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Abstract

Purpose—Temporal lobe epilepsy (TLE) affects resting state brain networks in adults. This 

study aims to correlate resting state functional MRI (rsMRI) signal latency in pediatric TLE 

patients with their laterality.

Methods—From 2006 to 2016, 26 surgical TLE patients (12 left, 14 right) with a mean age of 

10.7 years (range 0.9–18) were prospectively studied. Preoperative rsMRI was obtained in patients 

with concordant lateralizing structural MRI, EEG and PET studies. Standard preprocessing 

techniques and seed-based rsMRI analyses were performed. Additionally, the latency in rsMRI 

signal between each 6 mm voxel sampled was examined, compared to the global mean signal, and 

projected onto standard atlas space for individuals and the cohort.

Results—All but one of the 26 patients improved seizure frequency postoperatively with a mean 

follow-up of 2.9 years (range 0–7.7), with 21 patients seizure-free. When grouped for 

epileptogenic laterality, the latency map qualitatively demonstrated that the right TLE patients had 

Corresponding Author: Manish N. Shah, MD, Departments of Pediatric Surgery and Neurosurgery , McGovern Medical School at 
UTHealth, 6431 Fannin St, MSB 5.144, Houston, TX 77030, Tel: 713-500-7370, Fax: 713-500-7352, manish.n.shah@uth.tmc.edu. 

Disclosure:
Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict of interest.
Ethical Approval: All procedures performed in studies involving human participants were in accordance with the ethical standards of 
the institutional research committee and with the 1964 Helsinki declaration and its later amendments.
Informed Consent: Informed consent was obtained from all study participants.

Note: A portion of this work was accepted for oral presentation at the American Society of Pediatric Neurosurgeons Annual Meeting 
in February 2016.

HHS Public Access
Author manuscript
Childs Nerv Syst. Author manuscript; available in PMC 2019 May 01.

Published in final edited form as:
Childs Nerv Syst. 2018 May ; 34(5): 901–910. doi:10.1007/s00381-018-3770-5.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a relatively early signal pattern whereas the left TLE patients had a relatively late signal pattern 

compared to the global mean signal in the right temporal lobe. Quantitatively, the two groups had 

significantly different signal latency clusters in the bilateral temporal lobes (p<0.001).

Conclusion—There are functional MR signal latency changes in medical refractory pediatric 

TLE patients. Qualitatively, signal latency in the right temporal lobe precedes the mean signal in 

right TLE patients and is delayed in left TLE patients. With larger confirmatory studies, 

preoperative rsMRI latency analysis may offer an inexpensive, noninvasive adjunct modality to 

lateralize pediatric TLE.
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Introduction

There is an excellent treatment response to temporal lobectomy in medically refractory 

unilateral pediatric temporal lobe epilepsy, especially in the setting of mesial temporal 

sclerosis.[1–3] With an incidence of 1/1000[4], there is substantial under-treatment of the 

disease[5] and the ability to substantially improve the quality of life of this patient 

population remains in sight. In addition to high rates of seizure control, surgery also offers 

an opportunity to improve development and reduce cognitive side effects by reducing the 

need for impairing anticonvulsant medications.[6] However, the identification of under-

treated epilepsy is complex and requires patient access to pediatric epilepsy surgery centers, 

with basic imaging and EEG-video capabilities as well as advanced diagnostic techniques 

such as positron emission tomography (PET), single photon emission computed tomography 

(SPECT) or magnetic encephalography (MEG).[5] Concordance of sometimes disparate 

neuropsychological testing, MRI, EEG and advanced imaging data may result in a 

recommendation for resective surgery.[7]

Within the realm of advanced functional MR imaging, resting state functional MRI (rsMRI) 

has proved promising in identifying diseased states of the brain.[8–12] The merits of rsMRI 

in pre-surgical correlation-based (functional connectivity) mapping have already been 

demonstrated for language and motor cortex.[10, 11, 13] In addition, specific neurological 

disorders like juvenile psychopathy[14], Alzheimer’s disease[15], and depression[16] 

demonstrate aberrant communication between diseased brain regions and the default mode 

network[17, 18] compared to normal, healthy controls. As a disorder of networks, epilepsy 

is a model disease to study resting state network architecture in both adults[19–25] and 

children.[26] Cataldi, et al., recently reviewed[8] such rsMRI functional connectivity 

analysis done on awake, adult temporal lobe epilepsy patients with similar demonstrably 

diminished DMN communication with the diseased hippocampus.[23, 24, 27–29] Pediatric 

epilepsy patients provide a certain challenge due to their need for sedation during MR 

imaging, though there is some evidence that network correlations persist regardless of 

sedation paradigm.[26]
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However, mesial temporal structures have poor BOLD signal owing to artifact from the 

cisternal fluid pulsation and adjacent sphenoid sinus and temporal bone.[30] At the group 

level, recent data-driven analysis of the temporal latency in cross-covariance in the BOLD 

rsMRI signal demonstrates an excellent and novel ability to examine the resting state and the 

DMN[31] and has been applied to assess patients with autism.[32] In addition, the clinical 

value of rsMRI latency has been suggested by several studies in adult stroke patients[33, 34] 

and awake adult epilepsy patients.[35] This study examines the clinical value of rsMRI in 

lateralizing the epileptogenic side in pediatric patients with unilateral, surgical TLE. In 

addition to conventional seed-based functional connectivity analysis, this study employs 

rsMRI temporal latency analysis to test the hypothesis that latency patterns may be useful in 

determining laterality in pediatric medically refractory temporal lobe epilepsy.

Methods

Patient Selection

With institutional review board approval and informed consent from the parents, all children 

with medically refractory temporal lobe epilepsy undergoing surgery had preoperative 

structural and resting-state functional MRI sequences and were prospectively enrolled in the 

study between 2006 and 2014. Owing to the young age of some of the participants, 

intravenous propofol was used to obtain the images, while the more tolerant patients had no 

sedation. We have previously reported robust signal correlations and resting state network 

architecture in the rsMRI analysis, despite the sedation protocol heterogeneity in this patient 

cohort.[26] A total of 26 patients were identified and imaged with useable rsMRI imaging 

data; 12 had left-sided disease and 14 had right-sided disease based on concordant, 

lateralizing structural MRI, EEG, and neuropsychological testing, with 12 patients also 

having 18-fluorodeoxyglucose positron emission tomography (18FDG-PET). Patients had all 

been discussed in a multidisciplinary epilepsy surgery conference leading to temporal 

lobectomy. Their charts were reviewed for clinical variables including histopathology and 

postoperative seizure outcome.

rsMRI Data Acquisition and Preprocessing

As described previously[26, 36], gradient echo, echo planar BOLD contrast-sensitive rsMRI 

sequences were obtained on a Siemens Trio 3T scanner with a repetition time (TR) of 2.07 s, 

echo time of 25 ms, flip angle of 90°, with two runs of 7 minutes each, covering the brain in 

36 slices (4 mm cubic voxels). These acquisition parameters did not change significantly 

over the study period, with only a minor variability in TR (2.05s, n=1; 2.07s, n=22; 2.08s 

n=2; 2.15s, n=1). The BOLD volumes were then registered to high-resolution anatomical T1 

and T2 images with slice timing compensation, motion reduction and atlas transformation 

performed in one step.[37, 38] Nuisance regression was carried out with regressors extracted 

from the ventricular, white matter as well as the global mean signal.[36, 39] To reduce the 

impact of motion artifact volume, frame censoring was implemented as previously 

described[31], excluding from the final analyses frame-to-frame motion exceeding 2.5 mm. 

To specifically exclude the effect of BOLD signal autocovariance, autocorrelation of the 

nuisance-regressed rsMRI signal was examined for each patient at 3 lags (1, 2 and 3 TR). In 

addition, to exclude effects of sedation on the signal covariance magnitude,[26] voxel-wise 

Shah et al. Page 3

Childs Nerv Syst. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mean standard deviation maps of the nuisance-regressed rsMRI signal were also examined 

for each patient. The Washington University Neuroimaging Laboratory 4dfp Suite was used 

for registration and rsMRI processing (ftp://imaging.wustl.edu/pub/raichlab/4dfp_tools/) 

along with MATLAB (r2015).

Resting-State Functional Connectivity Analysis

Conventional region of interest (ROI) seed-based functional connectivity analysis was 

performed on the preprocessed rsMRI data using previously identified 36 seed ROIs 

representing the “canonical” networks[40] as well as the bilateral amygdala and 

hippocampus seeds.

Resting-State MRI Lag Analysis

Time series were extracted from 6 mm cubic regions of interest (voxels) spanning all gray 

matter. Lagged cross-covariance matrices were calculated as previously described.[31] Lags 

between each voxel and every other voxel were estimated using bicubic interpolation. 

Latency maps then were evaluated in standard atlas space. The group (n=26), the left TLE 

cohort (n=12) and the right TLE cohort (n=14) maps as well as the individual maps were 

compared qualitatively to assess the relative signal latency in the temporal lobe regions. The 

group difference maps were then quantitatively assessed for clusters of voxels with 

significantly different latencies, using a t-test with significance set at p<0.001, to minimize 

group comparison issues at the nominal value (FSL 5.0.8, 2014; Mricron 1.0, 2015).

Results

The cases are described in Table 1 (left temporal lobe epilepsy, LTLE) and Table 2 (right 

temporal lobe epilepsy, RTLE). The mean patient age was 10.7 years (range 0.9–18) with 12 

having left-sided and 14 having right-sided medically refractory temporal lobe epilepsy. In 

the mean follow-up period of 2.9 years (range 0–7.7), 25 patients had improvement in 

seizure outcome with the majority of patients (21/26 or 81%) Engel class I or II; 1 patient 

was lost to follow-up. The majority of patients had a histopathological diagnosis of gliosis, 

mesial temporal sclerosis, or neuronal loss (18/26 or 69%). Three of the patients had 

worthwhile improvement but not seizure freedom (Engel class III) at their most recent 

clinical follow-up, with one of those patients having tuberous sclerosis as the primary 

histopathological diagnosis, a disease known to have recurrence of intractable epilepsy.

Resting-state Functional connectivity

No significant group differences were found in ROI-based rsMRI functional connectivity 

analysis in these pediatric patients. Regardless of sedation paradigm, the patients’ standard 

36-seed correlation maps retained the familiar network architecture as described by Pizoli et 

al.[26]

Resting-state Lag Analysis

In displays of computed lag values, blue-green hues represent regions in which the BOLD 

signal is early with respect to the rest of the brain, i.e., signal “source,” and red-orange hues 

represent relative lateness, i.e., signal “sink”[31]. Figure 1 shows the temporal latency maps 
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of the group average (Figure 1A, n=26), left temporal lobe epilepsy patients (Figure 1B, 

n=12) and right temporal lobe epilepsy patients (Figure 1C, n=14). The group average 

demonstrates a substantial signal earliness in the posterior cingulate cortex (PCC) compared 

to the global mean signal. The PCC is the known driver of the default mode network.[31] 

The group average also demonstrates substantial signal latency (positive latency values; 

orange hues) in the cerebellum. Both the PCC signal “source” and the cerebellar signal 

“sink” patterns are similar to those in the healthy controls described initially with this 

temporal latency analytical method by Mitra et al.[31] Of note, figures 1B and 1C 

demonstrate striking lateralized effects: in left temporal lobe epilepsy, the left temporal lobe 

is a relative signal “source” (blue) and the right temporal lobe is a relative signal “sink” 

(orange). Conversely, in right temporal lobe epilepsy, the left temporal lobe is a signal “sink” 

and the right temporal lobe is a signal “source”. Of note, there is little signal in mesial 

temporal structures in either TLE group or in the combined cohort.

Figure 2 shows the individual signal latency maps in the LTLE patients. Participants 1, 4, 6, 

7, 8, 9, and 11 (n=7/12 or 58%) exhibited the right temporal lobe “sink” pattern (orange) 

seen in the group average latency map (Figure 1B). Figure 3 shows the individual signal 

latency maps in the RTLE patients. Participants 14, 15, 17, 19, 20, 22, 23, 25, and 26 

(n=9/14 or 64%) exhibited the right temporal lobe “source” pattern (blue) seen in the group 

average latency map in Figure 1C. Mesial structures did not exhibit lags relative to the whole 

brain in any of the individual patients. A quantitative comparison of the mean rsMRI 

temporal latency in the right lateral temporal ROI between the two groups of patients seen in 

Figures 2 and 3 was not significant (p = 0.158).

Figure 4 illustrates the latency group difference map (RTLE patients minus LTLE patients). 

Within the temporal lobes, two clusters with significant latency differences between the two 

groups (p<0.001) were found bilaterally in the posteromedial aspects; the Montreal 

Neurological Institute (MNI) coordinates of these significant clusters are listed in Table 3. In 

addition, the cross-correlation of the averaged time series between the two ROIs in the left 

and right temporal lobes was r=0.50 +/− 0.20 for the LTLE cohort and r=0.43 +/− 0.21 for 

the RTLE cohort, indicating weak interhemispheric cross-correlation in these patients. 

Furthermore, an autocorrelation plot (Supplementary Figure 1) shows that temporal 

autocorrelation is negligible in this data. Examining rsMRI signal standard deviation maps 

(Supplementary Figure 2) reveal that the standard deviation maps do not correlate with the 

temporal latency maps in this cohort and there was no large difference in the standard 

deviation maps of the covariance across the patients. These results combined suggest that the 

rsMRI temporal latency differences in this cohort were not due to autocorrelation or 

covariance amplitude artifact of individual patients.

Discussion

This is the first study to examine resting state BOLD MRI signal temporal latency changes 

in sedated children with medically refractory temporal lobe epilepsy and to utilize the results 

to lateralize the epileptogenic side. Current pre-surgical workup paradigms involve high-

resolution, structural brain MRI, electroencephalography, neuropsychological workup and 

usually at least one advanced diagnostic modality, such as magnetoencephalography, PET or 
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SPECT.[5] However, the latter workup and advanced diagnostics require additional patient 

appointments and costs to the medical system. In this study, the rsMRI BOLD signal is 

obtained with the initial, clinically necessary structural MRI, so temporal latency analysis 

could help identify temporal lobectomy candidates without potentially harmful further 

sedation, radiation or costly appointments. Once obtained, the rsMRI temporal latency data 

could be centrally processed and children who would benefit from surgical intervention 

could be referred to an academic epilepsy center. Using a refined method of this technique 

could potentially identify and benefit untreated young children with unilateral refractory 

temporal lobe epilepsy by offering a simple screening modality. The earlier epilepsy is 

treated, the better the overall cognitive outcome[41]; successful epilepsy treatment may also 

normalize resting state architecture and help preserve normal brain development.[26]

This study demonstrates that LTLE and RTLE patients had both qualitative and quantitative 

group differences in rsMRI signal latency in the temporal lobes. Quantitatively, table 3 

describes significant (p< 0.001) differences of rsMRI temporal latency between the two 

patient groups in the posteromedial temporal lobes. Such results (Figure 4 and Table 3) may 

provide guidance for ROI placement to detect group differences in TLE lateralization in a 

future, larger cohort of these patients. The relative signal earliness in the temporal lobe 

ipsilateral to the epileptogenic side and the relative lateness in the contralateral temporal 

lobe in TLE patients may be due to the impact of neuronal activities such as interictal 

epileptiform discharges on the rsMRI signal. A previous study in adult TLE demonstrated 

that interictal discharge-triggered brain activation is mainly located in the epileptogenic 

focus of the mesial temporal lobe.[42] Zhang et al. also found increased amplitude of low-

frequency fluctuations in the ipsilateral mesial temporal lobe and correlated these changes 

with interictal discharges.[43] Further, an EEG-fMRI study demonstrated that generalized 

spike-and-wave discharges elevated synchronization of intrinsic brain network activity in 

absence seizures.[44] Interictal discharges may affect the intrinsic network connectivity in a 

similar way that causes the relative rsMRI signal earliness in the ipsilateral temporal lobe in 

our TLE cohort. Further studies are needed to better understand the mechanisms of 

quantitative rsMRI temporal latency changes in TLE patients.

Similar to the quantitative data, the qualitative latency maps in Figure 1B and 1C indicate 

that the lateral temporal lobe contralateral to the seizure focus exhibited relative lateness 

with respect to the whole brain mean signal. Thus, in left TLE, a right lateral temporal 

region was late (Figure 1B) whereas, in right TLE, a left lateral temporal region was late 

(Figure 1C). At the individual level, the group pattern qualitatively held up in 7/12 (58.3%) 

left TLE patients (Figure 2) and 9/14 (64.2%) right TLE patients (Figure 3). A quantitative 

comparison of the mean rsMRI temporal latency in this right lateral temporal region trended 

towards significance (p = 0.158), suggesting further work in a larger dataset could confirm 

this right temporal lobe signal latency pattern. In this study, there were only three patients, 

cases 2, 5 and 20 with Engel class III outcomes, i.e., persistent seizures despite surgery. 

Interestingly, the two left TLE patients, cases 2 and 5, that had Engel class III outcomes also 

had opposite right temporal latency patterns, i.e., signal sources, rather than the signal sink 

seen in the left TLE group (Figure 1B). This discordance between the initial preoperative 

temporal latency rsMRI pattern and postoperative outcome could mean that temporal latency 

analysis may be a useful adjunctive tool in preoperative counseling and surgical decision-
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making. For case 20, the etiology of the temporal lobe epilepsy was tuberous sclerosis, a 

condition often associated with recurrent, medically-refractory multi-focal epilepsy.[45] 

Overall, a concordant right temporal lobe temporal latency rsMRI pattern in unilateral TLE 

patients may be helpful for the identification of surgical candidates; with more studies, a 

discordant latency pattern may be predictive of persistent postoperative seizures and allow 

more informed presurgical consent discussions with families.

In contrast to the temporal latency analysis, standard “seed”-based rsMRI functional 

connectivity analysis did not detect group differences in this study. The weak cross-

correlation between the two temporal lobe ROIs in this study is consistent with the 

physiologic metabolic mismatch typically seen in FDG-PET on the ipsilateral side in 

unilateral TLE. The insignificant and equivocal (amygdala and hippocampal ROIs) 

connectivity results were likely due to the aforementioned signal artifact of the sphenoid 

bone and fluid pulsations of the basal brain cisterns on the mesial temporal brain BOLD 

signal. In addition, many of the patients had unilateral mesial temporal sclerosis with 

resulting shrunken mesial temporal structures and the signal region of interest volume would 

be different between the two sides. Previous studies have reported inconsistent findings, i.e., 

increased[23] as well as decreased[24, 27] functional connectivity in temporal lobe epilepsy. 

We did not find obvious qualitative signal latency differences between the groups in the 

mesial temporal structures. However, the current standard of care in clinical interictal 
18FDG-PET relies on qualitative interpretation of brain hypometabolism by physicians for 

identification of epileptogenic foci, such as lateral temporal lobe structures. Hence, temporal 

latency analysis similarly focusing on the lateral temporal lobe as described by this study, 

may also be a way for lateralizing functional abnormalities in temporal lobe epilepsy.

The differences in left versus right temporal lobe epilepsy rsMRI signal latency may reflect 

a tendency for diseased areas of the brain to reduce communication with the DMN, a major 

network in the brain’s natural resting state.[46] Loss of functional connectivity is a correlate 

of pathology.[26] The DMN is an important structure linked to memory consolidation and 

predictive modeling of the world.[47, 48] Of note, in left TLE at the group level, the left 

lateral temporal lobe was iso-latent with respect to the PCC (Figure 1B), potentially 

indicating that the diseased left temporal lobe did not communicate as well with the DMN as 

the healthy right temporal lobe. The opposite effect was observed in the right TLE patient 

group (Figure 1C). The lack of strong cross-correlation in rsMRI latency between regions in 

the two temporal lobes was also indicative of a unilateral temporal lobe dysfunction.

As epilepsy and neurodegenerative diseases can affect the mesial temporal structures 

bilaterally, concordant data confirming laterality predicates surgical management[49]. Like 

magnetoencephalography[50] or single photon emission computed tomography[51], 

lateralized mesial temporal hypometabolism with 18FDG-PET often provides confirmatory 

data for determining laterality.[52] However, the 18FDG radiotracer, which gauges glucose 

uptake, yields a temporally static image of pathology, while the BOLD signal, which 

correlates with cerebral blood flow and cerebral metabolic rate of oxygen provides a 

dynamic assessment of functional abnormalities. This study suggests that functional 

abnormalities of signal propagation on a timescale of seconds may represent a sensitive 

correlate of pathology.
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In summary, our study identifies qualitative and quantitative differences in rsMRI temporal 

latency within the right temporal lobe between a cohort of left and right TLE patients, which 

may help lateralize unilateral temporal lobe epilepsy in pediatric patients after confirmation 

with a larger, multi-institutional study. This study is limited by the number of participants in 

both groups, the absence of age-matched controls and the heterogeneity of underlying cause 

of epilepsy as well as the sedation protocol. We currently are involved in a multicenter 

collaboration to increase prospective patient enrollment and standardize the sedation 

protocol to eventually test and strengthen the conclusion of this hypothesis-generating study, 

as described and studied by Ioannidis and Trikalinos.[53] Another weakness that comes with 

studying the temporal structures with low subject numbers is diurnal resting state network 

variability[40], even using such methods as singular value decomposition[29, 54]. Finally, 

there may be value in using multi-modal MR-based detection and confirmation of 

epileptogenic foci[55] such as rsMRI combined with diffusion tractography[21] and myelin 

mapping.[56]

Conclusions

This study examines temporal latency in the resting state functional BOLD MRI signal in a 

cohort of children with unilateral surgical temporal lobe epilepsy. Analysis of signal lags 

(relative to the whole brain mean) in lateral temporal regions revealed lateness (at the group-

level) contralateral to the seizure focus. This pattern was detectable in the majority of 

individual patients and striking, both qualitatively as well as quantitatively. Temporal latency 

rsMRI analysis may offer a useful adjunct modality for lateralization in pediatric, medically 

refractory, temporal lobe epilepsy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Group resting state MRI Temporal Latency analysis. A
All 26 patients are included. note the Posterior Cingulate Cortex (PCC) has a blue signal 

source pattern and the cerebellum has a red signal sink pattern. The left temporal lobe (white 

circle) demonstrates an equivocal pattern. The right temporal lobe (yellow circle) 

demonstrates no latency pattern. B. The 12 left temporal lobe epilepsy (TLE) patients are 

shown in average. Note the PCC is a blue signal source and the cerebellum a red signal sink. 

The left temporal lobe is a blue relative signal source (white circle) and the right temporal 

lobe a red relative signal sink (yellow circle). C. The 14 right TLE patients are shown in 

average. Note the PCC is a blue signal source and the cerebellum a red signal sink. The left 

temporal lobe is a red signal sink and the right temporal lobe is a blue relative signal source.
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Figure 2. Left Temporal Lobe Epilepsy resting state MRI Individual Latency Maps
Note that cases 1, 4, 6, 7, 8, 9, and 11 (n=7/12, 58%) demonstrate the group trend of the 

right temporal lobe as a red relative signal sink (yellow circles). The left temporal lobe 

pattern (white circles) does not hold up from the left TLE cohort level analysis (Figure 1B).

Shah et al. Page 14

Childs Nerv Syst. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Right Temporal Lobe Epilepsy resting state MRI Individual Latency Maps
Note that cases 14, 15, 17, 19, 20, 22, 23, 25 and 26 (n=9/14, 64%, blue arrows) demonstrate 

the group trend of the right temporal lobe as a blue relative signal sink (yellow circles). The 

left temporal lobe pattern (white circles) does not hold up from the right TLE cohort level 

analysis (Figure 1C).
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Figure 4. Latency group difference map (RTLE patients minus LTLE patients)
Clusters with significant group differences in the temporal lobe (P<0.001) are depicted as 

white circles in the left temporal lobe and orange circles in the right temporal lobe. Blue 

clusters indicate RTLE group brain regions that had significantly earlier signal than 

compared to the LTLE group.
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