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Functional connectivity MRI (fcMRI)—a method of 
analyzing blood oxygen level–dependent (BOLD) 
signal in a task-free, resting-state paradigm—can 

provide insight into regional connectivity in both the in-
tact and diseased brain. In healthy controls, fcMRI reveals 
compartmentalization of neuronal networks into specific 
functional systems, such as sensorimotor, visual, audito-
ry, dorsal attention, and default mode network (DMN).1,7 
While task-based fMRI is routinely used as part of the 
clinical presurgical evaluation of pediatric epilepsy pa-
tients, fcMRI is an emerging addition to the imaging ar-
mamentarium. Several studies have addressed the question 

of fcMRI connectivity in epilepsy,5 including in temporal 
lobe epilepsy (TLE) cases.10 These studies, summarized in 
Mankinen et al.,10 compared connectivity in patients ver-
sus healthy controls, thus using a between-subjects design. 
Although these studies found connectivity abnormalities 
in a number of networks at a population level, they did not 
address lateralizing changes in resting-state fcMRI in the 
individual patient.

Constable et al. recently reviewed the potential use and 
challenges of functional connectivity mapping in intrac-
table epilepsy.6 The most common method used in fcMRI 
processing is seed-based analysis. Seed-based analysis es-
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OBJECTIVE  Functional connectivity magnetic resonance imaging (fcMRI) is a form of fMRI that allows for analysis of 
blood oxygen level–dependent signal changes within a task-free, resting paradigm. This technique has been shown to 
have efficacy in evaluating network connectivity changes with epilepsy. Presurgical data from patients with unilateral 
temporal lobe epilepsy were evaluated using the fcMRI technique to define connectivity changes within and between the 
diseased and healthy temporal lobes using a within-subjects design.
METHODS  Using presurgical fcMRI data from pediatric patients with unilateral temporal lobe epilepsy, the authors per-
formed seed-based analyses within the diseased and healthy temporal lobes. Connectivity within and between temporal 
lobe seeds was measured and compared.
RESULTS  In the cohort studied, local ipsilateral temporal lobe connectivity was significantly increased on the diseased 
side compared to the healthy temporal lobe. Connectivity of the diseased side to the healthy side, on the other hand, 
was significantly reduced when compared to connectivity of the healthy side to the diseased temporal lobe. A statistically 
significant regression was observed when comparing the changes in local ipsilateral temporal lobe connectivity to the 
changes in inter–temporal lobe connectivity. A statistically significant difference was also noted in ipsilateral connectivity 
changes between patients with and those without mesial temporal sclerosis.
CONCLUSIONS  Using fcMRI, significant changes in ipsilateral temporal lobe and inter–temporal lobe connectivity can 
be appreciated in unilateral temporal lobe epilepsy. Furthermore, fcMRI may have a role in the presurgical evaluation of 
patients with intractable temporal lobe epilepsy.
https://thejns.org/doi/abs/10.3171/2018.3.PEDS17701
KEYWORDS  temporal lobe epilepsy; functional connectivity MRI; surgical technique 

J Neurosurg Pediatr  Volume 22 • September 2018270 ©AANS 2018, except where prohibited by US copyright law

Unauthenticated | Downloaded 03/06/22 06:28 AM UTC



J Neurosurg Pediatr  Volume 22 • September 2018 271

F. Grassia et al.

timates changes in seed or region of interest (ROI) BOLD 
signal to whole-brain connectivity maps. In epilepsy, this 
approach has been used to examine changes in language 
networks before and after anterior temporal lobe resec-
tion.3 Pereira et al. examined connectivity between the left 
and right hippocampi in mesial temporal sclerosis (MTS) 
patients.14 They found changes in functional connectivity 
between hippocampi in patients with unilateral disease. A 
similar study using each of the left and right hippocampi as 
seeds for a seed-to–whole-brain analysis was performed, 
showing changes in resting-state functional connectivity 
between the hippocampi and thalamic nuclei.12

We hypothesized that the temporal pole might be a pro-
ductive ROI for studying intra- and interlobar connectiv-
ity in individual TLE patients. Furthermore, comparing 
fcMRI patterns in the affected lobe versus the unaffected 
lobe might provide additional information about the extent 
of the epileptogenic network and changes in connectivity 
that occur in intractable epilepsy. We retrospectively ap-
plied this technique to patients with TLE. We studied the 
influence of these disease processes on resting-state fcMRI 
patterns in the temporal lobes as well as the interhemi-
spheric connectivity. We then compared the connectivity 
measures in the affected versus unaffected temporal lobes.

Methods
Twenty-nine patients with drug-resistant TLE being 

considered for epilepsy surgery were identified from July 

2012 to May 2017 at Seattle Children’s Hospital. Only sub-
jects noted to have unilateral temporal lobe disease were 
included. These patients were studied using fcMRI as part 
of a comprehensive phase 1 evaluation that included 3-T 
structural MRI, FDG-PET, video EEG monitoring with 
ictal recordings, and neuropsychological and developmen-
tal testing. Exclusion criteria were excessive motion dur-
ing fcMRI (making processing suboptimal), metal artifact 
(e.g., dental appliances), or gross anatomical asymmetry in 
brain appearance that prevented reproducible seed-based 
analysis using temporal lobe seeds in standard Montreal 
Neurological Institute (MNI) space. Eighteen patients (7 
female [mean age 11.4 ± 5.6 years], including 8 sedated 
patients [mean age 6.8 ± 4.5 years]) met inclusion and ex-
clusion criteria (see Table 1 for a brief listing of clinical 
and demographic parameters). This retrospective study 
was approved by the IRB at Seattle Children’s Hospital.

Imaging was performed on a Siemens (Erlangen) 3-T 
scanner (MAGNETOM Trio; 12-, 32-, or 64-channel head 
coil) with the following protocol: echo-planar imaging, 
blood oxygen level–dependent (BOLD) sequence, TR 2 
sec, TE 27 msec, flip angle 78°, 34 slices, FOV 256 × 256 
mm, and voxel size 4 × 4 × 4 mm. Resting-state fcMRI 
scans were obtained with patients either awake or anesthe-
tized with propofol, depending on whether they could tol-
erate the study without anesthesia. Conscious patients (10 
out of 18) were instructed to relax and rest while keeping 
their eyes open. The fcMRI study was incorporated into 
either the clinical anatomical MRI or the tasked-based 

TABLE 1. Summary of demographics and MRI findings

Pt 
No.

Age at Op 
(yrs) Sex

Sz 
Laterality MRI Finding

Sedation 
During MRI Surgery Postop Outcome

1 17.2 F Rt Negative No Rt temporal lobectomy 1 yr: Engel I
2 8.4 M Lt Dysplasia; lt mesial 

temporal lobe
No Rt temporal lobectomy 6 mos: Engel I, followed by recurrence; 

now Engel IV at 1 yr
3 17.5 F Rt Negative No Rt temporal lobectomy 6 mos: Engel I, followed by recurrence; 

now Engel III at 1 yr
4 13.1 M Lt MTS No Lt temporal lobectomy 2 yrs: Engel I
5 6.3 F Rt Negative Yes Rt temporal lobectomy 2.5 yrs: Engel I
6 17.3 M Lt MTS No Lt temporal LITT 3 yrs: Engel II
7 15.6 M Lt MTS No Lt temporal LITT 3 yrs: Engel II
8 13.4 M Lt Negative No Lt temporal lobectomy 3.5 yrs: Engel III
9 17.8 F Lt Negative No Lt temporal LITT 2 yrs: Engel III

10 5.5 M Lt MTS Yes Lt temporal lobectomy 1.5 yrs: Engel I
11 11.3 M Lt MTS No Lt temporal LITT 4 mos, Engel I
12 19.4 F Lt MTS No Lt temporal lobectomy 6 mos, Engel II
13 9.1 M Lt MTS Yes Lt temporal lobectomy 1 yr: Engel I, followed by recurrence; 

now Engel III at 4.5 yrs
14 5.0 M Lt MTS Yes Lt temporal lobectomy 5 yrs: Engel I
15 0.7 F Lt Dysplasia; lt parietal & 

temporal lobes
Yes Lt temporoparietal 

resection
1 yr: Engel; underwent subsequent 

hemispherectomy; now Engel I
16 7.0 F Rt Tuber; rt temporal Yes Rt resection of tuber 5.5 yrs: Engel I
17 3.8 M Lt Tumor; lt temporal tip Yes Lt resection of tumor 6 yrs: Engel I
18 17.2 M Lt Negative Yes Lt temporal lobectomy 5.5 yrs: Engel I

LITT = laser interstitial thermal therapy; Pt = patient; Sz = seizure.
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fMRI studies that were part of the patients’ routine pre-
surgical evaluation.

Data analysis was performed using 1000 Functional 
Connectomes Project (http://www.nitrc.org/projects/
fcon_1000/) scripts based on Analysis of Functional Neu-
roImages (AFNI, http://afni.nimh.nih.gov/afni) and Func-
tional Magnetic Resonance Imaging of the Brain Software 
Library (FSL, http://www.fmrib.ox.ac.uk/fsl) software 
packages. An earlier publication describes our data acqui-
sition and analysis in more detail.9 In brief, data were tem-
porarily filtered (0.005–0.1 Hz) and spatially smoothed (6-
mm full width at half maximum Gaussian blur). Sources 
of spurious variance along with their temporal derivatives 
were removed from the data through linear regression: 1) 
6 parameters obtained by rigid-body correction of head 
motion; 2) the whole-brain signal, averaged over a fixed 
region in atlas space; 3) signal from a ventricular region; 
and 4) signal from a region centered in the white matter. 
Correlation maps were produced by extracting the BOLD 
time course from a seed region, then computing the cor-
relation coefficient between that time course and the time 
course from all other brain voxels. The correlation maps 
were converted to normal distribution by Fisher’s z-trans-
form. These values were converted to z-scores by dividing 
the square root of the variance, calculated as 1/√(n − 3), 
where n represents the degrees of freedom of the measure-
ment. The degrees of freedom were calculated according 
to Bartlett’s theory using the BOLD time series–lagged 
autocovariance function averaged over multiple ROIs. Fi-
nally, z-score maps were thresholded at a z value of 3.0. 
We routinely analyzed the resting-state data for connec-
tivity with the following seeds (MNI coordinates): so-
matomotor (SM; ± 39, -27, 51); visual (V1; ± 18, -72, 12); 
auditory (A1; ± 60, -12, 0); and DMN/posterior cingulate 
cortex (PCC; ± 6, -48, 39).16

For the purposes of this study, we analyzed the connec-
tivity of the A1 seed located in the anterior temporal lobe 
to the whole temporal lobe regions, as defined by the MNI 
structural atlas in FSL software (the temporal lobe masks 
were symmetrized). As a measure of connectivity, we 
chose the volume of all voxels that exceeded the z value 
threshold. As a control, the same measurement was per-
formed for the V1 seed with respect to the occipital lobe.

Results
Compared to healthy control subjects (Fig. 1A and B), 

studies in epileptic patients demonstrated a variety of con-
nectivity patterns. These patterns ranged from reduced 
connectivity (Fig. 2A), to complete lack of connectiv-
ity (Fig. 2B and C), to a near-normal pattern (Fig. 2D). 
In some of the cases (e.g., Fig. 2B), connectivity in the 
ipsilateral hemisphere appeared to show atypical pattern 
and spread compared to both the unaffected hemisphere 
and expected normal connectivity pattern. In other cases 
(Fig. 2D), connectivity seemed to be quite similar to that 
expected in normal patterns, possibly indicating that the 
disease process had not yet produced network changes.

We did not attempt to quantitatively compare findings 
in patients with those in normal controls, but rather we 
compared the connectivity of the affected temporal lobe 

with the connectivity of the unaffected lobe within a given 
patient. One common finding was that connectivity from 
the A1 seed on the affected side to the opposite temporal 
lobe was reduced compared to the connectivity from the 
symmetric A1 seed on the unaffected side to the diseased 
temporal lobe. We computed seed-to–temporal lobe con-
nectivity values as volume of connected area and found 
that connectivity on the affected side tended to be greater 
on average by 20% (affected side mean 229 ± 135 mm3, 
unaffected side mean 274 ± 127 mm3). A paired t-test 
showed that reduction in connectivity was statistically sig-
nificant (p = 0.029). Also, the connectivity of the seed on 
the affected side to the ipsilateral temporal lobe tended to 
be more widespread than the unaffected side by, on aver-
age, 12% (affected side mean 455 ± 203 mm3, unaffected 
side mean 385 ± 91 mm3). Again, a paired t-test showed 
this increase in connectivity to be statistically significant 
(p = 0.046). We then performed linear regression, compar-
ing the changes in connectivity from the seed to the con-
tralateral temporal lobe with the changes from the seed to 
the ipsilateral temporal lobe per patient. Linear regression 
modeling with a 0 intercept showed that connectivity was 
inversely related across patients (Fig. 3; I = -0.3039 C, 
where I is ipsilateral and C is contralateral connectivity 
differences; p = 0.015; correlation coefficient -0.46). We 
then performed the same analysis for visual V1 seed with 

FIG. 1. Functional connectivity of temporal lobe seeds in healthy 
controls. Connectivity patterns of the left (upper) and the right (lower) 
temporal seeds with MNI coordinates (± 60, -12, 0) in control subjects. 
A: Images in 12-year-old, awake control subject showing fairly typical 
connectivity for normal subjects. B: Average connectivity for images 
obtained in 10 healthy teenage control subjects overlaid onto atlas brain 
image (MNI 152 T1 volume). Both demonstrate strong connectivity be-
tween the seeds and both ipsilateral and contralateral anterior temporal 
poles.
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respect to occipital lobes as a control. No trends or statisti-
cally significant changes were detected.

As an additional analysis, we looked for relationships 
between changes in connectivity and etiology. We found 
that in patients with radiological MTS, change in ipsilater-
al connectivity was significantly different compared with 
that seen in patients without MTS (Fig. 4; -344 ± 295 mm3 
vs 651 ± 501 mm3; p = 0.001).

Discussion
Resting-state functional connectivity patterns have been 

well studied in healthy subjects.7,16 In patients with refrac-
tory epilepsy undergoing fcMRI as part of the presurgical 
evaluation, the data are still somewhat limited but grow-
ing.2,13 Disruption of networks has been described in tem-
poral lobe epilepsy,2,17 including in children,5 and increased 
local connectivity has been found to correlate with abnor-
mal EEG foci.10 Increased connectivity between hemi-
spheres has also been reported in absence epilepsy.6 The 
vast majority of reports published to date focus on compar-
ing the TLE patient group with healthy controls. Although 
these studies provide valuable information about the na-
ture of TLE, it is equally important to define connectivity 
changes within subjects by comparing patterns according 
to laterality. This allows fcMRI resting-state data signals to 

be compared under identical conditions. Bonelli et al.3 ana-
lyzed fcMRI data of 4 individual nonlesional TLE patients 
and demonstrated that measures such as regional homo-
geneity and interregional connectivity show a strong trend 
toward being reduced in the epileptic focus. Low regional 
homogeneity values suggest high local connectivity, as it 
is a measure of signal similarity for neighboring voxels. 
While we did not attempt to correlate fcMRI to epileptic 
focus in this particular study, increased local connectiv-
ity (and thus, reduced regional homogeneity) near epileptic 
foci would be consistent with our findings here.

Several studies have suggested that fcMRI may serve 
as an adjunct presurgical tool, facilitating the identifica-
tion of the seizure focus in focal epilepsy.5,10 We assessed 
the connectivity of the atlas-based seed placed in the tip 
of the temporal lobe. We hypothesized that the epileptic 
process might be altering normal intra- and interlobar 
connectivity patterns. As expected, the patient population 
is diverse, and thus we observed expected substantial vari-
ability in connectivity patterns and measurements within 
the cohort. That said, we found three statistically signifi-
cant changes in connectivity maps within our population: 
a relative reduction in connectivity between the seed in 
the diseased temporal lobe and the healthy temporal lobe 
compared to the converse; a relative increase in connec-
tivity within the diseased temporal lobe compared to the 

FIG. 2. Functional connectivity of temporal lobe seeds in patients with TLE. A: Patient 6: a 17-year-old boy with MTS and left TLE. 
Images show reduced connectivity between the seed in the left (affected) lobe and the contralateral temporal lobe, compared to 
the seed in the unaffected right lobe. B: Patient 16: a 7-year-old girl with tuberous sclerosis and right TLE. Images demonstrate 
lack of detectable connectivity between the seed on the right (affected) side and the contralateral temporal lobe. In addition, 
connectivity of this seed and the ipsilateral lobe appears to be stronger and more widespread than that of the unaffected left lobe. 
C: Patient 18: a 17-year-old boy with MRI-negative left TLE showed lack of detectable connectivity between the seed on the left 
(affected) side and the contralateral temporal lobe, and vice versa. D: Patient 1: a 17-year-old girl with MRI-negative right TLE. 
Images show an apparently normal connectivity pattern despite disease within the right temporal lobe.
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healthy temporal lobe; and an inverse relationship between 
these two characteristics. Interestingly, this trend was not 
observed in the occipital lobe within the cohort. In all, 
these findings suggest a shift in the balance of connectiv-
ity on the side of presumed epileptogenicity (the diseased 
temporal lobe): more local connections and fewer contra-
lateral connections. Given that our regression model was 
statistically significant, we could in theory predict the de-
gree of contralateral connectivity reduction based on the 
degree of local connectivity increase. To our knowledge, 
this is the first time this relationship has been described 
in the literature. Additionally, the significant difference 
in local connectivity in MTS versus non-MTS patients is 
a curious observation that may speak to a different net-
work shift in this particular disease state. Our data sug-
gest that this change in connectivity may be a different 
process than that in the non-MTS cohorts. Interestingly, 
other groups have noted reductions in intrahemispheric 
functional connectivity in MTS, albeit in other circuits.15 
Others have also previously suggested that there may be 
connectivity differences between cortical dysplasia and 
MTS, which would be consistent with our findings.4

As we begin to understand this phenomenon further, 
it would be interesting to see if an additional covariate in 
the regression model would be the severity of underlying 
epilepsy, as well as the duration of the disease. Haneef et 
al. looked at changes in the homogeneity of connectivity 
maps as a function of TLE duration and suggested that 
the diversity of connectivity diminishes as the duration 
of epilepsy increases.8 One possible hypothesis would be 
that the greater the severity and/or duration of the epilep-
sy, the greater is the increase in local connectivity within 
the diseased temporal lobe and the greater is the reduction 
in contralateral temporal lobe connectivity to the healthy 
temporal lobe from the diseased side. An explanation for 
these findings may be alteration and deterioration of net-
works due either to the epilepsy disease process or to on-
going subclinical epileptiform activity during fcMRI data 
acquisition. It is also possible that these findings represent 
structural network differences within the diseased tempo-

ral lobe, potentially developmental in nature, that could 
be contributing to the seizure disorder itself. Given the 
differences in connectivity maps across our cohort, there 
is a strong suggestion that we are looking at a dynamic, 
heterogeneous process. Regardless, because fcMRI con-
nectivity only reflects correlation coefficient, causality 
is uncertain. It is possible increased BOLD signal in the 
temporal lobe ipsilateral to the disease simply represents 
homogeneity, and this may be due to neuronal suppression 
during the interictal period, thus not necessarily indicating 
that the neurons are “more connected.” Clearly, this obser-
vation is an epiphenomenon, and while the mechanistic 
implications are unclear, there could be utility in studying 
it further as part of the clinical presurgical workup and 
potentially also in response to temporal lobe connectivity 
postsurgically as it relates to seizure-free outcomes and 
neuropsychological changes.

Our working hypothesis is that the increase of connec-
tivity within the epileptic lobe reflects BOLD signal ho-
mogeneity secondary to ictal and interictal changes modi-
fying networks around the focus. This could also explain 
the reduced connectivity between the diseased temporal 
lobe and the contralateral lobe, as one would expect the 
homogeneity of local BOLD maps to vary from that of 
maps of the unaffected temporal lobe. The inverse rela-
tionship that we noted with regard to connectivity of the 
diseased temporal lobe to the healthy temporal lobe could 
potentially be explained in light of network injury due to 
ongoing seizures, reorganization favoring local connectiv-
ity/BOLD homogeneity, and/or developmental digression 
of temporotemporal networks, leading to TLE as a sec-
ondary phenomenon.

We hope that future endeavors will help further our un-
derstanding of this phenomenon and help us apply it to the 
presurgical evaluation of patients with intractable epilepsy, 
in either the realm of surgical approach or postoperative 
prognostication. Morgan et al. used a prediction model of 
seizure freedom based on connectivity within a defined, 
proposed seizure propagation network,11 and similarly we 

FIG. 3. Inverse relations between the increment in the connectivity 
within the affected lobe and the reduction of connectivity to the unaf-
fected side. Connectivity was measured as a volume (mm3) of all voxels 
that exceeded the statistical threshold.

FIG. 4. Significant difference between the increment in the connectivity 
within the affected lobe in patients with radiological MTS compared to 
that in those patients with other etiologies (dysplasia, tumor, or MRI-
negative disease). Connectivity was measured as a volume (mm3) of all 
voxels that exceeded the statistical threshold.
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would like evaluate our measurements prognostically in 
the future. There could also be utility in applying this im-
aging approach in patients with MRI-negative TLE, with 
the hope that the changes in connectivity noted here might 
correlate with diseased temporal lobes lacking the ultra-
structural changes necessary to be visualized on standard 
anatomical imaging modalities.

Despite the statistical significance achieved, this is a 
limited preliminary study with a small and diverse patient 
cohort. In order to make resting-state connectivity stud-
ies relevant to clinical applications in epilepsy, methods 
of data acquisition and processing need to be improved. 
In particular, motion artifact remains a limiting factor in 
achieving robust and standardized connectivity patterns 
and measurements that are reproducible both between and 
within subjects. One potential solution would be to de-
velop and implement fragmented analysis of resting-state 
data that would effectively exclude time points affected 
by motion. Evolving techniques of MRI data acquisition, 
including multiband and other techniques that greatly in-
crease time resolution, may contribute to improvement in 
resting-state fMRI clinical applications.

Conclusions
Using fcMRI, significant changes in ipsilateral tempo-

ral lobe and inter–temporal lobe connectivity can be ap-
preciated in unilateral temporal lobe epilepsy. These may 
be representative of network evolution, leading to BOLD 
signal alterations from ictal and interictal activity. The 
specific ipsilateral network changes in MTS observed in 
this cohort corroborate previous observations regarding 
differences in connectivity across pathologies. Further-
more, fcMRI may have a role in the presurgical evaluation 
of patients with intractable temporal lobe epilepsy. Much 
work still needs to be done with regard to refinement of 
acquisition and analysis of data. Also, larger cohorts will 
be needed to achieve a greater granularity as it pertains to 
how connectivity changes with specific pathologies, how it 
varies over the course of the epilepsy, and how to use it to 
assist lateralization/localization.
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