability on the limbic network may play a key role in the modulation of depression
in human TLE. Persistent hyperexcitability of the injured hippocampal neurons may activate
prefrontal regions reported to influence depression symptoms [33]. Additional evidence
supporting the association of hippocampal hyperexcitability and depression includes the
observation that extent of hippocampal creatine/N-acetylaspartate ratio (Cr/NAA)
abnormalities correlate with severity of depressive symptoms [34]. Other studies have
associated electrophysiological evidence of the epileptogenic region with decreased NAA
[35]. The combination of these observations indirectly supports that chronic hippocampal
hyperexcitibility may alter limbic networks toward a depressed state.
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Supplementary data are needed to better understand the role of the injured hippocampus in
modulating expression of clinical depression in TLE. In our sample, the patients with very
severe hippocampal atrophy reported no elevation of depressive symptoms. Kanner et al.
[36] suggested that the absence of a psychiatric history, including depression, was an
independent predictor of surgical outcomes. Recently, Adams et al. [37] studied a
homogeneous group of 72 consecutive patients who underwent a temporal lobectomy for
drug resistant TLE and had histopathologically proven MTS. A history of psychiatric
disorder, in particular depression, was not associated with a poorer surgical outcome in
patients with MTS. Others [38] also showed that depressive symptoms, identified by the
BDI, do not seem to have a predictive value for postoperative seizure outcome in this highly
selected patient population with MTS.

Several limitations of our study should be considered. Lack of a control group limits specific
comments on the normalcy of the hippocampal volumes, but it is very likely that the lower
three quartiles in our study have significant hippocampal dysfunction. Our conclusion that
depression symptoms are not associated with severe volume loss, on the other hand, is not
affected by the absence of control data. No formal psychiatric diagnosis was available on
most patients, which limits statements regarding DSM-1V classification. However, the goals
of our analysis were to evaluate the association of the severity of depressive symptoms with
hippocampal volume. There may be relationships within the network that we could not
identify with our approach, and acknowledge that a multivariate or neural network analysis
could provide useful results. Other investigators found associations of depression with
reduced hippocampal volumes or altered amygdala volumes; these differences with our
results may be due to deferent approaches to volume measurment, investigator blinding, or
other sample or methodologic differences. Observations from neurologically normal patients
with major unipolar depression in the psychiatric literature describe smaller hippocampal
volumes compared to nondepressed controls [2]. Smaller hippocampal volumes in these
patients have been associated with early age of onset [39], number of previous episodes
[40], or longer duration of untreated depression [41]. Severity of depression has not been
clearly associated with hippocampal volumes. Some investigators have speculated that
repeated stress during recurrent depressive episodes may result in cumulative hippocampal
injury and volume loss [2], including neurotoxic effects of glucocorticoids, corticotrophin-
releasing factor or decrease in trophic factors such as brain-derived neurotrophic factor [42].
Although potential mechanisms of hippocampal injury in depression have been studied, the
pathophysiological relationship of hippocampal volumes and depression in the absence of a
neurological disorder is not completely understood. Our observation suggests that a critical
number of hyperexcitable hippocampal neurons may be required to maintain a state of
clinical depression in TLE.
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Figure 1.

A) Boxplots with median lines and extremes for each quartile (n= 7) of the left hippocampal volume, in mm3, are compared with
the total BDI score. B) Coronal sections of the representative MRI T1-weighted images show temporal structures and
hippocampi for each quartile: the upper left and right, and lower left and right images show the left hippocampi in the lowest

quartile (note the “ribbon” sign), second, third and the fourth quartile, respectively.
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Table 1

Demographic and clinical variables for two groups of temporal lobe epilepsy patients: euthymic or mildly
depressed (BDI total score < 15), and moderate or severely depressed (BDI total score = 15), mean+SD.

Variable BDI <15 BDI > 15
N 15 13
Age 41+11 37+10
Gender (male/female, %) 40/60 61.5/38.5
Age of seizure onset 17+14 16+15
Epilepsy duration (y) 2417 21+15
Seizure frequency (per month) 8.4+15.8 6.8+4.3

Seizure focus lateralization (left/right/multiple, %)  46.7/40.0/13.3  23.1/53.8/23.1

yduasnuel Joyny vd-HIN

1duosnuely Joyny Yd-HIN

1duasnuely Joyny Yd-HIN

Total BDI score 3.9+3.8

25.7x12.4
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Table 2
Comparison of the region of interest relative volumes in the temporal lobe epilepsy

patients with the BDI< 15 and BDI= 15

ROI BDI < 15, MeanSD BDI > 15, Mean+SD t p value

Hippocampus/WB ratio®

Left 2.00+0.52 2.50+0.32 -2.93  0.007
Right 2.10+0.40 2.22+0.28 -1.39 0.17
Total 4.10+0.76 5.12+.1.09 -2.78 0.01

Amygdala/WB ratio?

Left 1.46+0.49 1.55+0.51 -0.47 0.63
Right 1.57+0.49 1.53+0.55 0.28 0.77
Total 2.70+0.83 2.94+0.91 -0.60 0.55

Subgenual gyrus/WB ratio

Left 0.53+0.13 0.55+0.17 -0.31 0.75
Right 0.53+0.15 0.51+0.16 0.43 0.67
Total 1.07+0.26 1.07+0.33 0.07 0.94

Subcallosal gyrus/WB ratio?

Left 0.43+0.13 0.49+0.12 -1,10 0.27
Right 0.43+0.12 0.47+0.08 -0.10 0.91
Total 0.88+0.26 0.94+0.18 -0.67 0.50

Gyrus rectus/WB ratio?

Left 1.90+0.74 1.60+0.59 1,15 0.26
Right 2.06+0.78 1.66+0.57 1.43 0.15
Total 4.37+0.08 3.87+0.05 1.70 0.10

WB, whole brain

8Ratio x 1000
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