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A B S T R A C T   

Rolandic epilepsy (RE) is the most common focal, idiopathic, developmental epilepsy, characterized by a tran-
sient period of sleep-potentiated seizures and epileptiform discharges in the inferior Rolandic cortex during 
childhood. The cause of RE remains unknown but converging evidence has identified abnormalities in the 
Rolandic thalamocortical circuit. To better localize this transient disease, we evaluated Rolandic thalamocortical 
functional and structural connectivity in the sensory and motor circuits separately during the symptomatic and 
asymptomatic phases of this disease. We collected high resolution structural, diffusion, and resting state func-
tional MRI data in a prospective cohort of children with active RE (n = 17), resolved RE (n = 21), and controls (n 
= 33). We then computed the functional and structural connectivity between the inferior Rolandic cortex and the 
ventrolateral (VL) nucleus of the thalamus (efferent pathway) and the ventroposterolateral (VPL) nucleus of the 
thalamus (afferent pathway) across development in children with active, resolved RE and controls. We compared 
connectivity with age in each group using linear mixed-effects models. We found that children with active RE 
have increasing thalamocortical functional connectivity between the VL thalamus and inferior motor cortex with 
age (p = 0.022) that is not observed in controls or resolved RE. In contrast, children with resolved RE have 
increasing thalamocortical structural connectivity between the VL nucleus and the inferior motor cortex with age 
(p = 0.025) that is not observed in controls or active RE. No relationships were identified between VPL nuclei 
and the inferior sensory cortex with age in any group. These findings localize the functional and structural 
thalamocortical circuit disruption in RE to the efferent thalamocortical motor pathway. Further work is required 
to determine how these circuit abnormalities contribute to the emergence and resolution of symptoms in this 
developmental disease.   

1. Introduction 

Rolandic epilepsy (RE, also called self-limited epilepsy with cen-
trotemporal spikes; SeLECTS (Specchio et al., 2022)) is the most com-
mon focal developmental epilepsy, accounting for 8–23% of childhood 
epilepsy (Astradsson et al., 1998; Berg and Rychlik, 2015; Camfield and 
Camfield, 2014; Guerrini, 2006; Ross et al., 2020), and characterized by 
a transient period of sleep-potentiated seizures and epileptiform dis-
charges in the inferior Rolandic cortex during childhood (Lin et al., 
2003). RE usually presents during school-age years (Ross et al., 2020), 

and seizures always remit by late adolescence (Berg et al., 2008). In 
addition to seizures, children with RE exhibit subtle to severe cognitive 
deficits that also resolve with disease resolution (Ross et al., 2020). 

The pathophysiology behind symptom onset and resolution in RE is 
still not fully understood, but several studies have identified both 
functional and structural disruptions within the Rolandic thalamocort-
ical circuit. Using resting-state functional magnetic resonance imaging 
(fMRI), abnormal functional activity has been reported in the inferior 
postcentral gyrus in RE (Wu et al., 2015). Diffusion imaging studies have 
identified that children with RE have white matter microstructural 
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abnormalities in the Rolandic gyri using both voxel (Ciumas et al., 2014; 
Kim et al., 2014; Xiao et al., 2014) or ROI-based (Ostrowski et al., 2019; 
Xiao et al., 2014) comparison methods. In addition, children with RE 
have abnormal thalamocortical structural connectivity to the Rolandic 
cortex over development (Thorn et al., 2020). Children with unilateral 
continuous spike wave of sleep, a sleep-potentiated developmental ep-
ilepsy syndrome with genetic, electrographic, and clinical overlap with 
RE have ipsilateral thalamic lesions that are identified beyond chance 
(Leal et al., 2018; Sanchez Fernandez et al., 2012). Likewise, children 
with neonatal thalamic injury are at high risk of developing similar 
sleep-potentiated discharges (Guzzetta et al., 2005; Kersbergen et al., 
2013). 

We have previously shown that children with RE have transiently 
decreased Rolandic sleep spindles, characteristic sleep oscillations that 
are generated in the thalamus and elaborated by efferent and afferent 
thalamocortical circuits (Kramer et al., 2021). Decreased sleep spindles 
correlate with the cognitive deficits observed in RE (Kramer et al., 2021; 
Stoyell et al., 2021), suggesting that thalamocortical circuit disruption 
may contribute to symptoms in this disease. In contrast, children with 
resolved RE no longer exhibit a spindle deficit, indicating this thala-
mocortical disruption is transient. Prior studies evaluating functional 
and structural connectivity in RE have not evaluated whether the 
observed differences are present during the active or resolved state of 
RE, or both. Further, prior studies have not localized whether the circuit 
dysfunction impacts connectivity in the motor efferent or sensory 
afferent thalamocortical Rolandic pathways, or both. 

Given these background studies, we used combined advanced im-
aging techniques to localize the abnormalities in functional and struc-
tural connectivity to the efferent or afferent Rolandic thalamocortical 
circuits during the symptomatic and asymptomatic phases of disease. 
Identification and localization of these developmental abnormalities 
could provide insight into the network imbalances that underlie epilepsy 
onset and support epilepsy resolution in this common age-specific, self- 
limited disease. 

2. Materials and methods 

2.1. Subjects 

We prospectively recruited 38 children with RE, including 17 with 
active disease (defined as seizure within 12 months) and 21 in disease 
resolution (seizure free for > 12 months) (Ross et al., 2020). Children 
with RE were diagnosed by a child neurologist following International 
League Against Epilepsy criteria, including history of at least one focal 
motor or generalized seizure and EEG-confirmed sleep-activated cen-
trotemporal spikes (1989; Fisher et al., 2014). We chose to use one year 
of seizure freedom among RE subjects to signify a low risk of seizure 
recurrence because most children with RE who are seizure-free for 1 
year have a sustained remission (Berg et al., 2004; Ross et al., 2020). 
Thirty-three control children (14F, ages 11.91 ± 2.84 years) without 
history of seizure or known neurologic disorder were also recruited. All 
children underwent sleep EEG at the time of enrollment. Control chil-
dren were excluded if sleep-potentiated spikes were observed (n = 1). 
Children with attention disorders and mild learning difficulties were 
included, as these profiles are consistent with known RE comorbidities 
(Wickens et al., 2017). Informed consent was obtained from all partic-
ipants and this study was approved by from the Massachusetts General 
Hospital Institutional Review Board. Clinical characteristics for all 
subjects in the study are summarized in Table 1. 

2.2. MRI data acquisition 

All subjects underwent high-resolution structural, functional and 
diffusion MRI in a 3 T Magnetom Prisma Simens MRI scanner with a 64- 
channel head coil at the Martinos Center for Biomedical Imaging. Mul-
tiecho MEMPRAGE (TE = 1.74 ms, TR = 2530 ms, flip angle = 7◦, voxel 

size = 1 × 1 × 1 mm3), T2 FLAIR (TE = 3 ms, TR = 5000 ms, flip angle =
7◦, voxel size = 0.9 × 0.9 × 0.9 mm3), functional MRI (TE = 21 ms, TR 
= 568 ms, voxel size = 3 × 3 × 3 mm3, 44 slices, 634 volumes, eyes 
open) and diffusion MRI (64 diffusion-encoding directions, TE = 82 ms, 
TR = 8080 ms, flip angle = 90◦, voxel size = 2.0 × 2.0 × 2.0 mm3, 
diffusion sensitivity of b = 2000 s/mm2, number of slices = 74, skip 0) 
were acquired in a relaxed state with eyes opened. 

2.3. Regions of interest 

The thalamic and Rolandic cortex regions of interest (ROIs) were 
defined in each subject using the MEMPRAGE data and FreeSurfer 7.1.1 
(https://surfer.nmr.mgh.harvard.edu/). For this, the cortical surfaces 
were reconstructed and registered to a common surface space with a 
nonrigid curvature alignment procedure. The thalami in both hemi-
spheres were identified using the subcortical structure segmentation 
tool in volume space. Within the thalamus, we targeted the ventrolateral 
(VL) nucleus, which receives inputs from the primary motor cortex, and 
the ventroposteriolateral (VPL) nucleus, which projects to the primary 
sensory cortex (Fang et al., 2006; Toulmin et al., 2015). These thalamic 
nuclei were defined using thalamic segmentation tools from FreeSurfer 
which estimates thalamic nuclei based on a human probabilistic 
thalamic atlas (Iglesias et al., 2018). Available T2-FLAIR images were 
used to improve the thalamic segmentation performance. The Rolandic 
cortex in each hemisphere was defined by combining pre- and post- 
central gyri labels in the Desikan-Killiany atlas (Desikan et al., 2006) 
which uses a surface-based approach. The inferior Rolandic cortex was 
targeted here to approximate the seizure onset zone in RE, based on the 
stereotyped seizure semiology and spike localization observed in this 
disease (Boor et al., 2007; Pataraia et al., 2008). The inferior Rolandic 
cortex was defined using a sphere from the most inferior vertex in 
Rolandic cortex with a radius equal to half of the distance between the 
most superior and inferior vertices in Rolandic cortex (Ostrowski et al., 
2019; Song et al., 2019; Spencer et al., 2022). All ROIs were inspected 
visually for accuracy. The cortical and thalamic ROIs are shown in Fig. 1. 

2.4. fMRI preprocessing and connectivity 

Resting-state functional connectivity MRI (rsfcMRI) preprocessing 
was performed using FSFAST (part of FreeSurfer’s package, https://sur 
fer.nmr.mgh.harvard.edu/fswiki/FsFast). The first four volumes of 
functional MRI data were excluded to avoid data with unsaturated T1 
signals. We applied slice time correction for multiple interleaved ac-
quisitions, motion correction to the middle volume, and regressed out 
artifacts from head motion, CSF, white matter, and global signals. Data 
were spatially smoothed using a 5 mm FWHM Gaussian filter. To define 
ROIs in functional space, the T1-weighted image was co-registered to the 
fMRI using the middle point of both volumes using boundary-based 
registration (FreeSurfer’s bbregister tool). Functional signals from each 

Table 1 
Subject characteristics.  

Clinical and 
electrographic features 

Active, n ¼
17 

Resolved, n ¼
21 

Controls, n 
¼ 33 

Age, years (mean ± std, 
range) 

10.8 ± 1.8, 
8.4–14.7 

12.9 ± 2.2, 
9.0–17.2 

11.9 ± 2.8, 
7.4–18.3 

Gender 6 Female 6 Female 14 Female 
Duration seizure-free, 

month (mean ± std, 
range) 

3.2 ± 3.8, 
0.1–10.9 

32.7 ± 14.4, 
13.8–67.6  

Epilepsy duration, month 
(mean ± std, range) 

32.4 ± 30.2, 
1.0–102.0 

24.9 ± 23.4, 
0–72.0  

Laterality of epileptiform 
discharges  

8B, 1 R, 1 L, 
3 N, 4 N/A 

8B, 1 R, 4 L, 
6 N, 2 N/A  

Abbreviations: B, bilateral independent discharges; R, right hemisphere only; L, 
left hemisphere only; N, neither; N/A, no NREM EEG. 
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voxel were averaged within each ROI. After visualization of the fMRI 
power spectra, signals were temporally band-pass filtered from 0.01 to 
0.08 Hz (filter order 100, FIR) using the filtfilt function in MATLAB 
(R2021b, Signal Processing Toolbox). Volumes were conservatively 
identified as having motion artifact if any of the following deviations 
were identified: if the mean global signal was > 3 STD from the mean of 
temporal change, if there was framewise displacement > 0.5 mm from 
the reference volume, or rotation or translational values > 1 mm be-
tween contiguous volumes (Power et al., 2014). Volumes with motion 
artifact were then excluded and the rsfcMRI was computed as the cross- 
correlation of the final time-series signal averaged across voxels within 
the ROIs of interest, for each hemisphere for each subject separately. The 

subjects with >50% of volumes contaminated by motion artifact were 
excluded from the analysis (2 active RE subjects, 3% of total popula-
tion), however the uncontaminated volumes from these subjects were 
included in post-hoc analysis to test the consistency of our findings. The 
functional MRI processing pipeline and ROIs are shown in Fig. 2A. 

2.5. DTI preprocessing and structural connectivity 

DTI preprocessing was done with eddy current distortion correction 
and diffusion tensor modeling at each voxel using the eddy and DTIFIT 
programs (part of FSL’s package, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki, 
version 6.0.5.1). To calculate thalamocortical structural connectivity, 

Fig. 1. Regions of interest within the Rolandic thalamocortical circuit. (A) Illustration of the inferior Rolandic thalamocortical circuit. The ventrolateral nucleus (VL) 
nucleus receives inputs from the primary motor cortex (blue arrow), and the ventroposteriolateral (VPL) projects to the primary sensory cortex (yellow arrow). (B) 
Cortical regions of interest (ROIs) include the Rolandic cortex (green), the inferior primary motor cortex (blue), and the inferior primary sensory cortex (yellow). (C) 
Thalamic ROIs include the thalamus (green), the ventrolateral nucleus (VL, blue), and the ventroposteriolateral nucleus (VPL, yellow). 

Fig. 2. Thalamocortical functional and structural connectivity processing pipeline. (A) Thalamocortical functional connectivity processing pipeline. High temporal 
resolution functional images are obtained during a resting state with eyes open. ROIs are defined through co-registration with structural data. Functional data is 
spatially smoothed, averaged, and band-pass filtered within each ROI. The cross-correlation of the signals between two ROIs is computed. (B) Thalamocortical 
structural connectivity processing pipeline. High-resolution, multidirectional diffusion images are obtained. Diffusion tensor models are estimated at each voxel. ROIs 
are defined through co-registration with structural data. Streamlines are executed from each ROI seed. The connectivity index (CI) is calculated as the proportion of 
streamlines that reach the target ROI. 
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probabilistic tractography was executed using Probtrackx2 (https://fsl. 
fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide) (Behrens et al., 2007). The 
local posterior distribution was estimated using a Bayesian approach 
with a 0.5 mm step and 500 streamlines initiated from each voxel within 
the see ROI using Bedpostx. Streamlines were terminated when they 
reached the target ROI or they surpassed a 0.2 curvature threshold or 
2000 maximum steps within a hemisphere. Streamlines with recursive 
looping or a volume fraction <0.01 of the parent fiber volume were 
ignored. This process was performed bidirectionally for each seed and 
target ROI in each hemisphere in each subject. To account for volume 
differences between ROIs and across subjects, the structural connectivity 
index (CI) was then computed as the total number of streamlines that 
reached the target divided by the total number of streamlines initialized 
from the seed ROI (Chu et al., 2015; Thorn et al., 2020). The structural 
connectivity processing pipeline is shown in Fig. 2B. 

2.6. Statistical analyses 

To reduce the influence of extreme observations, we applied a log-
arithmic transformation to all connectivity measures. We also repeated 
each analysis after excluding extreme outliers (beyond the 95% CI of 
values) to confirm stability of results. The developmental trajectory of 
thalamocortical connectivity was evaluated for each group (active, 
resolved, and control) using a linear mixed-effects model with the con-
nectivity measure as the dependent variable, age as the predictor, and 
random subject-specific intercept to account for two observations per 
subject (connectivity measures from the left and right hemispheres for 
each subject). 

Connectivity measure = b0+ b1(age) + 1|subject (1) 

The b0 indicates the intercept and b1 the regression coefficient (beta) 
of age. After identifying relationships in the a priori motor and sensory 
thalamocortical ROIs, to confirm that the methods replicated known 
observations in the literature, we also evaluated the relationship be-
tween age and functional and structural connectivity between the 
thalamus and the entire Rolandic cortex for each group. We tested 
whether duration seizure free, the laterality of epileptiform spikes, or 
the presence of antiseizure medication at the time of MRI predicted 
connectivity features. To do so, we used linear mixed-effects models 
with the connectivity measure as the dependent variable, age and either 
a) duration seizure-free; b) the presence of ipsilateral epileptiform 
spikes; or c) antiseizure medication, as fixed effects and a random 
subject-specific intercept. In each model, we tested sex as a fixed effect 
and included it in the model if p < 0.1. 

To test for a relationship between functional and structural thala-
mocortical connectivity between the same ROIs in each group, we used a 
linear mixed-effects model with functional thalamocortical connectivity 
as the dependent variable, structural thalamocortical connectivity as the 
predictor, age as a fixed effect, and random subject-specific intercept.   

Here, b0 indicates the intercept, b1 the regression coefficient of age, 
and b2 the regression coefficient of the structural connectivity measure. 
To reduce the impact of false discovery across the two thalamic circuits 
evaluated (VL to inferior motor cortex and inferior sensory cortex to 
VPL) we used the Holm-Bonferroni procedure, where P-values < 0.05 
after correction (Holm, 1979) were considered significant. 

2.7. Data availability 

Raw data were generated at Massachusetts General Hospital and the 
Athinoula A. Martinos Center for Biomedical Imaging. Derived data 
supporting the findings of this study are available from the corre-
sponding author on request. All code for the analysis used in this study as 
described in the Methods are available at https://github.com/Hunki- 
Kwon/Thalamocortical-Connectivity. 

3. Results 

3.1. Functional connectivity in the thalamic motor circuit increases in 
active Rolandic epilepsy 

Within the Rolandic thalamocortical circuit, the ventrolateral (VL) 
nuclei receive inputs from the primary motor and premotor cortices, 
including the inferior Rolandic cortex where epileptiform discharges are 
most prominent in RE (Lin et al., 2003). Evaluation of this pathway 
revealed that functional connectivity between the inferior Rolandic 
motor cortex and the VL nucleus increases with age in children with 
active RE (p = 0.022 uncorrected, p = 0.044 corrected, beta = 0.095, 
95% CI [0.015, 0.175], Fig. 3). The results were consistent when the 
uncontaminated volumes from the two children with active RE who 
were excluded due to excessive motion artifact were included (p = 0.03 
uncorrected, beta = 0.087, 95% CI [0.007, 0.167]). This relationship 
was not present in controls (p = 0.9 uncorrected) or children with 
resolved RE (p = 0.4, uncorrected). These results remained qualitatively 
consistent after excluding the extreme outliers (n = 1 control, p = 0.4, 
uncorrected; n = 2 resolved RE, p = 0.3 uncorrected). We found no 
relationship between sex, duration seizure free, the presence of ipsilat-
eral epileptiform spikes, or concurrent antiseizure medication and 
inferior Rolandic thalamocortical functional connectivity (p > 0.4, all 
combinations), with the exception of a positive relationship between 
male sex and connectivity in the remission cohort (p = 0.02). This 
finding identifies a focal developmental abnormality within the inferior 
Rolandic motor thalamocortical circuit in children with Rolandic epi-
lepsy during the symptomatic phase of the disease. 

3.2. Structural connectivity in the thalamic motor circuit increases in 
resolved Rolandic epilepsy 

Evaluation of the structural connectivity of the inferior motor 
Rolandic thalamocortical circuit revealed that children with resolved RE 
have increased thalamocortical structural connectivity between inferior 
motor Rolandic cortex and the VL thalamic nuclei with age (p = 0.025 
uncorrected, p = 0.05 corrected, effect size = 0.065, 95% CI [0.009, 
0.121], Fig. 4). This relationship was not observed in children with 
active RE (p = 0.4, uncorrected). In contrast, control children have 
decreased thalamocortical structural connectivity from to the inferior 
motor Rolandic cortex to the VL thalamic nuclei with age (p = 0.022 

uncorrected, p = 0.044 corrected, effect size = -0.034, 95% CI [-0.063, 
− 0.005]). We found no relationship between sex, duration seizure free, 
the presence of ipsilateral epileptiform spikes, or concurrent antiseizure 
medication and inferior Rolandic thalamocortical structural connectiv-
ity (p > 0.7, all combinations). This finding reveals a focal abnormality 
in the developmental trajectory of the structural Rolandic thalamo-
cortical motor circuit after symptom resolution that is an opposite 
pattern in children with resolved RE compared to control children. 

Functional connectivity measure = b0+ b1(age)+ b2(Structural connectivity measure) + 1|subject (2)   
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3.3. No functional or structural connectivity relationships in the thalamic 
sensory circuit in any group 

Within the Rolandic thalamocortical circuit, the ventroposterio-
lateral (VPL) thalamic nuclei project sensory information to the primary 
sensory cortex, including the inferior Rolandic cortex. Investigation of 
this component of the thalamocortical Rolandic circuit revealed no ev-
idence of a relationship between age and functional connectivity (p >
0.25 uncorrected, all groups, Fig. 5A, B) or structural connectivity in any 
group (p > 0.12 uncorrected, all groups, Fig. 5A, C). These findings 
suggest that the developmental abnormalities in thalamocortical con-
nectivity observed in this disease are confined to the Rolandic motor 
circuit. 

3.4. No relationship between Rolandic structural and functional 
connectivity 

Within the Rolandic thalamocortical motor circuit to the ventrolat-
eral (VL) nuclei, we found no evidence of a relationship between func-
tional and structural connectivity in any group (p > 0.47 uncorrected, 
all groups, Fig. S1A). This result persisted after excluding extreme out-
liers (n = 1 control, p = 0.5 uncorrected; n = 2 resolved RE, p = 0.3 
uncorrected). Within the Rolandic thalamocortical sensory circuit to the 
ventroposteriolateral (VPL) thalamic nuclei, there was a trend toward a 
negative relationship between functional and structural connectivity in 
the VPL sensory circuit in control children that did not persist after 

correction for multiple comparisons (p = 0.09 uncorrected, p = 0.18 
corrected, effect size = -0.19, 95% CI [-0.416, 0.028]). We found no 
evidence of a relationship between functional or structural connectivity 
in the VPL sensory circuit in children with active or resolved RE (p >
0.22 for both groups, uncorrected) (Fig. S1B). 

3.5. Thalamocortical functional and structural connectivity to the 
Rolandic cortex typically increases with age 

Consistent with several prior reports (Fair et al., 2010; Giedd et al., 
1999; Paus, 2005; Thorn et al., 2020), we found that thalamocortical 
functional connectivity to the Rolandic cortex increases with age in 
control children (p = 0.02 uncorrected, p = 0.04 corrected, Beta =
0.042, 95% CI [0.007, 0.078], Fig. 6A, B). This result remained quali-
tatively consistent after excluding the 1 extreme outlier in the control 
group (p = 0.025 uncorrected, p = 0.05 corrected, Beta = 0.03, 95% CI 
[0.004, 0.057]). Similarly, we found that thalamocortical structural 
connectivity to the Rolandic cortex trended to increase with age in 
control children (p = 0.057 uncorrected, p = 0.114 corrected), Beta =
0.016, 95% CI [-0.0001, 0.033], Fig. 6A, C). This finding was significant 
after excluding the 1 extreme outlier in the control group (p = 0.003 
uncorrected, p = 0.006 corrected, Beta = 0.022, 95% CI [0.008, 0.035]). 
In contrast, we found no evidence of a relationship between thalamo-
cortical functional connectivity to the Rolandic cortex and age in active 
or resolved RE (p > 0.17, uncorrected, Fig. 6B; p = 0.3 after excluding 
the 1 extreme outlier in the active RE group). Similarly, no evidence of a 

Fig. 3. Abnormal functional connectivity from ventrolateral thalamus to the inferior motor cortex in Rolandic epilepsy. (A) The inferior Rolandic motor cortex and 
ventrolateral (VL) thalamus (blue) were used as seed and target ROIs in each analysis. (B) Control children have no evidence of a relationship between functional 
connectivity from the VL th alamus to the inferior Rolandic motor cortex with age (p = 0.9). In contrast, children with active Rolandic epilepsy have increased 
functional connectivity between the VL thalamus and the inferior motor cortex with age (p = 0.022, effect size = 0.095). Similar to controls, children with resolved 
Rolandic epilepsy have no evidence of a relationship between functional connectivity from the VL thalamus to the inferior Rolandic motor cortex with age (p = 0.4). 

Fig. 4. Abnormal structural connectivity from ventrolateral thalamus to the inferior motor cortex in Rolandic epilepsy. (A) The inferior Rolandic motor cortex and 
ventrolateral (VL) thalamus (blue) were used as seed and target ROIs in each analysis. (B) Control children have decreased structural connectivity from the VL 
thalamus to the inferior Rolandic motor cortex with age (p = 0.022, β = -0.034). In contrast, children with active Rolandic epilepsy (red) have no relationship 
between structural connectivity from the inferior motor cortex to the VL thalamus and with age (p = 0.4). Opposite to controls, children with resolve Rolandic 
epilepsy (blue) have increase structural connectivity from the inferior Rolandic motor cortex to the VL thalamus with age (p = 0.025, β = 0.065). 
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relationship between thalamocortical structural connectivity and age in 
active or resolved RE (p > 0.21 both groups, uncorrected, Fig. 6C). Thus, 
we detect the expected structural and functional connectivity relation-
ships with age in controls and identify a broad disruption of this typical 
thalamocortical developmental trajectory in both active and resolved 
RE. We note however, that the abnormalities observed in the inferior 
Rolandic cortex in children with RE (e.g. Figs. 3 and 4) were not detected 
when the entire Rolandic cortex was evaluated, confirming that these 
developmental abnormalities are focal to the inferior Rolandic cortex. 

4. Discussion 

Rolandic epilepsy is the most common self-limited focal develop-
mental epilepsy, but the pathophysiology behind the emergence and 
resolution of symptoms in this disease is not yet understood. Several 
lines of converging evidence have identified disruption of the Rolandic 
thalamocortical circuit (Ciumas et al., 2014; Fuentealba and Steriade, 
2005; Grigg-Damberger et al., 2007; Kim et al., 2014; Ostrowski et al., 
2019; Sanchez Fernandez et al., 2017; Steriade et al., 1993; Wu et al., 

Fig. 5. Functional and structural connectivity from ventroposteriolateral thalamus to the inferior sensory cortex. (A) The inferior Rolandic sensory cortex and 
ventroposteriolateral (VPL) thalamus (yellow) were used as seed and target ROIs in each analysis. (B) We found no evidence of a relationship between age and 
functional connectivity from the VPL thalamus to the inferior Rolandic sensory cortex in any group (controls, p = 0.3; active Rolandic epilepsy, p = 0.7; resolved 
Rolandic epilepsy, p = 0.3) (C) We found no evidence of a relationship between age and structural connectivity from the VPL thalamus to the inferior Rolandic 
sensory cortex in any group (controls, p = 0.12; active Rolandic epilepsy, p = 0.9; resolved Rolandic epilepsy, p = 0.3). 

Fig. 6. Abnormal thalamocortical connectivity to the Rolandic cortex in Rolandic epilepsy (A) The Rolandic cortex and thalamus (green) were used as seed and 
target ROIs in each analysis. (B) Control children have increased functional connectivity from the thalamus to the Rolandic cortex with age (p = 0.02). In contrast, 
there is no evidence of a relationship between age and functional connectivity from the thalamus to the Rolandic cortex in children with active (p = 0.2) or resolved 
Rolandic epilepsy (blue, p = 0.5). (C) Control children have a trend toward increased structural connectivity from the thalamus to the Rolandic cortex with age (p =
0.052). In contrast, there is no evidence of a relationship between age and structural connectivity from the thalamus to the Rolandic cortex in children with active (p 
= 0.6) or resolved Rolandic epilepsy (p = 0.2). 
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2015; Xiao et al., 2014), however the timing of these disruptions relative 
to symptoms and the precise localization of these abnormalities within 
the thalamocortical circuit are not known. Here, we show that children 
with RE have increasing functional connectivity along the thalamo-
cortical motor circuit with age during the symptomatic phase of the 
disease. In contrast, children with RE have increased structural con-
nectivity along this same component of the thalamocortical circuit after 
symptom resolution. We found no disease-specific abnormalities along 
the Rolandic sensory circuit, localizing the thalamocortical functional 
and structural lesions to the thalamocortical motor circuit in this dis-
ease. Identification of these circuit disruptions provides new insights 
into the network imbalances that coincide with symptom onset and 
resolution in this common developmental epilepsy. 

We found increased functional connectivity using resting state fMRI 
with age in the Rolandic thalamocortical motor circuit during the period 
of active epilepsy. Consistent with our finding, previous work has found 
that thalamocortical functional connectivity increased with disease 
duration in both temporal lobe epilepsy (Peng and Hsin, 2017) and ju-
venile myoclonic epilepsy (O’Muircheartaigh et al., 2012). In this self- 
limited disease, we also found that the increased functional connectiv-
ity with age observed during the active period of disease resolved during 
disease resolution. Taken together, these findings suggest that increased 
functional connectivity between the thalamus and the seizure onset zone 
may reflect or contribute to increased seizure risk. 

We found increased structural connectivity with age in the Rolandic 
thalamocortical motor circuit during epilepsy resolution using proba-
bilistic tractography. Prior work in temporal lobe epilepsy has identified 
white matter microstructural abnormalities in humans (Owen et al., 
2021) and rodent models (Wang et al., 2017). In these models, the de-
gree of white matter disruption correlated with epilepsy duration (Owen 
et al., 2021) and seizure burden (Wang et al., 2017), suggesting a direct 
impact of seizures on white matter integrity. In contrast, we did not see 
structural abnormalities in the Rolandic thalamocortical motor circuit 
during the active phase of disease in RE. Rather, the structural changes 
coincided with symptom resolution, raising the possibility that the 
atypical developmental white matter trajectory observed in RE may play 
a compensatory role in this disease. We note that the connectivity ab-
normalities are evident when children are grouped into “active” and 
“resolved” states and were not simply a function of duration seizure free, 
the presence of ipsilateral epileptiform discharges, or antiseizure 
medication use. This suggests that there are transient abnormalities that 
only occur proximal to the period of seizure susceptibility in this self- 
limited epilepsy, and other abnormalities that are only detectable at 
least one year into recovery. 

We did not find a direct relationship between thalamocortical 
structural and functional connectivity in any of the circuits we evalu-
ated. These findings are consistent with prior work evaluating structural 
and functional brain networks simultaneously which has not identified a 
strong relationship between the two (Honey et al., 2009). Rather, brain 
functional activity is thought to be constrained by brain structure, but 
within these constraints can demonstrate diverse dynamics, as observed 
here (Chu et al., 2015; Park and Friston, 2013). 

We found no relationship between the VPL and inferior Rolandic 
connectivity in any groups, suggesting that thalamocortical motor cir-
cuits, not thalamocortical sensory circuits, drive the pathology and 
symptoms in RE. Thus, we were able to localize the thalamocortical 
circuit abnormality to the efferent inferior Rolandic VL thalamus motor 
circuit. This improved localization may provide potential treatment 
targets for drug discovery or neuromodulation (Baumer et al., 2020) to 
dampen thalamocortical functional connectivity in the setting of medi-
cation refractory symptomatic disease (Tovia et al., 2011). 

Although we used robust methods applied to high quality combined 
functional and structural MRI imaging in this targeted multimodal 
study, there are still several limitations in this study. Here, we evaluated 
a moderately sized sample of children and controls, where larger sample 
sizes would increase the statistical power to detect subtle differences in 

other components of the Rolandic thalamocortical circuit. We do note 
that using our methods and sample size, we were able to replicate the 
expected linear increase in Rolandic thalamocortical functional and 
structural connectivity with age reported in children in several prior 
studies (Fair et al., 2010; Giedd et al., 1999; Paus, 2005). Our study was 
limited to cross-sectional data so these developmental findings would be 
strengthened by longitudinal data over the course of the disease. Last, to 
reduce the risk of false discovery due to multiple comparisons, we tar-
geted specific ROIs in our study. While this approach improved our 
power to detect differences, it may have missed network abnormalities 
outside the Rolandic thalamocortical circuit. 

Using combined structural and functional imaging, we identify dis-
rupted development of the structural and functional Rolandic thala-
mocortical circuits in RE, the most common idiopathic, focal, 
developmental epilepsy. These data reveal abnormal ventrolateral tha-
lamocortical functional circuits during the symptomatic phase of this 
disease and identify that thalamocortical structural changes coincide 
with symptom resolution. This work validates and localizes Rolandic 
thalamocortical circuit disruption in Rolandic epilepsy and illustrates 
the dynamic motor network alterations present in this transient devel-
opmental disease. 
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Manoach, D.S., Eden, U.T., Kramer, M.A., Chu, C.J., 2022. Source EEG reveals that 
Rolandic epilepsy is a regional epileptic encephalopathy. Neuroimage Clin. 33, 
102956. 

Steriade, M., McCormick, D.A., Sejnowski, T.J., 1993. Thalamocortical oscillations in the 
sleeping and aroused brain. Science 262, 679–685. 

Stoyell, S.M., Baxter, B.S., McLaren, J., Kwon, H., Chinappen, D.M., Ostrowski, L., 
Zhu, L., Grieco, J.A., Kramer, M.A., Morgan, A.K., Emerton, B.C., Manoach, D.S., 
Chu, C.J., 2021. Diazepam induced sleep spindle increase correlates with cognitive 
recovery in a child with epileptic encephalopathy. BMC Neurol. 21, 355. 

Thorn, E.L., Ostrowski, L.M., Chinappen, D.M., Jing, J., Westover, M.B., Stufflebeam, S. 
M., Kramer, M.A., Chu, C.J., 2020. Persistent abnormalities in Rolandic 
thalamocortical white matter circuits in childhood epilepsy with centrotemporal 
spikes. Epilepsia 61, 2500–2508. 

Toulmin, H., Beckmann, C.F., O’Muircheartaigh, J., Ball, G., Nongena, P., 
Makropoulos, A., Ederies, A., Counsell, S.J., Kennea, N., Arichi, T., Tusor, N., 
Rutherford, M.A., Azzopardi, D., Gonzalez-Cinca, N., Hajnal, J.V., Edwards, A.D., 

H. Kwon et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.nicl.2022.103102
https://doi.org/10.1016/j.nicl.2022.103102
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0010
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0010
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0015
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0015
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0015
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0015
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0020
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0020
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0020
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0025
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0025
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0025
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0030
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0030
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0030
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0035
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0035
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0040
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0040
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0040
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0040
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0045
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0045
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0050
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0050
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0050
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0055
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0055
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0055
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0055
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0055
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0060
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0060
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0060
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0060
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0065
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0065
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0065
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0070
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0070
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0070
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0075
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0075
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0075
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0075
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0075
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0080
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0080
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0085
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0085
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0085
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0090
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0090
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0090
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0095
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0100
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0100
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0100
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0105
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0105
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0110
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0110
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0110
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0120
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0120
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0120
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0120
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0125
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0125
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0125
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0130
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0130
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0130
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0130
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0130
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0135
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0135
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0135
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0135
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0140
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0140
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0140
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0145
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0145
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0145
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0145
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0150
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0150
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0150
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0150
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0155
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0155
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0155
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0160
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0160
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0165
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0165
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0165
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0170
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0170
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0175
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0175
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0180
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0180
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0180
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0185
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0185
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0185
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0190
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0190
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0190
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0195
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0195
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0195
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0195
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0200
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0200
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0200
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0200
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0205
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0210
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0210
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0210
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0210
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0215
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0215
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0220
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0220
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0220
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0220
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0225
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0225
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0225
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0225
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0230
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0230
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0230


NeuroImage: Clinical 35 (2022) 103102

9

2015. Specialization and integration of functional thalamocortical connectivity in 
the human infant. Proc. Natl. Acad. Sci. U. S. A. 112, 6485–6490. 

Tovia, E., Goldberg-Stern, H., Ben Zeev, B., Heyman, E., Watemberg, N., Fattal- 
Valevski, A., Kramer, U., 2011. The prevalence of atypical presentations and 
comorbidities of benign childhood epilepsy with centrotemporal spikes. Epilepsia 
52, 1483–1488. 

Wang, H., Huang, Y., Coman, D., Munbodh, R., Dhaher, R., Zaveri, H.P., Hyder, F., 
Eid, T., 2017. Network evolution in mesial temporal lobe epilepsy revealed by 
diffusion tensor imaging. Epilepsia 58, 824–834. 

Wickens, S., Bowden, S.C., D’Souza, W., 2017. Cognitive functioning in children with 
self-limited epilepsy with centrotemporal spikes: A systematic review and meta- 
analysis. Epilepsia 58, 1673–1685. 

Wu, Y., Ji, G.J., Zang, Y.F., Liao, W., Jin, Z., Liu, Y.L., Li, K., Zeng, Y.W., Fang, F., 2015. 
Local Activity and Causal Connectivity in Children with Benign Epilepsy with 
Centrotemporal Spikes. PLoS ONE 10, e0134361. 

Xiao, F., Chen, Q., Yu, X., Tang, Y., Luo, C., Fang, J., Liu, L., Huang, X., Gong, Q., 
Zhou, D., 2014. Hemispheric lateralization of microstructural white matter 
abnormalities in children with active benign childhood epilepsy with centrotemporal 
spikes (BECTS): a preliminary DTI study. J. Neurol. Sci. 336, 171–179. 

H. Kwon et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2213-1582(22)00167-X/h0230
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0230
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0235
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0235
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0235
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0235
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0240
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0240
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0240
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0245
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0245
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0245
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0250
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0250
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0250
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0255
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0255
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0255
http://refhub.elsevier.com/S2213-1582(22)00167-X/h0255

	Transient, developmental functional and structural connectivity abnormalities in the thalamocortical motor network in Rolan ...
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 MRI data acquisition
	2.3 Regions of interest
	2.4 fMRI preprocessing and connectivity
	2.5 DTI preprocessing and structural connectivity
	2.6 Statistical analyses
	2.7 Data availability

	3 Results
	3.1 Functional connectivity in the thalamic motor circuit increases in active Rolandic epilepsy
	3.2 Structural connectivity in the thalamic motor circuit increases in resolved Rolandic epilepsy
	3.3 No functional or structural connectivity relationships in the thalamic sensory circuit in any group
	3.4 No relationship between Rolandic structural and functional connectivity
	3.5 Thalamocortical functional and structural connectivity to the Rolandic cortex typically increases with age

	4 Discussion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Ethics statement
	Author contributions
	Funding
	Appendix A Supplementary data
	References


