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changes after temporal lobe epilepsy surgery
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Epilepsy surgery consists of surgical resection of the epileptic focus and is recommended for patients with drug-re-
sistant focal epilepsy. However, focal brain lesions can lead to effects in distant brain regions. Similarly, the focal re-
section in temporal lobe epilepsy surgery has been shown to lead to functional changes distant from the resection. 
Here we hypothesize that there are changes in brain function caused by temporal lobe epilepsy surgery in regions 
distant from the resection that are due to their structural disconnection from the resected epileptic focus. 
Therefore, the goal of this study was to localize changes in brain function caused by temporal lobe epilepsy surgery 
and relate them to the disconnection from the resected epileptic focus. This study takes advantage of the unique op-
portunity that epilepsy surgery provides to investigate the effects of focal disconnections on brain function in hu-
mans, which has implications in epilepsy and broader neuroscience.
Changes in brain function from pre- to post-epilepsy surgery were quantified in a group of temporal lobe epilepsy pa-
tients (n = 36) using a measure of resting state functional MRI activity fluctuations. We identified regions with signifi-
cant functional MRI changes that had high structural connectivity to the resected region in healthy controls (n = 96) 
and patients based on diffusion MRI. The structural disconnection from the resected epileptic focus was then esti-
mated using presurgical diffusion MRI and related to the functional MRI changes from pre- to post-surgery in these 
regions.
Functional MRI activity fluctuations increased from pre- to post-surgery in temporal lobe epilepsy in the two re-
gions most highly structurally connected to the resected epileptic focus in healthy controls and patients—the 
thalamus and the fusiform gyrus ipsilateral to the side of surgery (PFWE < 0.05). Broader surgeries led to larger 
functional MRI changes in the thalamus than more selective surgeries (P < 0.05), but no other clinical variables 
were related to functional MRI changes in either the thalamus or fusiform. The magnitude of the functional 
MRI changes in both the thalamus and fusiform increased with a higher estimated structural disconnection 
from the resected epileptic focus when controlling for the type of surgery (P < 0.05). These results suggest that 
the structural disconnection from the resected epileptic focus may contribute to the functional changes seen 
after epilepsy surgery.  
Broadly, this study provides a novel link between focal disconnections in the structural brain network and down-
stream effects on function in distant brain regions.
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Introduction
Epilepsy surgery is an effective treatment option for patients with 
drug-resistant focal epilepsy.1 The goal of epilepsy surgery is to 
eliminate seizures and retain healthy function in the rest of the 
brain through the removal of the epileptic focus, i.e. the brain tissue 
from which seizures originate. However, focal epilepsy is now well 
established as a network disorder as opposed to a solely focal dis-
order,2 suggesting that recurrent abnormal localized activity can 
have widespread effects. Similarly, focal brain lesions can have 
functional and behavioural effects that are not fully explained by 
the location of the lesioned tissue.3 This has led to recent studies 
mapping the functional deficits of lesions to brain networks as 
opposed to a single brain region, known as ‘lesion network map-
ping’.4–7 Both the view of focal epilepsy as a network disorder and 
the observation that focal brain lesions may cause alterations in 
the function of distributed brain networks imply that the focal 
resection in epilepsy surgery may have both focal and widespread 
effects on brain function.

Studies using functional MRI (fMRI) and PET in patients with 
temporal lobe epilepsy (TLE), the most common form of focal epi-
lepsy, have shown that epilepsy surgery leads to changes in brain 
activity in regions distant from, but ipsilateral to the resection.8,9

Furthermore, functional connectivity changes have been observed 
after TLE surgery in distant regions both ipsilateral and contralat-
eral to the resection using fMRI.10,11 It has been proposed that 
some of these distant changes in function may be due to disconnec-
tions in the structural network,8 however, this hypothesis has yet 
to be tested directly.

The goal of this work was to localize functional changes caused 
by TLE surgery and relate these changes to disconnections from 
the resected epileptic focus, i.e. the anterior hippocampus. 
Towards this goal, we used a measure of fMRI activity [amplitude 
of low frequency fluctuations (ALFF)] shown to be altered in epi-
leptic foci and networks12 to quantify changes in brain function 
caused by TLE surgery. Using diffusion MRI (dMRI), we then iden-
tified regions highly structurally connected to the anterior hippo-
campus that overlapped with regions found to have significant 
functional changes after TLE surgery. Next, we determined which 
clinical variables contributed to the pre to post-surgical ALFF 
changes in these identified regions. The structural disconnections 
from the identified regions to the resected epileptic focus were 
then estimated using presurgical dMRI. Finally, we related these 
estimates of structural disconnection to the functional changes 
in ALFF from pre- to post-surgery in these identified regions, con-
trolling for the effects of clinical variables. This study takes advan-
tage of the unique opportunity that epilepsy surgery provides to 
investigate the effects of focal disconnections on brain function 
in humans, which has implications in epilepsy and broader 
neuroscience.

Materials and methods
Participants

This study included 36 unilateral drug-resistant TLE patients who 
underwent surgical treatment for their epilepsy along with 96 
healthy control subjects (Table 1). TLE patients underwent either 
an anterior temporal lobectomy (ATL) (n = 7) or a selective amygda-
lohippocampectomy (SAH) (n = 29) to treat their seizures. 
Presurgical clinical assessments for patients included structural 
MRI, scalp EEG, seizure semiology and PET. Patients with signs of bi-
lateral TLE or who had significant structural abnormalities aside 
from mesial temporal sclerosis were excluded from the study. All 
patients included in the study had confirmed mesial temporal 
sclerosis or gliosis based on postoperative pathology. The 
Vanderbilt University Institutional Review Board approved the 
use of human participants for this study.

Imaging

All imaging was carried out on a Philips 3 T MRI scanner using a 
32-channel head coil. All TLE patients underwent one scanning 

Table 1 Participant demographics

TLE 
(n = 36)

Controls 
(n = 96)

P-value

Age, years 41.8 ± 12.3 37.9 ± 13.4 0.09a

Sex, % female) 50.0 47.9 0.83b

Side of surgery, % left 27.8
Duration of epilepsy, years 22.9 ± 16.7c

Mesial temporal sclerosis on 
MRI, %

66.7

Postoperative pathology, %
Mesial temporal sclerosis 88.9
Mesial temporal gliosis 11.1

PET hypometabolism 
localization, %

77.8

Interictal EEG localization, % 69.4
Ictal EEG localization, % 91.7
Type of surgery, % ATL 19.4
Time between surgery and 

post-surgical scan, months
26.7 ± 17.2

Engel outcome at time of post- 
surgical scan, %
Engel I 75.0
Engel II 8.3
Engel III 16.7
Engel IV 0.0

ATL = anterior temporal lobectomy; TLE = temporal lobe epilepsy.  
aWilcoxon rank-sum test. 
bChi-squared test. 
cOne patient reported an unknown duration of epilepsy (n = 35).
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session prior to surgery and one following surgery, while healthy 
controls all underwent a single session. Each scanning session 
comprised a T1-weighted 3D scan for anatomy (1 mm isotropic), 
a T1-weighted 2D scan in the same slice orientation as the function-
al images for spatial normalization and segmentation (1 × 1 × 
3.5 mm with a 0.5 mm gap), two consecutive 10-min T2*-weighted 
eyes-closed resting-state fMRI scans (3 × 3 × 3.5 mm with a 
0.5 mm gap, repetition time = 2 s, echo time = 35 ms), and a 
diffusion-weighted scan for tractography (50 slices, 2.5 mm isotrop-
ic, one b = 0 volume acquisition and a single-shell of b = 1600 s/mm2 

with 92 directions). A pulse oximeter and respiratory belt collected 
cardiac and respiratory fluctuations during fMRI scans for 
preprocessing.

Segmentation

T1-weighted images were segmented into white matter, grey mat-
ter and CSF masks using SPM12 (https://www.fil.ion.ucl.ac.uk/ 
spm/software/spm12/). For presurgical images, 107 cortical and 
subcortical brain regions were obtained using a multi-atlas seg-
mentation method.13,14 FreeSurfer 615 was used to segment the 
hippocampi into subfields, which were then merged into one anter-
ior and posterior hippocampal region per side,16 resulting in an at-
las of 111 total cortical and subcortical brain regions. In patients, 
regional fMRI and dMRI metrics described below were converted 
to ipsilateral and contralateral to the resection side using this atlas.

Surgical lacunae were segmented on post-surgical T1-weighted 
images using ResectVol17 (Supplementary Fig. 1). To obtain atlases 
for post-surgical scans, presurgical atlases were first registered to 
post-surgical T1-weighted images using SPM12’s non-rigid body 
registration. Resected voxels were then removed from these 
atlases using each patient’s individual lacuna mask to obtain a 
post-surgical atlas for each patient with the lacuna removed 
(Supplementary Fig. 2).

Functional MRI preprocessing and ALFF calculation

Functional MRI data were first corrected for physiological noise with 
RETROICOR18 using the pulse oximeter and respiratory belt signals. 
This was followed by preprocessing using SPM12 that included slice- 
timing correction, motion correction, normalization to Montreal 
Neurological Institute (MNI) coordinates and spatial smoothing 
with a 6 mm full-width at half-maximum (FWHM) Gaussian kernel. 
Next, the mean white matter and CSF signals, along with the six 
translational and rotational motion parameters were regressed 
out of the fMRI time courses. The two consecutive fMRI scans 
were then concatenated in time to obtain one 20-min scan.

To localize regions of functional change that may be due to the 
direct effects of surgery, we computed the ALFF, which is thought to 
reflect the magnitude of resting brain activity.19 ALFF was chosen 
since it can capture changes in brain activity in regions directly dis-
connected from the resection. Our group and others have shown 
that epileptic tissue presents with abnormally high ALFF,12,20,21

while other regional fMRI measures, such as regional homogeneity 
do not show abnormality specific to epileptic tissue.20,22 Moreover, 
interpretations of edge measures between regions such as func-
tional connectivity are complicated by the edges associated with 
the resected region. ALFF was calculated as described previously,12

but is reiterated here. The voxel-wise power spectra of the prepro-
cessed fMRI timeseries were obtained using Welch’s method of es-
timating power spectral density with a Hamming window of length 
120 s and an overlap of 50%. The square root of the power spectrum 

was then summed over the 0.0083–0.1 Hz band to obtain ALFF. ALFF 
was then Z-standardized across grey matter voxels within each 
subject to give units of standard deviations (Z) from the mean 
ALFF within each subject since Z-standardized ALFF has been 
shown to have high test-retest reliability.23,24 Since the fMRI data 
were collected before and after a scanner upgrade, resulting in dif-
ferent magnetic resonance signal scales, the variability in regional 
ALFF metrics due to this upgrade was linearly modelled in the 
healthy controls and subsequently regressed out in all participants.

Diffusion MRI preprocessing

Diffusion MRI data were processed according to the PreQual pipe-
line,25 which included denoising,26 eddy current and motion cor-
rection,27 bias correction of B1 field inhomogeneity,28 and 
synthetic B0 diffusion distortion correction.29 Next, the response 
function was estimated for spherical deconvolution to estimate 
the fibre orientation distribution (FOD).30 One control and one pa-
tient did not undergo dMRI scans and one patient’s dMRI tractogra-
phy failed, therefore, these three participants were not included in 
dMRI analyses. These FOD maps were then used to derive the anter-
ior hippocampus structural connectivity profiles and the estimated 
structural disconnection due to surgery as described below.

Anterior hippocampus structural connectivity 
profiles

Anterior hippocampus structural connectivity profiles were derived 
for both the healthy control and TLE groups to assess which regions 
have the strongest structural connection to the anterior hippocam-
pus, given that the anterior hippocampus is resected in these pa-
tients. To obtain this structural connectivity profile, we first 
computed whole-brain tractography from healthy control and pre-
surgical TLE dMRI data. For whole-brain tractography, the grey 
matter-white matter interface was generated from the T1-weighted 
and B0 images using SPM12 and FOD maps were used to generate 2 
× 107 anatomically constrained probabilistic streamlines through 
the white matter from this interface31 using MRtrix3.28 The stream-
lines were then reduced to 1 × 107 using spherical deconvolution- 
informed filtering of tractograms (SIFT) and then given weights using 
SIFT2—both of which attempt to better quantify the fibre cross- 
sectional area.32 From this, streamlines connecting each of the 111 
regions of interest were identified. Streamline count (SC) was com-
puted as the number of streamlines between each pair of regions 
weighted by streamline length and the inverse of the region size. 
For the healthy control group, the SC profile from the anterior hippo-
campus to the rest of the brain was averaged between right and left 
anterior hippocampi and then across participants to obtain a healthy 
control anterior hippocampus structural connectivity profile. For the 
TLE group, the SC profiles of the ipsilateral anterior hippocampi were 
averaged across participants to obtain a presurgical TLE ipsilateral 
anterior hippocampus structural connectivity profile. The regions 
with the highest structural connectivity to the anterior hippocampus 
were qualitatively compared to the regions with significant changes 
in ALFF from pre- to post-surgery.

Pre- to post-surgical ALFF changes

Pre- to post-surgical ALFF changes were first assessed regionally. TLE 
patients’ regional ALFF values were flipped to be ipsilateral and 
contralateral to the side of resection. All regions with >50% of their 
voxels removed from surgery in any of the patients were discarded 
from the analysis, removing most of the regions resected in an 
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ATL. The regions discarded were the anterior hippocampus, poster-
ior hippocampus, entorhinal cortex, inferior temporal gyrus, middle 
temporal gyrus, parahippocampal gyrus, temporal pole and amyg-
dala, all ipsilateral to the resection. Pre- to post-surgical changes in 
ALFF were then tested in the remaining 103 regions using paired 
t-tests with Bonferroni correction and Cohen’s d was computed to 
display effect size from the tests. In addition, pre- to post-surgical 
ALFF changes in each region across the brain were then related to 
the anterior hippocampus structural connectivity profiles described 
above using two-tailed Spearman correlations. This was performed 
separately for healthy controls and patients with TLE.

Voxel-wise pre- to post-surgical changes in ALFF were then as-
sessed in the regions highly structurally connected to the anterior 
hippocampus that also showed changes in ALFF from pre- to post- 
surgery, i.e. the thalamus and fusiform gyrus, using threshold-free 
cluster enhancement (TFCE)33 for family-wise error (FWE) correc-
tion. To avoid including any resected voxels in this analysis, an ip-
silateral fusiform mask was created by taking a group fusiform 
mask and removing all voxels that were included in any of the pa-
tients’ lacuna masks. This ensured that any voxels included in the 
analysis were not resected in any of the patients. The clusters of 
voxels identified in the thalamus and fusiform gyrus found here 
were then used as seeds in the dMRI tractography described below 
to estimate structural disconnection and investigate cluster specif-
ic structure-function relationships.

In addition, presurgical and post-surgical ALFF in the ipsilateral 
thalamic and fusiform clusters were compared to controls using 
two-sample t-tests. Difference from the control mean was mea-
sured prior to the ALFF t-tests between patients and controls to 
avoid baseline differences in ALFF between right and left sides of 
the brain. Furthermore, we expected that type of surgery would af-
fect the magnitude of the ALFF changes after surgery, therefore pre- 
to post-surgical ALFF changes were compared between patients 
who underwent ATL and SAH in both the thalamic and fusiform 
cluster using two-sample t-tests.

Relationships between pre- to post-surgical ALFF change and 
other clinical variables in both the thalamic and fusiform cluster 
were carried out using partial two-tailed Spearman correlations con-
trolling for surgery type. Other variables tested included age at the 
time of presurgical scan, age of epilepsy onset, duration of epilepsy, 
time between surgery and post-surgical scan, and seizure outcome 
at the time of post-surgical scan graded on the Engel scale.34

Estimated structural disconnection and relation to 
ALFF changes

The structural connectivity from the thalamic and fusiform clus-
ters to the anterior hippocampus were computed using seeded 
tractography of both TLE patients’ presurgical dMRI data and 
healthy controls’ dMRI data. Using MRtrix3,28 FOD maps were 
used to generate 5 × 104 anatomically constrained probabilistic 
streamlines through the white matter31 from each of the thalamic 
and fusiform clusters identified in the above voxel-wise fMRI ana-
lysis. Streamlines were constrained to be >10 mm to minimize 
the number of streamlines starting and ending within the seed re-
gion. From this, streamlines connecting the seeds to the ipsilateral 
anterior hippocampus were identified to compute SC between each 
seed and the anterior hippocampus as in the healthy structural 
connectivity analysis above. This resulted in the presurgical struc-
tural connectivity from the thalamic and fusiform clusters to the 
anterior hippocampus. This presurgical structural connectivity 
was then taken as each cluster’s estimated structural 

disconnection from the epileptic focus, since all these tracts should 
be disconnected after the surgical removal of the epileptic focus.

Presurgical SC between each cluster (thalamic and fusiform) 
and the anterior hippocampus was compared between TLE patients 
and controls using Wilcoxon rank-sum tests. Finally, relationships 
between the pre- to post-surgical ALFF change and the structural 
disconnection from the anterior hippocampus were tested for 
both the thalamic and fusiform clusters using partial right-tailed 
Spearman correlations controlling for surgery type. These relation-
ships were also tested specifically within patients who underwent 
SAH using right-tailed Spearman correlations.

Data availability

Data supporting the findings of this article are available from the 
corresponding author upon reasonable request.

Results
Post-surgical ALFF changes overlap with high 
structural connectivity to the anterior hippocampus

Regional ALFF increases from pre- to post-surgery were found in 
the ipsilateral thalamus, fusiform gyrus and transverse temporal 
gyrus (PFWE < 0.05, paired t-tests, Fig. 1A). Regional ALFF decreases 
from pre- to post-surgery were found in the contralateral inferior 
orbital frontal and supramarginal gyri (PFWE < 0.05, paired t-tests, 
Fig. 1A).

SC from whole-brain dMRI tractography was used to assess the 
structural connectivity between the anterior hippocampus and all 
other brain regions in both healthy controls and patients with TLE. 
The mean SC across controls from the anterior hippocampus was 
highest to the ipsilateral thalamus, fusiform gyrus, putamen, ven-
tral diencephalon/midbrain, caudate and precentral gyrus in des-
cending order (Fig. 1B). The mean SC across TLE patients from the 
anterior hippocampus was highest to the ipsilateral thalamus, fusi-
form gyrus and putamen in descending order (Fig. 1C), although this 
SC was lower than that of healthy controls. Pre- to post-surgical 
changes in ALFF overlapped with the two regions most highly struc-
turally connected to the anterior hippocampus in both healthy con-
trols and patients with TLE, the ipsilateral thalamus and fusiform 
gyrus (Fig. 1A–C). Pre- to post-surgical changes in ALFF were also 
positively correlated with the SC to the anterior hippocampus of 
both healthy controls (r = 0.46, P = 7.9 × 10−7, Spearman correlation, 
Fig. 1D) and TLE patients (r = 0.45, P = 9.4 × 10−7, Spearman correl-
ation, Fig. 1E) across all regions of the brain.

ALFF and structural connectivity differences from 
controls in the thalamic and fusiform clusters

Using voxel-wise analyses, we identified clusters of voxels with 
ALFF increases from pre- to post surgery in both the ipsilateral thal-
amus and fusiform gyrus (PFWE < 0.05, paired t-tests, Fig. 2A). 
Ipsilateral thalamic ALFF increases from pre- to post-surgery were 
largely in the medial, dorsal and posterior portions of the thalamus. 
We observed ipsilateral fusiform ALFF increases from pre- to post- 
surgery in the posterior temporal portion of the fusiform gyrus.

ALFF in the thalamic cluster was not different from controls 
prior to surgery but was higher than controls after surgery (P = 1.9 
× 10−9, two-sample t-test, Fig. 3A). ALFF in the fusiform cluster 
was lower than controls prior to surgery (P = 0.0086, two-sample 
t-test, Fig. 3B) and was higher than controls after surgery (P = 6.5 × 
10−4, two-sample t-test, Fig. 3B).
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Figure 1 Regional ALFF changes from pre- to post-TLE surgery overlap with high structural connectivity to the anterior hippocampus in the ipsilateral 
thalamus and fusiform gyrus. (A) Region-wise changes in amplitude of low frequency fluctuations (ALFF) from pre- to post-surgery were tested using 
paired t-tests. Paired t-test effect size (Cohen’s d) of regions with PFWE < 0.05 are shown. Red regions depict post > pre ALFF while blue regions depict pre 
> post ALFF. Ipsilateral and contralateral are respective to the side of the epileptic focus. (B) Regions with the highest mean structural connectivity to 
the anterior hippocampus in healthy controls. Ipsilateral and contralateral are respective to the side of the anterior hippocampus. (C) Regions with the 
highest mean structural connectivity to the anterior hippocampus before surgery in patients with temporal lobe epilepsy (TLE). Ipsilateral and contra-
lateral are respective to the side of the epileptic focus. (D and E) Relationship between pre- to post-surgical change in ALFF and structural connectivity 
to the anterior hippocampus across all brain regions with (D) depicting the structural connectivity to the anterior hippocampus in healthy controls, 
while (E) depicts the presurgical structural connectivity to the anterior hippocampus in patients with TLE. Statistics are from Spearman correlations. 
Regions with significant post-surgical ALFF changes from (A) are circled in red (increases) and blue (decreases). Ipsilateral anterior and medial temporal 
regions that were largely removed in some patients during surgery were removed from these analyses. Trend lines are based on a linear model and are 
shown for visualization purposes only. Inf = inferior; SC = streamline count; TTG = transverse temporal gyrus.
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We then seeded these clusters for tractography using presurgi-
cal dMRI data to obtain the structural connectivity between each of 
these regions and the ipsilateral anterior hippocampus (Fig. 2B). 
Presurgical structural connectivity between the thalamic cluster 
and the anterior hippocampus was decreased in TLE compared to 
controls (P = 0.0016, Wilcoxon rank-sum, Fig. 3C). Presurgical struc-
tural connectivity was also decreased between the fusiform cluster 
and the anterior hippocampus in TLE compared to controls (P = 7.9 
× 10−5, Wilcoxon rank-sum, Fig. 3D).

Pre- to post-surgical ALFF changes are related to the 
structural disconnection from the resected focus

ALFF increases in the thalamic cluster were found to be significant-
ly higher in patients who underwent ATL than those who under-
went SAH (P = 0.0038, two-sample t-test), but no significant 
difference was detected in the fusiform cluster (P = 0.20, two- 
sample t-test). Therefore, surgery type was used as a covariate in 
all subsequent correlational analyses that included pre- to post- 
surgical ALFF changes. No relationships were found between pre- 
to post-surgical ALFF changes in either the thalamic or fusiform 
cluster and age, duration of epilepsy, age of epilepsy onset, or 
time between surgery and post-surgical scan (P > 0.05, partial 
Spearman correlation). Furthermore, no relationship was found be-
tween pre- to post-surgical ALFF changes in either the thalamic or 
fusiform cluster and seizure outcomes at the time of the post- 

surgical scan graded on the Engel scale (P > 0.05, partial Spearman 
correlation).

The change in ALFF from pre- to post-surgery was increased 
with a higher estimated structural disconnection from the ipsilat-
eral anterior hippocampus in both the thalamic (r = 0.33, P = 0.032, 
partial right-tailed Spearman correlation, Fig. 4A) and fusiform 
(r = 0.45, P = 0.0047, partial right-tailed Spearman correlation, 
Fig. 4B) clusters when controlling for surgery type. This relationship 
remained when only considering patients who underwent a SAH in 
both the thalamic (r = 0.39, P = 0.022, right-tailed Spearman correl-
ation, Fig. 4A) and fusiform (r = 0.46, P = 0.0085, right-tailed 
Spearman correlation, Fig. 4B) clusters.

Discussion
In this study, we identified functional MRI changes after TLE sur-
gery in regions distant (thalamus) and near (fusiform gyrus) to 
the resection of the anterior hippocampus. We then showed that 
the increases in functional change after resection were significantly 
associated with increases in the structural disconnection between 
the resected region and the regions with functional changes. Not 
surprisingly, change in function was also related to the type of sur-
gery, with smaller surgeries (SAH) leading to lesser changes than 
larger surgeries (ATL). However, no other clinical measures were re-
lated to the pre- to post-surgical functional changes in these 
regions.

Figure 2 Pre- to post-surgical ALFF increases in thalamus and fusiform gyrus and estimation of structural disconnection from the resected epileptic 
focus. (A) Clusters of amplitude of low frequency fluctuations (ALFF) increases from pre- to post-surgery were localized within the ipsilateral thalamus 
(top) and fusiform gyrus (bottom) (PFWE < 0.05, paired t-tests). (B) These clusters were seeded for tractography using presurgical dMRI data. The structural 
connectivity to the anterior hippocampus was extracted as an estimate of structural disconnection from the resected epileptic focus for each cluster.
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Previous studies have identified widespread functional changes 
from pre- to post-TLE surgery,8–11 in line with the observation that 
focal brain lesions can have effects on remote areas of the brain.3,6

In this study we focused on the functional changes after TLE sur-
gery in the ipsilateral thalamus, distant from the resection, and 
the ipsilateral fusiform gyrus, near the resection, since they were 
both found to be highly structurally connected to the resected re-
gion. There is strong evidence that the regions of the thalamus 
and fusiform with increased ALFF after surgery are anatomically 
connected to the hippocampus. The ALFF increases in the ipsilat-
eral thalamus were localized to regions overlapping with the anter-
ior, mediodorsal and pulvinar nuclei. This aligns with a previous 
study that found ALFF increases after TLE surgery in the anterior 
and mediodorsal regions of the ipsilateral thalamus.9 The anterior 
nucleus of the thalamus has direct connections with the hippocam-
pus through the fornix, both of which are main nodes in the circuit 
of Papez.35,36 Because of its known connectivity with the hippocam-
pus, the anterior nucleus is a common target for deep brain stimu-
lation to treat seizures in TLE.37 Both the anterior and mediodorsal 
nuclei have been shown to be connected with the hippocampus 
using dMRI.38,39 The pulvinar is also known to be connected to 
the hippocampus, yet indirectly through the entorhinal cortex.36

Furthermore, these regions of the thalamus show consistent struc-
tural and pathological abnormalities in TLE prior to surgery,40

suggesting that they may be damaged by recurrent seizures propa-
gating from the hippocampus. The fusiform gyrus has also been 
shown to be connected to the hippocampus using dMRI.41

Another study found that the fusiform gyrus was functionally con-
nected to the hippocampus in TLE and was part of the interictal epi-
leptic network using intracranial EEG recordings.42 Overall, these 
studies provide evidence of anatomical connections between the 
regions of the thalamus and fusiform seen to have increased 
ALFF in this study and the hippocampus, providing an anatomical 
grounding to our claim that the removal of these connections 
may give rise to the observed functional changes.

We directly evaluated these anatomical connections with dMRI 
and showed that the ipsilateral thalamus and fusiform gyrus were 
the two regions most highly structurally connected to the anterior 
hippocampus in healthy controls and before surgery in patients 
with TLE. Presuming that structural disconnections influence func-
tional changes; these results suggest that the removal of the anter-
ior hippocampus would be expected to have the largest impact on 
these two regions. In further support of this hypothesis, we found 
that higher structural connectivity to the anterior hippocampus 
was associated with a larger increase in ALFF after surgery across 
all regions of the brain. However, the ipsilateral transverse tem-
poral gyrus increased in ALFF from pre- to post-surgery and had 
very low structural connectivity to the anterior hippocampus, 

Figure 3 ALFF and structural connectivity differences from controls in the thalamic and fusiform clusters. Amplitude of low frequency fluctuations 
(ALFF) of healthy controls and temporal lobe epilepsy (TLE) both pre- and post-surgery are shown for the thalamic (A) and fusiform (B) clusters. 
Control distributions reflect mean between left and right regions. Comparisons to controls were performed with two-sample t-tests, while compari-
sons from pre- to post-surgery were performed with paired t-tests. TLE and healthy control structural connectivity are shown for the thalamic (C) 
and fusiform (D) clusters, tested with Wilcoxon rank-sum tests. Control depicts mean between right and left hemisphere, while TLE measures are 
from the hemisphere ipsilateral to the epileptic focus. *P < 0.01, **P < 0.001, ***P < 0.0001, uncorrected. ATL = anterior temporal lobectomy; SAH = select-
ive amygdalohippocampectomy; SC = streamline count.
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straying from this brain-wide trend. Moreover, the regions with de-
creased ALFF from pre- to post-surgery also had very low structural 
connectivity to the anterior hippocampus, indicating that these 
changes did not arise from direct structural disconnections. 
These ALFF changes not explained by a direct structural disconnec-
tion could instead be due to indirect, multi-step effects of the dis-
connection on these regions. However, further studies are needed 
to determine what these changes represent and their potential 
causes.

The pre- to post-surgical ALFF changes increased in the thal-
amus and fusiform with greater presurgical structural connectivity 
to the anterior hippocampus. This relationship held both when 
controlling for surgery type and when only considering patients 
with very selective surgeries (SAH). These increases in ALFF from 
pre- to post-surgery resulted in higher ALFF than controls after sur-
gery in TLE in both the thalamic and fusiform clusters. In the thal-
amic cluster, ALFF was not different from controls prior to surgery, 
while in the fusiform cluster, ALFF was slightly decreased from con-
trols prior to surgery. Additionally, the structural connectivity be-
tween the anterior hippocampus and both clusters in TLE was 
decreased prior to surgery compared to the relatively strong con-
nectivity between these regions in healthy controls. Taken to-
gether, higher, healthier presurgical structural connectivity is 
associated with greater ALFF changes after surgery. However, the 
interpretation of increased ALFF is unclear in this context and it 
is important to note that a few patients had decreases in ALFF 
from pre- to post-surgery.

Prior to surgery, the epileptic focus is atrophied,43,44 hypometa-
bolic45 and has increased ALFF12,21 in TLE. This increased ALFF in 
the epileptic focus is thought to reflect hyperactivity,12,21 while 
the glucose hypometabolism is thought to reflect decreased activity 
from neuronal loss or decreased synaptic density.45 These contra-
dictory interpretations are not well understood. However, Dienel 
et al.46 recently proposed that presurgical glucose hypometabolism 
in the epileptic focus may reflect changes in the mechanisms of 
metabolism as opposed to decreased activity. Interestingly, TLE 
surgery leads to a similar pattern of atrophy9,47 and decreased glu-
cose metabolism8,48 in the ipsilateral thalamus and fusiform gyrus, 
both of which increase in ALFF after surgery. This may suggest the 

development of an epileptogenic process involving the thalamus 
and/or fusiform after surgery, however we did not find a relation-
ship between increased ALFF and seizure outcome in this study. 
More investigations are needed to explore this idea along with 
other potential physiological mechanisms underlying these 
changes.

Limitations and considerations

An important consideration of this study is that we included both 
patients who received ATLs and SAHs. ATLs remove a significant 
portion of the anterior and lateral temporal cortex in addition to 
the mesial temporal structures resected in a SAH.49 Although 
these surgeries are different, we believe that the inclusion of 
both in this study is appropriate since we identified changes in 
function across the combined group, such that they were com-
mon to both ATL and SAH patients. However, patients who re-
ceived an ATL did have larger increases in ALFF in the 
thalamus than those who received a SAH, which we suspect 
may be due to the thalamus being disconnected from more re-
gions. To mitigate the effects of combining these two groups, 
we controlled for surgery type in our correlational analyses. In 
addition, we provided correlational results including only pa-
tients who underwent a SAH to show that the functional 
change—structural disconnection relationship held in these pa-
tients alone.

Another limitation of this study was that we only established a 
correlational relationship between the structural disconnection 
and functional changes. Additionally, the neural and physiological 
underpinnings of the fMRI signal are complex and remain poorly 
understood,50 limiting interpretations of fMRI studies including 
this one. Further multimodal studies including electrophysiologic-
al recordings may be able to advance our understanding of these 
post-surgical fMRI changes and their functional implications. 
Moreover, the small sample size in this study reduces its general-
izability and statistical power. Due to this small sample size, we 
combined right and left TLE patients into a single group to increase 
statistical power, however, structural connectivity can vary based 
on the side of epilepsy.51 Finally, structural connectivity measures 

Figure 4 Pre- to post-surgical ALFF changes in the thalamus (A) and fusiform (B) are related to the estimated structural disconnection from the epileptic 
focus. Right-tailed Spearman correlation coefficients are shown for all patients together as well as for only patients who underwent a selective amyg-
dalohippocampectomy (SAH). Surgery type was used as a covariate for the correlations across all patients. Trend lines are based on a linear model and 
are shown for visualization purposes only. ALFF = amplitude of low frequency fluctuations; ATL = anterior temporal lobectomy; SC = streamline count.
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derived from dMRI are not exact representations of the underlying 
biological anatomy,52 which affects our estimates of structural 
disconnection.

Conclusions
In this study we leveraged a generally homogeneous population of 
patients with similar resections to study the functional effects of 
structural disconnection in humans. Our results show that the sur-
gical resection of the epileptogenic brain tissue in the hippocampus 
leads to increases in functional MRI activity in regions both near 
and distant to the resection. We found that these functional 
changes linearly related to the structural disconnection from the 
resection. These changes may be related to clinically significant be-
havioural and neuropsychological deficits or seizure recurrence, 
not directly explained by the location of the resection. Broadly, 
this study provides a novel link between focal disconnections in 
the structural brain network and downstream effects on function 
in distant brain regions.
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