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Abstract

While temporal lobe epilepsy (TLE) is a focal epilepsy, previous work demonstrates that TLE 

causes widespread brain-network disruptions. Impaired visuospatial attention and learning in TLE 

may be related to thalamic arousal nuclei connectivity. Our prior preliminary work in a smaller 

patient cohort suggests that patients with TLE demonstrate abnormal functional connectivity 

between central lateral (CL) thalamic nucleus and medial occipital lobe. Others have shown 

pulvinar connectivity disturbances in TLE, but it is incompletely understood how TLE affects 

pulvinar subnuclei. Also, the effects of epilepsy surgery on thalamic functional connectivity 

remains poorly understood. In this study, we examine the effects of TLE on functional 

connectivity of two key thalamic arousal-nuclei: lateral pulvinar (PuL) and CL. We evaluate 

resting-state functional connectivity of the PuL and CL in 40 patients with TLE and 40 controls 

using fMRI. In 25 patients, postoperative images (≥1 year) were also compared with preoperative 

images. Compared to controls, patients with TLE exhibit loss of normal positive connectivity 

between PuL and lateral occipital lobe (p<0.05), and a loss of normal negative connectivity 

between CL and medial occipital lobe (p<0.01, paired t-tests). FMRI amplitude of low frequency 

fluctuation (ALFF) in TLE trended higher in ipsilateral PuL (p=0.06) but was lower in the lateral 
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occipital (p<0.01) and medial occipital lobe in patients versus controls (p<0.05, paired t-tests). 

More abnormal ALFF in the ipsilateral lateral occipital lobe is associated with worse preoperative 

performance on Rey Complex Figure Test Immediate (p<0.05, r=0.381) and Delayed scores 

(p<0.05, r=0.413, Pearson’s Correlations). After surgery, connectivity between PuL and lateral 

occipital lobe remains abnormal in patients (p<0.01), but connectivity between CL and medial 

occipital lobe improves and is no longer different from control values (p>0.05, ANOVA, post-hoc 

Fischer’s LSD). In conclusion, thalamic arousal nuclei exhibit abnormal connectivity with 

occipital lobe in TLE, and some connections may improve after surgery. Studying thalamic arousal 

centers may help explain distal network disturbances in TLE.

Keywords

Temporal lobe epilepsy; pulvinar; central lateral nucleus; functional connectivity; ALFF; 
visuospatial attention

1. Introduction

Approximately 1% of the global population suffers from epilepsy [1]. The most common 

type of focal epilepsy is temporal lobe epilepsy (TLE), and many patients with medically 

refractory seizures seek additional treatments, such as surgical removal of the seizure onset 

zone [2]. Although TLE is a focal epilepsy, it has been demonstrated to have widespread 

effects throughout the brain [3-7]. These abnormalities, such as reduced widespread 

hypometabolism [4], white matter structural connectivity [5], cortical thinning 

uncharacteristic of age [6], and deficits in neurocognitive functioning associated with extra-

temporal structures [7], cannot be explained by temporal networks alone [8]. Thus, we have 

proposed that recurrent focal seizures may alter activity of structures in the subcortical 

arousal networks [9,10] such as the thalamus.

In patients with TLE, thalamic nuclei have been shown to have decreased volume [11], 

altered functional connectivity [12] interictally, and are involved in seizure propagation 

ictally [13]. Preliminary neuroimaging work by our group has suggested that the central 

lateral nucleus (CL), an intralaminar arousal nucleus, has altered functional connectivity 

with the medial occipital lobe in TLE [14]. Some other groups have evaluated functional 

connectivity within other thalamic nuclei important for arousal, such as the pulvinar, and 

have found alterations in TLE [15]. As the largest thalamic nucleus, the pulvinar is primarily 

involved in visual attention and is structurally connected with mesial temporal regions and 

the occipital lobe [16,17]. It has been demonstrated that visual attention is correlated with 

thalamo-occipital network activity in healthy individuals [18]. Some studies of TLE have 

shown that the pulvinar has altered connectivity with mesial temporal structures such as the 

hippocampus and parahippocampus [19-21]. One investigation demonstrated that the 

dorsolateral pulvinar has altered connectivity with large areas of the posterior quadrant [22], 

but prior studies have not evaluated in detail connectivity between pulvinar and occipital 

lobe in TLE.

As the pulvinar and CL are both related to awareness and visuospatial attention [16,23], 

which is affected in people with TLE [24], we seek to evaluate and contrast the relationship 
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between these thalamic nuclei and the occipital lobe. In the present study, we use two fMRI 

measures, functional connectivity and amplitude of low frequency fluctuations (ALFF), to 

examine thalamo-occipital connectivity in TLE patients compared to controls. This 

investigation builds upon our preliminary work examining CL connectivity in a smaller 

patient cohort [14]. We also seek to understand potential relationships between these fMRI 

measures and neurocognitive test scores relevant to visual spatial attention and memory. 

Finally, we explore how thalamo-occipital fMRI connectivity patterns changes after epilepsy 

surgery.

2. Materials and Methods

2.1. Participants

Participants included 40 adult patients with mesial TLE who were evaluated for epilepsy 

surgery between 2012 to 2019 at Vanderbilt University Medical Center. Diagnosis of mesial 

TLE was established using standard clinical care at our institution which included epilepsy 

evaluation by neurologists, neurosurgeons, neuropsychologists, and other physicians. 

Evaluations included obtaining detailed patient history, MRI, neuropsychological testing, 

positron emission tomography, seizure semiology analysis, video electroencephalography, 

and localization of language and/or memory by fMRI and/or Wada test. Of these individuals, 

39 patients proceeded with epilepsy surgery, and 25 of these patients underwent an 

additional research MRI 81.2±40.4 (mean±standard deviation) months after surgery (Table 

1). The 40 healthy control participants were matched to patients (Table 1) individually using 

sex and age (typically ±3, maximum ±5 years). Written informed consent was obtained from 

all participants prior to participation in the study, and all procedures were approved by the 

Vanderbilt University Institutional Review Board.

2.2. Imaging

Data was obtained using Philips Achieva 3T MRI scanner (Philips Healthcare, Best, 

Netherlands) with 32-channel head coil. Imaging acquired consisted of (1) three-

dimensional T1-weighted whole-brain images for normalization between participants and 

tissue segmentation (gradient echo, repetition time (TR)=9.1 ms, echo time (TE)=4.6 ms, 

192 shots, flip-angle=8.0°, matrix=256×256, 1.0×1.0×1.0 mm3), (2) two-dimensional, T1-

weighted axial images for functional to structural image coregistration (1.0×1.0×4.0 mm3), 

(3) two 10-minute, T2*-weighted blood oxygenation level dependent (BOLD) resting-state 

fMRI with eyes closed (field of view (FOV)=240.0 mm, TE=35.0 ms, TR=2.0 s, 34 axial 

slices, slice thickness=3.50 mm/0.50 mm gap, matrix=80×80, 3.0×3.0×4.0 mm3), with 300 

volumes acquired per each 10 min acquisition [3]. Prior to acquisition of fMRI, all subjects 

were instructed to lay at rest with their eyes closed and not fall asleep. Acquisition of 

physiological signals, cardiac and respiratory rates, occurred at 500 Hz.

2.3. Regions of interest (ROIs)

Subject specific atlases [25] were created for the thalami of each subject using an active 

shape model [26] to segment the thalamus into 23 bilateral nuclei (46 total) based on the 

Morel stereotactic atlas [27] from T1 MRI (Fig. 1). These nuclei include the intralaminar 

thalamic nuclei, of which the largest is CL, and pulvinar subnuclei. Of note, in the Morel 
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stereotactic atlas, the 4 pulvinar subregions are divided into three masks which includes a 

mask of the anterior pulvinar (PuA), lateral pulvinar (PuL) and a combined mask of the 

inferior and medial pulvinar (PuI/PuM) [27]. The active shape model used to segment the 

thalamic nuclei for each subject has been validated in a cohort of healthy controls [25]. 

Additionally, to confirm that the signal to noise ratio (SNR) was comparable between these 

small ROIs and a more commonly used larger ROI, the SNR was measured in each thalamic 

nuclei of interest and was compared to the whole mask of the thalamus from the Harvard-

Oxford atlas. The correlation of fMRI signal of voxels within a region was also calculated 

within each thalamic nucleus and compared to the whole mask of the thalamus from the 

Harvard-Oxford atlas. This was measured by finding the Pearson’s correlation of each voxel 

pair within the region and then calculating the mean Pearson’s correlation for all voxels 

within an ROI.

In addition, regions of the occipital lobe were defined using the Harvard-Oxford Atlas 

(http://www.fmrib.ox.ac.uk/fsl). Medial occipital lobe ROIs included cuneal cortex, 

intracalcarine cortex, lingual gyrus, occipital fusiform gyrus, occipital pole, and 

supracalcarine cortex. Lateral occipital lobe ROIs included the inferior lateral occipital 

cortex and the superior lateral occipital cortex. Analyses were performed on regions defined 

as ipsilateral or contralateral to the epileptogenic side.

2.4. Functional connectivity analysis

FMRI data was preprocessed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/

spm12/) and MATLAB 2017a (The MathWorks, Natick, MA, USA). The preprocessing 

pipeline included slice-timing correction, motion correction, correction for physiological 

(cardiac and respiratory) noise using RETROspective Image CORrection [28], segmentation 

into cerebrospinal fluid and white and grey matters, and spatial normalization with the 

Montreal Neurological Institute template. Coregistration and normalization of fMRI with T1 

MRI to the cortical/subcortical atlas was done using SPM. A band-pass filter of 0.0067 to 

0.1 Hz was used. For region-wise analyses, functional connectivity was calculated between 

ROIs mentioned in section 2.3 by partial Pearson correlation between the time series of each 

region for both fMRI sessions for each participant. Confounds included six motion time 

series (three measures of translation: x, y, and z and three measures of rotation: roll, pitch, 

and yaw) and mean white matter BOLD signals. The Fisher z-transformation was used to 

transform Pearson correlations for each participant and the mean was calculated between 

both fMRI sessions. In addition, data visualization and voxel-wise analyses on fully 

preprocessed data were performed using the CONN toolbox 17 (https://www.nitrc.org/

projects/conn/) [29]. For these analyses, images of patients’ functional connectivity were 

arranged according to side of epileptogenicity, and images of matched controls were 

arranged accordingly.

2.5. Amplitude of low-frequency fluctuations measurements

To improve understanding of the differences in fMRI signals in the thalamo-occipital 

regions, we calculated Amplitude of Low-Frequency Fluctuations (ALFF) in the thalamic 

nuclei and the occipital lobes and compared patients to controls. ALFF can be used to 

determine the power of the spontaneous low frequency fluctuations of the BOLD signal of 
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the individual regions and may contribute to altered functional connectivity. As previous 

work has demonstrated that ALFF in slow frequency bands (<0.032 Hz) is altered in the 

pulvinar in patients with TLE [30], we chose to focus on the slow-5 frequency band 

(0.01-0.0267 Hz) for ALFF measurements [31].

Preprocessing of fMRI occurred as described in section 2.4. ALFF was measured by 

converting the time series BOLD signal to the frequency domain with the Fourier transform 

function in MATLAB. Next, the averaged square root of the absolute value of the 

transformed signal in the frequency band was measured and divided by the mean ALFF of 

the brain (equation 1).

ALFF = mean(sqrt(fft(0.01 Hz − 0.0267 Hz)))
mean ALFF of brain (1)

2.6. Thalamus volume

To measure overall thalamus volume, the multiatlas approach was used, as described 

previously [32]. Upon visual inspection of each parcellation, no obvious defects were found. 

The thalamic volume was calculated.

2.7. Epilepsy disease measures and neuropsychological testing

Clinical assessments of epileptologists were used to determine subject demographics and 

disease measures in patients, such as seizure frequency, duration of epilepsy, history of focal 

to bilateral tonic-clonic (secondarily generalized) seizures, side of epileptogenicity, and 

imaging evidence of mesial temporal sclerosis (Table 1). Designation of seizure outcomes 

using Engel classification [33] occurred at the time of postoperative imaging, 31.7±15.8 

(mean±Standard Deviation) months after surgery.

Preoperative neuropsychological testing for patients was administered by a licensed 

neuropsychologist. As the thalamic nuclei of interest are involved in visuospatial attention 

processes, we related altered functional connectivity between patients and controls with the 

Rey Complex Figure Test Immediate (RCFT-I) and the Rey Complex Figure Test Delayed 

(RCFT-D) in which performance is related to visuospatial attention and memory function. 

Two patients who did not receive these specific tests were excluded from this analysis.

2.8. Statistical analyses

Parametric tests were applied for normally distributed data, as defined using the Anderson-

Darling test. Comparisons of the demographics between preoperative patients and controls 

were performed using paired t-tests for continuous variables and χ2 for categorical 

variables. Paired t-tests with post-hoc Bonferroni-Holm correction for multiple comparisons 

were used to compare functional connectivity and ALFF between preoperative patients and 

their matched controls, where stated. Comparison of functional connectivity and ALFF 

between preoperative patients, postoperative patients, and controls was done using analysis 

of variance (ANOVA), with post-hoc Fischer’s Least Significant Difference (LSD) 

procedure. Pearson’s correlations were employed to evaluate functional connectivity, ALFF, 
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disease measures, neuropsychological testing, and thalamic volume. MATLAB 2019b and 

SPSS V.23 (Armonk, NY, USA) were used for statistical analyses. For all tests, significance 

was defined as p<0.05.

3. Results

3.1. Patients with TLE have altered functional connectivity in thalamo-occipital networks

Prior to evaluating functional connectivity, for quality assurance, we measured the SNR of 

fMRI signals and demonstrated that the SNR of individual thalamic nuclei of interest on 

each side of the brain were comparable or greater than the SNR of the commonly used 

thalamus mask from the Harvard-Oxford atlas (data not shown). In addition, we also 

measured the correlation of the fMRI signal within the voxels of each thalamic nuclei 

[0.39-0.59, range of mean Pearson correlation] and compared to the whole thalamus 

[0.49-0.59] and found these values to be in line with those of previous studies [34].

We then performed voxel-wise analyses to examine functional connectivity differences 

between preoperative patients and controls seeded from three pulvinar nuclei (PuL, PuA, 

and PuI/PuM) and CL. We observed decreases in connectivity between PuL and widespread 

bilateral neocortical areas in patients vs. controls, with differences most prominent in the 

lateral occipital lobe (Fig. 2a). We also saw increases in functional connectivity between CL 

and the bilateral medial occipital lobe in patients compared to controls (Fig. 2b). Of note, we 

also saw smaller decreases in connectivity between PuA and the bilateral superior temporal 

neocortex and between PuI/PuM and the bilateral medial frontal cortex (not shown), but no 

significant connectivity differences between PuA and PuI/PuM and the occipital lobe were 

observed. Given our specific interest in thalamo-occipital connectivity in the present study, 

we focused on PuL and CL for the remainder of the study.

Next, we more closely examined abnormal thalamo-occipital functional connectivity of PuL 

and CL using region-wise analyses. In patients, we saw less positive functional connectivity 

between the PuL and the lateral occipital lobe compared to controls (p=0.02, paired t-tests 

with Bonferroni-Holm correction) (Fig. 3a), however, there were no differences between 

PuL and the medial occipital lobe (p=0.14) (Fig. 3b). Less negative functional connectivity 

was found between CL and the medial occipital lobe (p=0.01) in patients versus controls 

(Fig. 3d). No differences were seen between CL and the lateral occipital lobe (p=0.11) (Fig. 

3c). Of note, no connectivity differences in patients vs. controls were seen between PuA or 

PuI/PuM and the medial or lateral occipital lobes (not shown). These results suggest 

differing patterns of thalamo-occipital connectivity alterations involving PuL and CL in 

patients vs. controls.

We also individually examined the functional connectivity between the PuL and CL with the 

lateral and medial occipital lobe, respectively, and in the ipsilateral and contralateral 

thalamic nuclei. These results demonstrated similar findings to the analysis with combined 

bilateral thalamic nuclei. Differences in thalamo-occipital connectivity were seen between 

patients (mean=0.69±1.69, mean±SD) versus controls (mean=1.6±2.7) between the 

ipsilateral PuL and lateral occipital lobe (p=0.05, uncorrected) and in patients 

(mean=0.43±2.6) versus controls (mean=1.48±2) between the contralateral PuL and lateral 
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occipital lobe (p=0.04, uncorrected). Additionally, we found differences in connectivity in 

patients (mean=−1.64±2.8) versus controls (mean=−4.1±4) between the ipsilateral CL and 

medial occipital lobe (p<0.01, uncorrected) and in patients (mean=−0.86±3) versus controls 

(mean=−3.3±3.7) between the contralateral CL and medial occipital lobe (p<0.01, 

uncorrected).

3.2. Altered ALFF in patients with TLE

Whereas connectivity measurements may help probe aberrant functional connections 

between two structures, ALFF measurements can identify abnormalities in BOLD signal 

fluctuations in individual structures, which may provide insight about the driving forces of 

connectivity alterations. Given that we observed abnormal functional connections between 

two key thalamic arousal nuclei (PuL and CL) and the lateral and medial occipital lobe, 

respectively, we then measured ALFF in these four regions in patients and controls, both 

ipsilateral and contralateral to the epileptogenic side. We found that patients showed 

decreased ALFF in the ipsilateral lateral occipital lobe compared to controls (p<0.01, paired 

t-tests with Bonferroni-Holm correction) (Fig. 4a). Additionally, we found that patients 

showed decreased ALFF in the ipsilateral medial occipital lobe compared to controls 

(p=0.03) (Fig. 4c). No differences in ALFF in patients vs. controls were seen in the 

contralateral lateral occipital lobe (p=0.41) (Fig. 4b) or the contralateral medial occipital 

lobe (p=0.48) (Fig. 4d).

ALFF was found to trend somewhat higher in patients (0.97±0.09, mean±SD) compared to 

controls (0.92±0.1) in the ipsilateral PuL (p=0.06), while no differences were measured in 

ALFF in the contralateral PuL between patients (0.93±0.12) and controls (0.92±0.1, 

p=0.73). No ALFF differences between patients or controls were seen in the ipsilateral 

(p=0.3) or contralateral CL (p=0.99).

Next, given our hypothesis that thalamo-occipital abnormalities may be related to 

visuospatial attention deficits in TLE, we examined whether ALFF abnormalities seen in 

ipsilateral occipital lobe or ipsilateral PuL were related to RCFT immediate (−I) or delayed 

(−D) scores (available in N=38 out of 40 patients). We observed a modest relationship trend 

between reduced ALFF values in the ipsilateral lateral occipital lobe and lower scores on 

RCFT-I (p=0.04, r=0.38) and RCFT-D (p=0.03, r=0.41), suggesting that ALFF values 

further away from those in controls may be associated with somewhat worse performance. 

We did not see relationships between ALFF in the ipsilateral medial occipital lobe (RCFT-I 

with ipsilateral medial occipital: p=0.28, r=0.18, RCFT-D with ipsilateral medial occipital: 

p=0.11, r=0.27) or in the ipsilateral PuL and RCFT scores (RCFT-I with ipsilateral PuL: 

p=0.06, r=0.73, RCFT-D with ipsilateral PuL: p=0.15, r=0.24). Also, to gain insight into 

whether abnormal ALFF observed in the lateral occipital lobe and the relationship to RCFT 

scores might be a progressive phenomenon in TLE, we measured its relationship to duration 

of disease and noted a modest relationship between longer duration of disease and lower 

(further from controls) ALFF values (p=0.03, r=−0.38). Overall, these ALFF results suggest 

possible inherent abnormalities of BOLD signal fluctuations in the occipital lobe and PuL in 

TLE, the former of which may have a modest relationship to impaired visuospatial attention.
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3.3. Patients demonstrate decreased ipsilateral thalamic volume

To determine whether aberrant thalamic connectivity patterns in patients are also 

accompanied with overall structural abnormalities in the thalamus as a whole, we looked at 

thalamic volume. Thalamic volume ipsilateral to the epileptogenic side was reduced in 

patients (6829±791 mm3, mean±SD) compared to controls (7215±764 mm3, p=0.02, paired 

t-tests with Bonferroni-Holm correction), but contralateral thalamic volume in patients 

(7039±814 mm3) and controls (7300±827 mm3) did not differ (p=0.34, paired t-tests with 

Bonferroni-Holm correction). Next, given our prior observations of relationships between 

seizure frequency and structural abnormalities in other subcortical arousal structures [35], 

we measured whether ipsilateral thalamic volume in patients was related to frequency of 

focal impaired awareness seizures or focal aware seizures. While there was no relationship 

between ipsilateral thalamic volume and frequency of focal impaired awareness seizures 

(p=0.43, rho=−0.13), increased frequency of focal aware seizures was related to reduced 

ipsilateral thalamic volume (p<0.01, rho=−0.456, Spearman’s Rho with Bonferroni-Holm 

correction). This suggests overall abnormalities in ipsilateral thalamic structure that may be 

related to frequency of seizures without impaired awareness.

3.4. Improvements in functional connectivity after surgery may be seen in CL but not PuL

Next, we evaluated changes in thalamo-occipital functional connectivity and ALFF after 

surgical treatment of epilepsy. FMRI data were available for 25 patients 31.7±15.8 (mean

±SD) months after treatment. Functional connectivity reductions between PuL and the 

lateral occipital lobe seen in preoperative patients versus controls (p=0.04) did not recover in 

postoperative patients compared to preoperative baseline (p=0.15), and connectivity after 

surgery remained different from controls (p<0.001, ANOVA with Fisher’s LSD) (Fig. 5a). 

However, abnormal connectivity between CL and the medial occipital lobe in patients versus 

controls (p<0.01) did recover after surgery, with connectivity in postoperative patients 

trending to be more negative than preoperative baseline connectivity (p=0.027) and no 

longer demonstrating differences from controls (p=0.52, ANOVA with Fisher’s LSD) (Fig. 

5b).

Finally, we looked at changes in ALFF values in the ipsilateral lateral occipital lobe and the 

ipsilateral medial occipital lobe after surgery, since ALFF in these structures were abnormal 

in preoperative patients. While ALFF in the ipsilateral lateral occipital lobe in postoperative 

patients (1.06±0.17, mean±SD) was different than in patients before surgery (0.97±0.07, 

p=0.01), ALFF after surgery recovered towards control values (1.06±0.17) and no longer 

differed from controls (p=0.87, ANOVA with Fisher’s LSD). Additionally, ALFF in the 

medial occipital lobe which was different in preoperative patients (1.06±0.12) and controls 

(1.17±0.14, p=0.03 using all 40 patients, p=0.07 in present subset of 25 patients) recovered 

towards control values in postoperative patients (1.15±0.26) and values were not different 

from controls (p=0.81, ANOVA with Fisher’s LSD). Overall, these results suggest that after 

epilepsy surgery for TLE, some thalamo-occipital network abnormalities may recover 

toward control network patterns, whereas others do not.
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4. Discussion

In this study, we sought to investigate altered connectivity of the thalamic arousal nuclei, 

PuL and CL, with the occipital lobe, their relationship with visuospatial attention in TLE, 

and how these functional connections are affected by surgery. We show PuL has less positive 

functional connectivity with the lateral occipital lobe than controls. Similar to our previous 

work in a smaller patient cohort [14], we found that in patients with TLE, there is less 

negative functional connectivity between CL and the medial occipital lobe versus controls. 

As PuL and CL are both arousal thalamic nuclei, these results support our hypothesis of 

altered arousal network connectivity in patients with TLE [35,36]. This idea of interictal 

altered arousal networks is built upon the Network Inhibition Hypothesis, first proposed by 

Blumenfeld [9], which states that seizures in TLE result in ictal disturbances of activity in 

subcortical arousal structures [37].

Previously, studies have demonstrated negative correlations between the thalamus and the 

occipital lobe in resting-state healthy adults using fMRI [38,39]. In our study, we also found 

negative correlations between CL and the medial occipital lobe, however, we found a 

positive relationship between PuL and the lateral occipital lobe, indicating that not all 

thalamic arousal nuclei have a negative correlation with the occipital lobe. Interestingly, both 

positive and negative thalamo-occipital correlations were disturbed in patients with TLE, 

suggesting broadly altered thalamo-occipital networks. One method to provide 

complementary understanding of these altered relationships in the BOLD fMRI is ALFF 

[40] which has been shown to be correlated with spontaneous neuronal activity [41]. Though 

it has been demonstrated that people with TLE have increased ALFF of the ipsilateral 

thalamus [42], the specific intrathalamic nuclei contributing to this alteration have not been 

previously studied to the best of our knowledge. Our work suggests that ALFF may trend 

towards increased in some intrathalamic nuclei, such as PuL, but is not altered in others, 

such as CL. Previously, it has been suggested that altered ALFF in one region may drive the 

functional connectivity between two regions [36,43]. To deepen the understanding of which 

regions drive changes in functional connectivity, future work could focus on evaluating 

effective functional connectivity to determine the causal relationship between these 

structures [44].

Some of the cognitive deficits in people with TLE cannot be explained by altered activity of 

the mesial temporal regions alone, thus suggesting these regions may have a widespread 

effect on other cortical regions [8]. As visuospatial attention is affected in people with TLE 

[24], we evaluated the relationship between altered ALFF activity of the thalamic nuclei and 

occipital lobe, regions involved in visual tasks [16,23,45], with scores on neuropsychiatric 

tests that measure visuospatial attention and memory. We found that reduced power in the 

ALFF of the ipsilateral lateral occipital lobe was correlated with lower scores on both the 

RCFT-I and RCFT-D. To the best of our knowledge, this is the first time a relationship has 

been found between activity of the ipsilateral lateral occipital lobe and the RCFT in patients 

with TLE, supporting the hypothesis that epilepsy has widespread effects on regions beyond 

the epileptic zones. Additionally, decreased thalamic volume of the ipsilateral thalamus is 

commonly seen in patients with TLE [11,46,47] which we validated in this cohort of 

patients. We also found that reduced thalamic volume is correlated with increased frequency 
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of consciousness-sparing seizures in a larger cohort, which contrasts with previous 

relationships we have reported between brainstem arousal networks and frequency of 

consciousness-impairing seizures in TLE [35].

Study of the effects of surgical treatment of epilepsy on functional connectivity in patients 

with TLE is a growing field. Previously, we saw connectivity improvements in certain 

brainstem arousal networks after TLE surgery [14]. Our work here suggests that while some 

functional relationships in thalamic arousal nuclei may improve after surgery (e.g. between 

CL and the medial occipital lobe), others may not (e.g. between PuL and the lateral occipital 

lobe). Unlike our functional connectivity results, we demonstrated that ALFF may recover 

towards control values in both the ipsilateral lateral occipital lobe and the ipsilateral medial 

occipital lobe, suggesting ALFF values of occipital regions may improve after epilepsy 

surgery. While to the best of our knowledge, no other groups have studied postoperative 

ALFF in the occipital lobe of patients with TLE, previous work by our group and others 

have demonstrated that ALFF does change in some brain regions after epilepsy surgery 

[36,48]. Together, these findings suggest that changes in postoperative ALFF vary between 

regions and that ALFF should be further studied to better interpret postoperative outcomes. 

Overall, network studies may help identify novel neuromodulation targets for epilepsy and 

other neurological disorders. Interestingly, CL has previously been explored as a 

neurostimulation target for traumatic brain injury [49], has been studied in rat models of 

epilepsy [50], and will soon be targeted in human epilepsy patients in an active clinical trial.

A limitation of this work is that postoperative neuropsychological testing data was not 

available in our patient cohort and, as such, postoperative visuospatial attention scores could 

not be correlated with postoperative fMRI. Additionally, our TLE group is not homogenous 

as our patients have had two types of epilepsy surgery, not all patients have evidence of 

mesial temporal sclerosis, and a history of focal to bilateral tonic-clonic seizures is not seen 

in all individuals. As such, our results may not be consistently seen in other TLE cohorts. 

Future work should include a larger cohort in which subgroup analysis can be performed. In 

addition, during the acquisition of resting-state fMRI, participants are asked to lie awake 

with their eyes closed, however, we cannot be certain that participants remain awake during 

the scans and this may impact functional connectivity measurements. Furthermore, visual 

identification of the thalamic nuclei using standard 3T MRI imaging is challenging, and 

these small regions may be more susceptible to motion artifact. Despite this, patient-specific 

masks of the thalamic nuclei were ascertained using active shape models that were fit to 

each patient. Despite these limitations, we found altered thalamo-occipital network behavior 

between PuL and CL with the occipital lobe.

5. Conclusions

In summary, this work evaluates functional connectivity of the thalamo-occipital network 

focusing on thalamic arousal nuclei PuL and CL. This is one of the first studies to 

demonstrate altered functional connectivity of PuL in TLE. Additionally, we demonstrated 

that there are different patterns of functional connectivity within thalamic nuclei and that 

they have altered ALFF on the ipsilateral side of seizures. Altered ALFF in the occipital lobe 

was demonstrated to be correlated with altered scores on visuospatial attention 
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examinations. Finally, functional connectivity between thalamic nuclei and the occipital lobe 

may improve for some thalamic nuclei after successful epilepsy surgery, but not others. 

Further studies of the thalamic arousal nuclei in people with TLE may increase our 

understanding of how these regions are affected in this disorder, clarify the relationship of 

these regions with cognitive deficits, and assist in the identification of targets for 

neuromodulation for people with epilepsy.
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BOLD blood oxygenation level dependent

ROI regions of interest

PuA anterior pulvinar

PuL lateral pulvinar

PuI/PuM inferior and medial pulvinar
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Highlights:

• In TLE, functional connectivity of PuL with lateral occipital lobe is less 

positive

• Functional connectivity of CL with medial occipital lobe is less negative

• TLE has altered ALFF in ipsilateral PuL, and the lateral and medial occipital 

lobe

• Altered occipital lobe ALFF correlates with lower scores on Rey Complex 

Figure Test

• After epilepsy surgery, functional connectivity of CL, but not PuL, improves
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Fig. 1. Segmentation of the thalamus.
(A) A superior view, (B) lateral view, and (C) anterior view of the segmented thalamus are 

shown, as well as (D) the thalamus segmentation overlaid on an axial brain. Two nuclei of 

interest, the central lateral nucleus and the lateral pulvinar, are highlighted.
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Fig. 2. Patients with temporal lobe epilepsy have different patterns of abnormal functional 
connectivity in key thalamic arousal nuclei.
Voxel-wise t-tests of functional connectivity seeded from bilateral lateral pulvinar (A) and 

central lateral nucleus (B) are shown in 40 patients vs 40 controls. Data for patients with 

right-sided epilepsy and their corresponding matched controls are flipped, so that changes 

ipsilateral to the epileptogenic side are shown on the left while contralateral changes are 

seen on the right side of the brain. Images are corrected for false discovery rate (FDR), and a 

cluster correction (p<0.05) is applied.
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Fig. 3. Patients exhibit altered functional connectivity between thalamic arousal nuclei and 
regions of occipital lobe.
Patients demonstrate reduced connectivity between the lateral pulvinar and lateral occipital 

lobe compared to controls (A), but no differences in connectivity between the lateral 

pulvinar and medial occipital lobe (B). When examining central lateral nucleus connectivity, 

no connectivity differences to the lateral occipital lobe are seen (C), but connectivity to the 

medial occipital lobe is less negative in patients compared to controls (D). *p<0.5, 

**p<0.01, Bonferroni-Holm correction. N=40 patients with TLE vs 40 controls.
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Fig. 4. Patients demonstrate altered ALFF in occipital lobe.
A) Patients demonstrate decreased ALFF compared to controls in the ipsilateral lateral 

occipital lobe, B) but no differences in ALFF in the contralateral lateral occipital lobe. 

Similarly, there is decreased ALFF between patients and controls in the C) ipsilateral medial 

occipital lobe, D) but no altered ALFF in the contralateral medial occipital lobe. *p<0.5, 

**p<0.01, Bonferroni-Holm correction. N=40 patients with TLE vs 40 controls.
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Fig. 5. After epilepsy surgery, thalamo-occipital connectivity of the central lateral nucleus, but 
not the lateral pulvinar, may improve.
A) In post-operative patients, connectivity between the lateral pulvinar and the lateral 

occipital lobe is not different than pre-operative patients and remains different from controls. 

B) Connectivity between the central lateral nucleus and the medial occipital lobe changes in 

post-operative patients compared to pre-operative baseline, with connectivity in post-

operative patients no longer different from controls. *p<0.05, **p<0.01, ANOVA & post-

hoc Fischer’s LSD. N=25 patients before surgery, the same 25 patients after surgery, and 25 

controls.

Wills et al. Page 20

Epilepsy Behav. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wills et al. Page 21

Table 1.

Demographics of participants. Data for continuous variables are represented as mean ± standard deviation and 

paired t-tests were used for statistical testing. Data for categorical variables are shown as N (%) and chi-square 

tests were used for statistical testing. N=40 TLE patients and 40 controls.

Patients Controls P Value

Age, Years 38.5 ± 11.9 38.5 ± 12.1 0.99

Gender, female 21 (52.5%) 21 (52.5%) 0.99

Epilepsy duration, years 21.1 ± 14.8

Seizure frequency, monthly

Focal Aware Seizures 9.1 ± 33.2

Focal Impaired Awareness Seizures 6.4 ± 9.4

Focal to Bilateral Tonic-Clonic Seizures 0.6 ± 1.6

History of Tonic-Clonic Seizures, yes 22 (55.0%)

Epileptogenic side, right 30 (75.0%)

Mesial temporal sclerosis on MRI, yes 27 (67.5%)

Type of Epilepsy Surgery

Selective Amygdalohippocampectomy 29

Anterior Temporal Lobectomy 9

Responsive Neurostimulation 1

Time between Surgery and Post-op MRI, months 31.7 ± 15.8
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