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Abstract

Background—Due to pharmacoresistant seizures and the underutilization of surgical treatments, 

a large number of temporal lobe epilepsy (TLE) patients experience seizures for years or decades. 

The goal of this study was to generate a predictive model of duration of disease with the least 

number of parameters possible in order to identify and quantify the significant volumetric and 

functional indicators of TLE progression.

Methods—Two cohorts of subjects including 12 left TLE, 21 right TLE and 20 healthy controls 

(duration=0) were imaged on a 3T MRI scanner using high resolution T1-weighted structural MRI 

and 20 minutes of resting functional MRI scanning. Multivariate linear regression methods were 

used to compute a predictive model of duration of disease using 49 predictors including functional 

connectivity and gray matter volumes computed from these images.

Results—No model developed from the full set of data accurately predicted the duration of 

disease across the entire range from 3 to 50 years. We then performed the regression on 35 

subjects with durations of disease in the range 10 to 35 years. The resulting predictive model 

showed that longer durations were associated with reductions in functional connectivity from the 

ipsilateral temporal lobe to the contralateral temporal lobe, precuneus and mid cingulate, and with 

decreases in volume of the ipsilateral hippocampus and pallidum.

Conclusions—Functional and volumetric parameters accurately predicted duration of disease in 

TLE. The findings suggest that TLE is associated with a gradual functional isolation and 

significant progressive structural atrophy of the ipsilateral temporal lobe over years of duration in 

© 2014 Elsevier B.V. All rights reserved.

Corresponding Author: Victoria L. Morgan, Ph.D., Vanderbilt University Institute of Imaging Science, 1161 21st Avenue South, AA 
1105 MCN, Vanderbilt University, Nashville, TN, USA 37232-2310, Phone: 1-(615)343-5720 Fax: 1-(615)322-0734, 
victoria.morgan@vanderbilt.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Epilepsy Res. Author manuscript; available in PMC 2016 February 01.

Published in final edited form as:
Epilepsy Res. 2015 February ; 110: 171–178. doi:10.1016/j.eplepsyres.2014.12.006.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the range of 10–35 years. Furthermore, these changes can also be detected in the contralateral 

hemisphere in these patients, but to a lesser degree.
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Introduction

Temporal lobe epilepsy (TLE) is one of the most common and relatively homogeneous 

forms of epilepsy occurring in adults. Due to pharmacoresistant seizures and the 

underutilization of surgical treatments, a large number of these patients experience seizures 

for years or decades. Understanding the structural and functional changes that occur in the 

brain over years of disease progression can provide potential targets for intervention, be 

used to monitor the patient, help elucidate mechanisms of cognitive and behavioral 

impairments, and may predict treatment outcomes. Perhaps, most importantly, it can provide 

neurophysiological evidence of the progressive effects of long term seizures when 

considering prolonged medical therapy vs. surgical intervention (Wiebe et al., 2001).

Structural volumetric changes occurring in TLE have been well documented. MRI 

techniques such as voxel based morphometry (Ashburner and Friston, 2000) and image 

segmentation methods (Dale et al., 1999) have shown gray matter and white matter atrophy 

in the temporal lobe ipsilateral to the seizure focus, as well as in many other regions across 

the brain (Alhusaini et al., 2012; Keller and Roberts, 2008; Li et al., 2012; McDonald et al., 

2008). Decreased volume in the ipsilateral hippocampus (Seidenberg et al., 2005), 

subcortical regions (Pulsipher et al., 2007; Szabo et al., 2006) and parietal and orbitofrontal 

regions (Bernhardt et al., 2009) have been correlated with increased duration of disease in 

some studies, but not in others (Bernasconi et al., 2004; Coan et al., 2014).

The evolution of functional networks across the brain over years of TLE can be measured 

with functional MRI (fMRI). This method can be used to create images that are sensitive to 

fluctuations in blood oxygenation level that occur spontaneously across the brain (Obrig et 

al., 2000; Ogawa et al., 1990). The identification of brain networks with synchronous 

spontaneous low frequency oxygenation fluctuations using fMRI is referred to as functional 

connectivity (Biswal et al., 1995; Rogers et al., 2007). Functional connectivity changes in 

TLE have been detected in mesial temporal regions (Bettus et al., 2009; Pereira et al., 2010; 

Pittau et al., 2012) and across the brain (Zhang et al., 2010). Our previous work has shown 

linear relationships between functional connectivity and memory scores (Holmes et al., 

2013a) and gray matter concentration in TLE (Holmes et al., 2013b).

The goal of this study is to identify and quantify the volumetric and functional changes that 

occur in the brain over the years of duration of TLE. Specifically, we will use multivariate 

linear regression methods (Burdenski, 2000; Concato et al., 1993) to test the relationships of 

49 potential variables in the context of the other variables to propose an accurate linear 

predictive model of duration of disease with the least number of parameters required. We 

hypothesize that this modeling process will determine the significant linear structural and 

functional effects of TLE over years of duration.
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Materials and Methods

2.1 Subjects

In order to maximize the sample size, two cohorts of TLE patients were included in this 

study. The fMRI scanning for the two cohorts was slightly different and, therefore, the 

processing was different between the two. The details of each are described below. Cohort 1 

consisted of 12 patients from a population of 60 epilepsy patients recruited from the 

Vanderbilt University Epilepsy Program for imaging. All patients underwent presurgical 

inpatient video-EEG monitoring for localization of the epileptogenic zone, high resolution 

structural MRI, fluoro-deoxyglucose positron emission tomography (FDG-PET) and 

neuropsychological testing. Inclusion criteria were: 1) unilateral temporal lobe epilepsy 

determined by presurgical noninvasive evaluation, 2) no foreign tissue lesions, and 3) 

underwent temporal resection with seizure free outcome. Six subjects with left TLE and six 

with right TLE were included (10F/2M, 2 left handed, age 38 ± 11 years). Cohort 2 

consisted of 21 TLE patients (6 left TLE and 15 right TLE, 12F/9M, 3 left handed, age 37 ± 

12 years). The same inclusion criteria were used as Cohort 1 except that surgical outcome 

was not yet available in the last 5 patients. One patient had a single post-surgical seizure. 

Cohort 2 also included 20 healthy controls matched individually by age (within 3 years) and 

gender to 20 of the TLE patients in Cohort 2 (11F/9M, 3 left handed, age 38 ± 13 years).

2.2 Imaging

Informed consent was obtained prior to scanning each subject per Vanderbilt University 

Institutional Review Board guidelines. The imaging for Cohort 1 was performed using a 3T 

MRI scanner using an 8-channel head coil. The acquisition included the following scans: 1) 

Three-dimensional, T1-weighted high-resolution image series covering the whole brain for 

inter-subject normalization (Gradient echo, TR = 9.1 msec, TE = 4.6 ms, 192 shots, flip 

angle = 8 degrees, matrix = 256×256, 1 × 1 × 1 mm3), 2) Two-dimensional, T1-weighted 

high-resolution axial full brain image series in the same slice locations as the fMRI scan for 

functional to 3D structural data coregistration (1 × 1 × 5 mm3), and 3) fMRI Blood 

Oxygenation Level Dependent (BOLD) image series at rest with eyes closed – 64×64, FOV 

= 240 mm, 30 axial slices, TE = 35 ms, TR = 2 sec, slice thickness = 4.5 mm/0.5 mm gap, 2 

× 300 volumes (20 minutes).

The imaging for Cohort 2 was performed on the same MRI scanner using a 32 channel head 

coil. The acquisition included the following scans: 1) the same three dimensional structural 

acquisition parameters as those for Cohort 1, 2) two-dimensional, T1-weighted high-

resolution axial full brain image series acquired in the same slice locations as the fMRI 

scans for functional to 3D structural data coregistration (1 × 1 mm2) with 3.5 mm slice 

thickness with 0.5 mm gap, and 3) BOLD fMRI T2* weighted gradient echo, echo-planar 

image series at rest with eyes closed – matrix 80 × 80, FOV = 240 mm, 34 axial slices, TE = 

35 ms, TR = 2 sec, slice thickness = 3.5 mm with 0.5 mm gap, 2 × 300 volumes (20 

minutes). Physiological monitoring of cardiac and respiratory fluctuations was performed at 

500 Hz throughout all scanning of Cohort 2 using the MRI scanner integrated pulse 

oximeter and the respiratory belt.

Morgan et al. Page 3

Epilepsy Res. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.3 fMRI Image Processing

The fMRI image analyses for both cohorts were performed using SPM8 software (http://

www.fil.ion.ucl.ac.uk/spm/software/spm8/).The fMRI images were corrected for slice 

timing effects and motion between volumes. The six motion time series representing the x, 

y, and z translations and rotations were saved as potential confounds for the functional 

connectivity computation. The images of Cohort 2 only (no physiological monitoring was 

performed in Cohort 1) were then corrected for physiological noise using a RETROICOR 

protocol (Glover et al., 2000) using the measured cardiac and respiratory time series. The 

fMRI images were then spatially normalized to the Montreal Neurological Institute (MNI) 

template using a two-step process. First, the two-dimensional T1-weighted image was co-

registered to the three-dimensional T1-weighted image. Then the three-dimensional T1-

weighted image was spatially normalized to the template and the normalization parameters 

were applied to the fMRI images and two-dimensional T1-weighted image. The fMRI 

images from Cohort 1 which were acquired at 3.75 × 3.75 × 5 mm3 resolution were 

resampled and then spatially smoothed with a 7 × 7 × 7 mm3 FWHM kernel. The fMRI 

images from Cohort 2 which were acquired at 3 × 3 × 4 mm3 were resampled and then 

spatially smoothed with a 6 × 6 × 6 mm3 FWHM kernel. The normalized fMRI time series 

for both cohorts were then low pass filtered at a cutoff frequency of 0.1 Hz (Cordes et al., 

2001).

Eight regions of interest described in the following section and in Table 1 were applied to 

each of the two fMRI processed image series to yield an average time series for each region 

for each fMRI series for each subject. Each time series was high pass filtered at 0.0067 Hz. 

In order to combine the right TLE and the left TLE patients, the regions were converted 

from designations of left and right to ipsilateral and contralateral referring to the side of 

seizure focus. No image flipping was performed. In the healthy controls, the side of seizure 

focus for the purpose of this work was labeled the same as the age and gender matched 

patient. In addition, the average fMRI time series in the white matter and cerebrospinal fluid 

as determined by the segmentation of the spatially normalized T1 weighted image were 

computed for each subject. All pair-wise functional connectivity measures were computed 

by performing the partial correlation of the average time series of each pair of regions while 

controlling for the signal in the cerebrospinal fluid (Cohort 1 only due to lack of 

physiological monitoring), the white matter time series and the six motion time series for 

each fMRI series. The correlation coefficients were converted to Z values using the Fisher Z 

transform (Fisher, 1915) and then averaged across the two series for each subject.

2.4 Structural Image Processing

The T1-weighted images with isotropic voxels were parcellated into cortical regions using 

FreeSurfer (5.1.0), an intensity based surface reconstruction software program (http://

surfer.nmr.mgh.harvard.edu/). The technical details of this procedure have been previously 

described (Dale et al., 1999; Fischl et al., 2004). All FreeSurfer results were visually 

inspected for accuracy. There were no obvious errors and so all datasets were kept in the 

analysis without edits. The images were also segmented into gray matter, white matter and 

cerebrospinal fluid using the software. From this analysis, the gray matter volume of each 

parcel of the brain is reported.
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2.5 Predictors

The FreeSurfer segmentation process was used to define eight regions of interest including 

the left and right hippocampus, left and right thalamus, left and right insula, cingulate and 

precuneus across which to investigate functional connectivity (Morgan et al., 2014). The 

functional connectivity measures between all possible pairs of these eight regions were used 

as predictors of duration of disease in the linear regression modeling (28 different paths). 

The gray matter volumes of these regions and those of other regions in the basal ganglia 

were used as the volumetric predictors in the linear regression modeling (18 regions). The 

supratentorial volume is a parameter calculated by FreeSurfer that includes the entire 

volume of the cerebrum including gray matter, white matter, cerebrospinal fluid and vessels. 

We included this volume as a general measure of brain size. In addition, the age of the 

subject and the longest seizure free interval were also included as predictors. This resulted in 

49 potential predictors (see Table 1) to be explored using the linear regression modeling. 

These regions were chosen based on a priori hypotheses of TLE seizure propagation 

(Morgan et al., 2014), rather than including all regions available through FreeSurfer 

segmentation.

2.6 Lasso Regression

We hypothesized that there are volumetric and functional connectivity measures that change 

linearly over time with duration of disease in TLE. The linear regression model is a method 

used to determine the linear relationship between one or more predictors x1… xp and a 

response y as described by the following equation:

(1)

by computing the model coefficients β0 … βp which minimize the sum of the squared 

difference between y and the estimated response Xβ. In this study, the predictors x are the 

volumetric and functional connectivity measures in a population of TLE patients, while the 

response y is the duration of disease in each subject. We used linear modeling to find the 

model coefficients β which represent the weight of how each predictor linearly relates to 

duration. One of the restrictions of using the traditional ordinary least squares solution 

requires approximately 10 data samples for every predictor to avoid “overfitting” the data 

(Concato et al., 1993). For this study, we have 53 data samples (subjects) and so would only 

be able to examine five predictors. Therefore, we have implemented the lasso regression 

methodology (Carroll et al., 2009; Zou and Hastie, 2005) using Matlab (The Mathworks, 

Inc. Natick, MA). This method allows for very large predictor sets with smaller sample sizes 

by using regularization parameters. In this work, the sparsity parameter, known as the L1-

norm, which helps to reduce the final number of non-zero β values (i.e. predictors in the 

final model), was included. The new minimization equation becomes (Carroll et al., 2009; 

Zou and Hastie, 2005):

(2)
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The algorithm optimizes the β and λ values and performed a 10-fold cross validation 

procedure with one hundred Monte-Carlo repetitions for each cross validation. The entire 

process yielded a set of weights, β, with a minimum mean squared error for the cross 

validation at the optimum λ values creating a final model to predict duration of disease.

The subjects were divided into two groups. The training group subjects were used in the 

lasso regression to compute the model parameters for estimating duration of disease, and 

included the majority of the data samples. Then this final model was applied to a small 

independent test group and the accuracy was calculated. Both the training group and the test 

group included patients from Cohort 1 and patients and healthy controls from Cohort 2. Both 

left and right TLE patients were included with the intent in determining a general model. 

Healthy controls were used with a duration of disease of 0 years to help control for the age 

confound and to force the model to distinguish between patients and controls.

2.7 Univariate Analyses

To understand the relationship of the predictors identified by the model and duration of 

disease, a Pearson’s correlation with each predictor was determined across the training 

group. Similarly, the correlation with age of each predictor was also calculated since age 

may be a significant confound, especially in the volume measures. A two sample t-test was 

used to compare the measures in the healthy controls to those in the TLE patents for each 

predictor identified by the model. A paired t-test was used to compare the predictor values 

between the ipsilateral and contralateral hemispheres of the patients, excluding the healthy 

controls.

2.8 Laterality Analyses

In order to determine whether the duration changes identified by the model were bilateral, 

the duration of disease for each subject was determined by using the opposite side predictors 

(i.e. contralateral for ipsilateral predictors) in the final model. The “contralateral” estimation 

of duration of disease was compared to the modeled estimate of duration of disease across 

all patients (not including the healthy controls) using a paired t-test.

Results

The initial modeling process using all subjects was unsuccessful in finding parameters that 

accurately predicted the duration of disease in a linear fashion across the entire duration 

range from 3 to 50 years. In that trial, we used 32 subjects in the training group (8 from 

Cohort 1; 24 from Cohort 2 including 12 controls) and 21 in the test group (4 from Cohort 1; 

17 from Cohort 2 including 8 controls). The residuals of the estimation were highly linear 

and the mean squared error of the model was 13.9 years. We also found that the parameters 

identified in that model were significantly correlated with age. Across these 32 test subjects, 

the correlation between age and duration of TLE was highly significant (p<0.01).

We then performed the lasso linear regression on 35 subjects which had durations of disease 

in the range 10 years < duration < 35 years, based on the hypothesis that the impact of the 

initial genesis of the seizures may not be linear, and the longest duration subjects may have 

significant age related confounds. The training group included 25 subjects (4 from Cohort 1; 
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21 from Cohort 2 including 14 controls). The test group included 6 controls and 3 patients 

from Cohort 2 and 1 patient from Cohort 1. Note, that there were 18 subjects not included in 

either group with durations outside of our range of interest. The results presented throughout 

are from this analysis. There was no significant correlation between age and duration of TLE 

in the 25 training subjects in this analysis.

The final model to predict duration of TLE from 10 to 35 years used 6 parameters, including 

three functional connectivity measures involving the ipsilateral temporal lobe and three 

ipsilateral volumes. The predictor parameters and the β values for the final model equation 

to estimate duration of disease are given in Table 2. The root mean squared error (RMSE) of 

this model in the training data is 3.6 years (5.1 years for Cohort 1, 3.1 years for Cohort 2), 

while in the ten test subjects it is 3.3 years. Figure 1 shows the model estimated duration of 

disease vs. the known duration (with controls at zero). The training group subjects are given 

in blue, the test group in red, the short duration subjects (< 10 years) not used in the training 

group in green, and the long duration subjects (> 35 years) not used in the training group in 

orange. The model estimated duration of disease across the 25 training subjects is 

significantly correlated with the known duration of disease (p<0.001), and the estimation of 

duration for the TLE patients is greater than for the controls (p<0.001) [95% confidence 

interval = 10.7 16.3 years]. From Figure 1, it is clear that these parameters of the final model 

are not linearly related to duration in the longer duration patients.

The results of the univariate analyses are provided in Table 2. All three functional 

connectivity predictors decreased linearly with increased duration of disease in the training 

group. The volumes of the ipsilateral hippocampus and pallidum decreased linearly with 

increasing duration, while the ipsilateral thalamus did not correlate significantly with 

duration. No predictors linearly correlated with age (p<0.01), as intended by the inclusion of 

age as one of the 49 potential predictors in the model, by adding the controls of the same 

ages in the training group, and by limiting the duration range from 10 to 35 years. All three 

of the functional connectivity predictors, as well as the volume of the ipsilateral 

hippocampus, were significantly lower in the TLE patients than in the healthy controls 

(p<0.01).

The duration estimate was also calculated using by substituting the contralateral values with 

no change in parameter for the ipsilateral to contralateral hippocampal functional 

connectivity. This contralateral estimate is significantly decreased compared to the estimated 

duration of disease using the ipsilateral parameters from the model (p<0.001) [95% 

confidence interval = 2.5 5.8 years]. When comparing the estimation with the contralateral 

values in the TLE patients to the estimation in the healthy controls, there was a significant 

increase in the patients (p<0.001) [95% confidence interval = 5.2 11.7 years]. The 

relationship between difference between the ipsilateral and contralateral estimates for each 

subject and the duration of disease is given in Figure 2. The same colors are used as 

described for Figure 1.
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Discussion

In this study, lasso multivariate linear regression was used to determine a small set of 

volumetric and functional parameters that evolve linearly between 10 and 35 years of 

duration of TLE. Three functional connectivity measures were negatively correlated with 

duration: ipsilateral hippocampus to the contralateral hippocampus, ipsilateral hippocampus 

to the precuneus, and ipsilateral insula to the mid cingulate. The gray matter volumes of the 

ipsilateral hippocampus and pallidum were also negatively correlated with duration. The 

pallidum is less frequently associated with TLE, but there is evidence of decreased volumes 

ipsilateral to the seizure focus (Dreifuss et al., 2001), and for its involvement in the 

propagation of seizures out of the ipsilateral temporal lobe (Rektor et al., 2011).

It is not surprising that the ipsilateral hippocampus has been identified as both a volumetric 

and functional predictor of duration of TLE. This structure is known to play a critical role in 

the epileptogenic process and atrophy of this structure is well documented (Bernasconi et al., 

2005; Labate et al., 2008). This atrophy has been used to correctly lateralize TLE with 94% 

classification accuracy (Farid et al., 2012). Decreases in ipsilateral hippocampal functional 

connectivity to the precuneus (Haneef et al., 2014; Pittau et al., 2012) and to the 

contralateral hippocampus have been reported in TLE (Maccotta et al., 2013; Pereira et al., 

2010).

The ipsilateral thalamus was included in the model with a positive beta weight ten times 

smaller than that of the other volumes. The thalamus volume was not significantly correlated 

with duration, nor was it significantly different between the patients and controls. One 

possible reason for its positive beta weight is the inclusion of one patient with a duration of 

23 years with a volume approximately 60% higher than the other patients. When including 

this subject, the correlation between duration and volume is not significant and positive (r = 

0.23, p = 0.26), while without this subject the correlation is slightly negative (r = −0.03, p = 

0.86). A decrease in thalamic volume related to duration of TLE has been reported 

(Pulsipher et al., 2007), while others only found a decrease in patients but no relationship to 

duration (Szabo et al., 2006). Our results were not consistent with these findings.

Increased connectivity between the ipsilateral hippocampus and insula (Fahoum et al., 2012; 

Maccotta et al., 2013), its electrographic involvement during ictal events (Blauwblomme et 

al., 2013; Isnard et al., 2000), and other neuroimaging studies (Chassoux et al., 2004; Kim et 

al., 2008) suggest that the insula is an integral part of the ipsilateral epileptogenic network 

with the hippocampus. The decreased functional connectivity between the insula and the 

mid cingulate, as well as the decrease in connectivity between the hippocampus and 

precuneus, may signify a network of propagation out of the temporal lobe during secondary 

generalization of TLE seizures (Blumenfeld et al., 2009; Fahoum et al., 2012; Yu and 

Blumenfeld, 2009).

We performed two different model validation procedures. The first is the Monte-Carlo cross 

validation process within the model estimation using the training group. This procedure is 

one way to predict the general applicability of the identified model. Second, we applied the 

final model estimated from the first process to a small independent test group. This group 
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was smaller than expected due to the restricted duration range of the analyses. However, 

Figure 1 shows that the test group had similar accuracy as the training group across the 

durations of disease and showed a difference between the controls (at zero) and the patients. 

Furthermore, the RMSE between the training and test groups were similar.

To determine the effect of laterality in the model, the duration estimate was calculated using 

the contralateral measures of the same parameters. The contralateral estimate was reduced in 

the TLE patients (p<0.001), but greater than the controls (where the ipsilateral side was 

chosen arbitrarily) (p<0.001). Figure 2 shows that the decrease in the contralateral side 

(points above zero) is not dependent on duration (p = 0.54). At close examination we found 

that four of the seven points below zero on the plot were from subjects with left sided 

seizure foci. However, three other subjects in the 10–35 years duration group that had 

decreased estimate in the contralateral side were left sided TLE, as well as three in the 

greater than 35 years duration group and one in the less than 10 years duration group. These 

results suggest that the TLE affects both hemispheres of the brain in a similar manner, but 

the effect on the ipsilateral hemisphere may be more severe. This estimate may provide 

complementary information in determining laterality of TLE, but more subjects with both 

left and right TLE are needed to verify this finding.

The use of two different cohorts of patient for this study is both a limitation and an 

advantage. The limitation is that there are differences in noise between the two methods of 

functional acquisition and processing which will decrease the power in the model. The 

advantage of using two different cohorts is that the result is more generalizable across fMRI 

methods. We found a slightly larger RMSE in Cohort 1 compared to Cohort 2 (3.2 years vs. 

5.1 years) which is not unexpected when considering more of the training subjects came 

from cohort 1. Similarly, the inclusion of both left and right TLE patients in the modeling 

process increases sample size and power, but also increases noise because left and right TLE 

are known to have unique effects on the brain, specifically that structural and functional 

alterations are more extensive in left TLE (Haneef et al., 2014; Kemmotsu et al., 2011; Li et 

al., 2012). By combining the two types we are able to detect the similarities between them, 

which may be why our model does not include contralateral measures expected to be more 

prominent in left TLE as opposed to right TLE. We have assumed unilateral TLE based on 

presurgical evaluations, but 5 of the 27 patients have no post-surgical seizure outcome 

information available at this time to confirm this assumption.

Another limitation of this study is the use of the years of duration as a marker for seizure 

burden. Since the frequency of seizures is not constant across subjects or across time in the 

subjects, the seizure burden is not directly linearly related to years of duration. Using the 

years of duration as an estimate confounds the effects of the seizures and of the 

pathophysiology of the disease itself. Future studies may attempt to separate these two 

effects. Interestingly, the volume loss in the ipsilateral hippocampus and pallidum was found 

not to be heritable in a population of TLE patients and their siblings (Alhusaini et al., 2013), 

supporting the idea that the effects are primarily driven by repeated seizures. The advantage 

of using duration of disease in this study is that the subjects had a wide range of durations 

from 3 to 50 years.

Morgan et al. Page 9

Epilepsy Res. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Conclusions

Linear regression modeling was used to compute a model of six functional and volumetric 

parameters that most accurately and efficiently predict duration of disease in TLE from a 

pool of 49 parameters. More specifically, a combination of parameters was identified that 

were significantly reduced in TLE patients after 10 years and continued to gradually 

decrease over the next 25 years duration, presumably due to repeated seizure activity. These 

parameters include reductions in functional connectivity from the ipsilateral temporal lobe to 

the contralateral temporal lobe, precuneus and mid cingulate, and decreases in volume of the 

ipsilateral hippocampus and pallidum. Overall, these findings suggest that TLE is associated 

with a gradual functional isolation and significant progressive structural atrophy of the 

ipsilateral temporal lobe over years of duration. Furthermore, these changes can also be 

detected in the contralateral hemisphere in these patients, but to a lesser a degree. Future 

work may focus on how various treatments can affect this trajectory, and how it relates to 

clinical and behavioral outcomes.
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Highlights

• Gray matter volume and functional connectivity were related to duration of 

TLE.

• Ipsilateral temporal lobe functional isolation increased with years of duration.

• Ipsilateral temporal lobe volume gradually atrophied over years of duration.

• The changes were also detected in the contralateral hemisphere to a lesser 

degree.
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Figure 1. 
The duration of disease estimated by the linear model using the predictors and weights in 

Table 2 in relation to the known duration of disease. The blue points represent the 25 

training subjects used to define the model. The red points are the 10 test subjects. The TLE 

patients with duration of disease less than 10 years (green) and greater than 35 years 

(orange) are also shown. These were not used to calculate the model. The healthy controls 

are shown at a duration of 0 years.
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Figure 2. 
Difference between duration of disease estimate using ipsilateral parameters identified by 

the model and their contralateral homologues in relation to the known duration of disease. 

The blue points represent the 25 training subjects used to define the model. The red points 

are the 10 test subjects. The TLE patients with duration of disease less than 10 years (green) 

and greater than 35 years (orange) are also shown. These were not used to calculate the 

model. The healthy controls are shown at a duration of 0 years.
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Table 1

List of predictors included in the linear regression analysis

Other Variables

age (yrs)

sz_free (yrs)

Functional Connectivity

Name Freesurfer ID

hippocampus L,R 17,53

thalamus L,R 10,49

insula L,R 1035,2035

precuneus (bilateral) 1025&2025

mid cingulate (anterior cingulate and anterior ½ of posterior cingulate) 1002&2002& anterior ½ 1023&2023

Gray Matter Volumes (mm3)

Name FreeSurfer ID

thalamus L,R 10,49

hippocampus L,R 17,53

insula L,R 1036,2035

pallidum L,R 13,52

putamen L,R 12,51

caudate L,R 11,50

precuneus L,R 1025,2025

entorhinal cortex L,R 1006,2006

anterior cingulate L,R 1002,2002

supratentorial

sz_free=longest seizure free interval; L=left; R=right; functional connectivity was calculated for all pairs of the listed regions; the bilateral 
precuneus region combined both left and right side into a single region for functional connectivity; the mid cingulate included both the bilateral 
anterior cingulate and the anterior half of the bilateral posterior cingulate for functional connectivity;
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