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Abstract

Objective: Approximately 50% of patients with Tuberous Sclerosis Complex develop infantile 

spasms, a sudden-onset epilepsy syndrome associated with poor neurological outcomes. While an 
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increased burden of tubers confers an elevated risk of infantile spasms, it remains unknown 

whether some tuber locations confer higher risk than others. Here, we test whether tuber location 

and connectivity are associated with infantile spasms.

Methods: We segmented tubers from 123 children with (n=74) and without (n=49) infantile 

spasms from a prospective observational cohort. We used voxel-wise lesion symptom mapping to 

test for an association between spasms and tuber location. We then used lesion network mapping 

to test for an association between spasms and connectivity with tuber locations. Finally, we tested 

the discriminability of identified associations with logistic regression and cross validation as well 

as statistical mediation.

Results: Tuber locations associated with infantile spasms were heterogenous, and no single 

location was significantly associated with spasms. However, >95% of tuber locations associated 

with spasms were functionally connected to the globus pallidi and cerebellar vermis. These 

connections were specific compared to tubers in patients without spasms. Logistic regression 

found that globus pallidus connectivity was a stronger predictor of spasms (OR 1.96, 95%CI [1.10, 

3.50], p=0.02) than tuber burden (OR 1.65, 95%CI [0.90, 3.04], p=0.11), with a mean ROC area 

under the curve of 0.73 (+/−0.1) during repeated cross validation.

Interpretation: Connectivity between tuber locations and the bilateral globus pallidus is 

associated with infantile spasms. Our findings lend insight into spasm pathophysiology and may 

identify patients at risk.

Introduction

Tuberous Sclerosis Complex (TSC) is a neurogenetic disorder with an incidence of 1 in 

6,000 live births1 resulting from pathogenic variants in either the TSC1 or TSC2 genes. TSC 

is characterized by overactivation of the mechanistic target of rapamycin (mTOR) pathway 

leading to abnormalities in cell growth, differentiation, and migration which cause the 

formation of macroscopic lesions in the brain, including tubers, radial migration lines, and 

subependymal nodules. In particular, tubers demonstrate aberrant cortical lamination and 

contain poorly differentiated cells with an ambiguous neuronal-glial phenotype akin to focal 

cortical dysplasia type IIb2. Tubers are potentially epileptogenic and in cases of refractory 

epilepsy in TSC patients, often represent the target of epilepsy surgery3.

Approximately 50% of children with TSC develop infantile spasms, a rapid-onset early 

childhood epilepsy syndrome which typically occurs in the first year of life as clusters of 

generalized flexor or extensor spasms4,5, and can occur with numerous structural, metabolic, 

and genetic etiologies6. Since tubers are thought to disrupt local cortical architecture, others 

have studied whether tuber distribution can predict specific neurological phenotypes, 

including infantile spasms7-9. Unfortunately, these associations have not been consistently 

replicated across cohorts10-12. A recent study of non-TSC related infantile spasms found that 

early acquired brain injury to deep grey matter nuclei may be associated with an increased 

risk for infantile spasms13; however, a consistent and reproducible pattern of lesion locations 

that leads to infantile spasms has not yet been found8,9,14. Furthermore, the pathophysiology 

of how focal lesions result in generalized epileptic spasms remains unknown13. As such, 
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there is a knowledge gap in understanding whether specific patterns of cerebral involvement 

are associated with infantile spasms.

One approach to linking lesion location and symptom expression is voxel-wise lesion 

symptom mapping, typically used to study clinical syndromes in acute stroke15. When lesion 

locations across patients with similar symptoms overlap, neurological symptoms can be 

attributed to specific brain regions. While tuber burden and qualitative tuber location have 

been examined, formal voxel-wise lesion symptom mapping of tubers for specific symptoms 

in TSC has not yet been explored, likely due to the need for larger sample sizes and 

computer-aided lesion delineation8,9,14.

It is possible, however, that infantile spasms result from injury to a specific network, as 

opposed to dysfunction of a single region. Lesion network mapping identifies the network of 

brain regions connected to each lesion location using a normative map of functional 

connectivity16. Connections associated with a specific symptom can then be identified. This 

technique has been successfully used to elucidate lesion-induced hallucinations, delusions, 

movement disorders, and a variety of other symptoms16-20, and lesion network mapping 

results have shown promise as treatment targets for therapeutic brain stimulation21. Here, we 

identified tuber distributions from a large cohort of patients with TSC and applied both 

traditional voxel-wise lesion symptom mapping and more novel lesion network mapping to 

determine whether there is a spasmogenic network that is critical to the generation of 

infantile spasms.

Methods

Patients

Patients’s data were obtained from the Tuberous Sclerosis Complex Autism Center of 

Excellence Network’s (TACERN) multi-center prospective study (NIH U01 NS082320)4. 

Patients were enrolled in the first year of life and followed longitudinally through 36 months 

of age. Informed consent was obtained for each patient, as approved by the Institutional 

Review Board at each participating site. Inclusion criteria for the current study included 

availability of high-quality structural neuroimaging demonstrating visibly present cortical 

tubers.

Tuber segmentation and co-registration

Each patient’s T1w structural MRI was processed as previously described2. As tubers show 

minimal evolution in location and volume on imaging2, the highest contrast MRI (at age >2 

years old) was used. An automated lesion segmentation algorithm22 was trained on 20 

manually segmented T1w, T2w and FLAIR MRI images of children with TSC and validated 

on images from an additional ten children, all of whom were not patients in the present 

study. This algorithm was then applied to each patient’s neuroimaging, followed by visual 

inspection and manual correction of all tuber segmentations with ITK-SNAP23. In all cases, 

the final delineation of tuber distributions was subject to experienced expert review (JP). All 

identified tuber voxels for each participant were coded equally, i.e., not segmented into 

separable tubers. We then registered each patient’s tuber distribution to a common space 
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using the MNI152 2009c nonlinear asymmetric template and Advanced Normalization Tools 

(ANTs) software, which allows ‘unweighting’ of lesion locations24.

Voxel-wise lesion symptom mapping of tuber distributions associated with infantile 
spasms

We performed voxel-wise lesion symptom mapping to identify relationships between 

specific tuber location and infantile spasms15,25. At each voxel affected by at least three 

tubers across the 123 patients26, the association of tuber presence and infantile spasms was 

tested via Liebermeister test, using permutation-based voxel-wise statistics controlling for 

family-wise error with NiiStat25. To account for the spatial dependence between adjacent 

voxels, a whole-brain Bayesian Spatial Generalized Linear Mixed Model (BSGLMM)27 was 

used to determine the probability of tuber presence in patients with and without infantile 

spasms.

Quantitative assessment of overall tuber location and burden

Lobar and overall cortical grey matter burden were calculated using masks created from the 

MNI probabilistic structural atlas distributed with FSL28 (thresholded at 15). A 2-way 

ANOVA assessed for main effect of group, main effect of lobe, and for group x lobe 

interaction (www.R-project.org). To compare with prior work assessing the presence or 

absence of tubers in particular lobes, we also calculated the percentage of patients with lobar 

involvement > 0.5%, omitting lobes with minimal tuber pathology.

Lesion network mapping of tuber distributions associated with infantile spasms

The tuber segmentation from each patient with infantile spasms was used as a seed in a 

resting-state functional connectivity analysis of data collected from 1,000 healthy young-

adult controls29, similar to prior studies16-21, creating a T map for each patient where the 

value of each voxel represents the functional connectivity between that voxel and segmented 

tubers. Each patient’s T map was then thresholded (T>±11, voxel-wise FWE corrected at 

P<10−12) to create a binarized map of regions strongly functionally connected to each 

patient’s tuber distribution. The overlap of these maps identified voxels consistently 

functionally connected to tubers. A clustering algorithm (Nilearn connected_regions30) was 

used to identify regions of interest (ROIs) of >50mm3 that were >95% sensitive for infantile 

spasms. To maximize the spatial specificity of our localization, a threshold of T>±11 was 

utilized; using thresholds of T>±9 or 7 did not change the interpretation of our results31, and 

all statistical analyses described below used continuous values which did not depend on a 

threshold/cutoff.

Split-half replication of lesion network mapping results

To assess the reliability of our lesion network overlap results, we divided our infantile 

spasms cohort into two subsets of 37 patients each. We then repeated the above lesion 

network mapping on each subset and connected regions derived using the same T-score 

threshold as above. As such, this represented a test of the sensitivity of the overlap procedure 

across patients with infantile spasms.
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Specificity of tuber distribution connectivity for infantile spasms

We also assessed the specificity of functional connectivity patterns for infantile spasms as in 

prior lesion network mapping studies16-21. A voxel-wise two-sample t-test was performed 

via permutation testing (FSL PALM v.alpha109) using 2000 permutations, tail 

approximation25, and a voxel-wise family-wise error rate corrected p<0.05. Permutation 

testing and voxel-wise statistics were chosen because they are more resilient to false-

positives seen with cluster-based approaches32.

Identifying connections and tuber locations both sensitive and specific to TSC associated 
infantile spasms

We next identified regions that were both sensitive and specific for infantile spasms, i.e., the 

conjunction of voxels functionally connected to 95% of tuber distributions causing infantile 

spasms and demonstrating statistically stronger connectivity to tubers in patients with 

infantile spasms vs. without. We also used these regions as functional connectivity seeds to 

perform an inverse mapping, i.e., defining the brain network that best encompasses tubers 

uniquely associated with infantile spasms. While circular, this allows for visual inspection of 

which individual tuber or set of tubers in any given patient may be most likely driving the 

association with infantile spasms.

Replication of lesion network mapping results across genetic diagnoses

Since TSC2 gene mutation is often associated with a more severe phenotype, we tested 

whether the patterns seen in the overall cohort depended on genetic diagnosis by repeating 

the above permutation-based two-sample t-test with genetic diagnosis included as a 

covariate and by performing both the lesion network overlap and statistical testing separately 

in genetically consistent subsamples. For the latter, we generated a cohort of 76 patients with 

confirmed TSC2 gene mutations (47 with infantile spasms) and a cohort of the remaining 47 

patients with either TSC1 gene mutations or indeterminate gene mutations (27 with infantile 

spasms).

Replication of lesion network mapping results with pediatric functional connectome data

To assess the consistency of our findings with pediatric connectivity data, we repeated the 

analyses above using data from the Adolescent Brain Cognitive Development (ABCD) study 

of 10,000 9-10 year-old participants which recently became available NIMH Data Archive 

Collection #3165 (https://nda.nih.gov/edit_collection.html?id=3165)33. This represents the 

‘youngest’ large-scale normative functional connectivity data currently available. A cohort 

of 1000 participants were identified with parameters consistent with our young adult 

connectome31, i.e., acquired on Siemens MRI scanners, without reported DSM-5 criteria 

diagnoses or TBI, and with low in-scanner movement. The latter was approximated via the 

number of BOLD timepoints below a framewise displacement (FD) threshold of 0.2. 

Preprocessing of this ABCD cohort was performed using FreeSurfer7.134 and a modified 

version of the Computational Brain Imaging Group (CBIG) functional connectivity 

preprocessing pipeline35 (https://github.com/bchcohenlab) that more closely reflects the 

preprocessing of the original young adult cohort36. Lesion network mapping and specificity 

analyses were then performed as described above. Due to differences in statistical power of 
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the connectivity patterns seen in the ABCD dataset with the current processing pipeline, a T 

threshold of T>±9 (voxel-wise FWE corrected at P<10−12) appeared to be most similar to a 

T>±11 in the young adult connectome.

Identifying independent predictors of infantile spasms with logistic regression

We modeled the binary outcome of infantile spasms using logistic regression using the 

Statsmodels python package37. The models related infantile spasms to the independent 

variables of tuber-to-identified ROI correlations and tuber burden for our 123 patients. Odds 

ratios, 95% confidence intervals, McFadden pseudo R2, and Akaike Information Criterion 

(AIC) were then computed.

Consistency testing via Repeated Stratified K-fold cross validation

We used cross validation to test the internal reproducibility of predicting infantile spasms 

based on our findings. Using the logistic regression model that best described the data, we 

performed a Repeated Stratified K-Fold cross validation using Scikit-learn38, iteratively 

training a model using 80% of the 123 patients, maintaining the relative ratio of patients 

with and without spasms. This model was then used to classify the remaining 20%. The 

classification results of 5,000 iterations, with random shuffling within groups, was used to 

create Receiver Operating Characteristic curves. We then calculated the mean area under the 

curve and the variance of the curve when differing subsets of the data are used. Distinct from 

the split half replication above, this analysis tests the consistency of the difference between 

patients with and without infantile spasms.

Assessing for mediation of the relationships between independent predictors and infantile 
spasms

Finally, we performed a statistical mediation analysis39 using the SPSS PROCESS macro40 

to determine whether the identified relationship between independent predictors and 

infantile spasms were a by-product of statistical mediation. In other words, does X predict Y 

(X→Y) solely or in part because X predicts M, which in turn predicts Y (X→M→Y). 

Reverse models were also assessed to be agnostic in regard to the directionality of 

mediation. 5000 bootstrap samples were used to calculate significance of the indirect 

pathway via confidence intervals.

Results

Patient demographics

We identified 142 children that completed all study visits with clinical and/or genetic criteria 

for definite TSC from the prospective multicenter TACERN dataset4. Nineteen patients were 

excluded due to either a lack of available neuroimaging (n=1), or a lack of visibly present 

tubers present on neuroimaging (n=18, three of whom had infantile spasms). During study 

follow-up through 3 years of age, 74 patients developed infantile spasms, while 49 patients 

did not (Figure 1). The two groups were largely similar in regard to sex (47% male vs. 57%) 

and age at time of neuroimaging (2.74 vs. 2.53 years old). We found a higher prevalence of 

infantile spasms in patients with a TSC2 gene mutation compared to those with a TSC1 gene 

mutation (67% vs. 21%, p=0.012), consistent with prior work4 (Table 1). As expected, all 

Cohen et al. Page 6

Ann Neurol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients that developed infantile spasms received antiepileptic agents after the development 

of spasms, consistent with standard recommendations. Of note, 13 patients who developed 

infantile spasms (17.6%) received antiepileptic medications prior to the onset of infantile 

spasms to treat other semiologies. Of these, only levetiracetam (n=9) was used in more than 

3 patients. Conversely, 28 patients (57.1%) who did not develop infantile spasms received 

antiepileptic medications for other semiologies. If this treatment prevented the development 

of infantile spasms in a proportion of patients, this would have created bias against the 

findings presented below and thus does not represent a limitation.

Distribution of tubers in TSC

The number and spatial location of tubers was highly heterogeneous across patients (Figure 

2). The median tuber burden for our entire cohort was 2.10% of the cortical grey matter 

(24.7 cm3) (Table 1). Tubers were largely stochastically distributed across the brain (Figure 

3A). While visual inspection suggested a relative sparing of primary motor and visual 

cortices, this pattern was not statistically significant when assessed using a priori 
parcellations, nor did this differentiate between patients with and without infantile spasms 

(Figure 3B and 3C).

Association of tuber locations with a history of infantile spasms

No single brain region was affected by tubers in all cases of infantile spasms. In fact, the 

maximum overlap of tuber locations across the cohort with spasms was only 24.3% (18/74 

patients). Voxel-wise lesion symptom mapping failed to identify any significant associations 

between tuber location and infantile spasms, and the highest predictive value of any location 

for infantile spasms was 24% (Figure 3D). Although overall tuber burden was higher in 

patients with infantile spasms than in those without (two-way ANOVA 2.59% vs. 0.85%, 

p<.0001), there was no significant difference across different brain lobes (p=0.144) (Figure 

3E and F, Table 1).

Lesion network mapping of tubers in TSC patients with infantile spasms

The network of brain regions functionally connected to each patient’s tuber locations was 

computed (Figure 4A-B), and connections common to >95% of the 74 patients with infantile 

spasms were identified (Figure 4C). Both left and right internal segments of the globus 

pallidus and the cerebellar vermis (lobule VIIIA) demonstrated consistent negative 

functional connectivity with tuber distributions associated with infantile spasms. Peak voxel-

wise overlap was 72/74 patients in the right globus pallidus, 73/74 in the left globus pallidus, 

and 74/74 in the cerebellar vermis. Split-half replication demonstrated consistent 

localization of this overlap across independent subgroups (Figure 4D). Repeating this 

analysis solely for patients with TSC2 mutations (n=47) and solely for patients with either 

confirmed TSC1 or indeterminate mutations (n=27) both also identified consistent 

localization to the bilateral globus pallidus and cerebellar vermis. Performing lesion network 

mapping on the tuber distributions from the 49 children without infantile spasms did not 

reveal any consistently connected regions.
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Specificity of lesion network connectivity patterns for infantile spasms

A vowel-wise permutation-based two-sample t-test was used to compare lesion network 

maps of patients with versus without infantile spasms, controlling for genetic diagnosis as a 

covariate. Negative connectivity to the bilateral globus pallidus and cerebellar vermis was 

highly specific to patients with versus without infantile spams (FWE corrected p<0.05) and 

was not driven by the higher incidence of infantile spasms among patients with TSC2 gene 

mutations noted above4. The conjunction of a mask of these significant voxels and the lesion 

network mapping analysis above generated a map of regions both sensitive and specific for 

infantile spams (Figure 4E).

Replication of lesion mapping results with pediatric functional connectome data

Repeating the above analyses using a pediatric normative connective (1000 9-year-old 

participants from the ABCD Study) identified consistent connectivity patterns. Regions were 

again identified in the left and right globus pallidus, with peak voxel-wise overlap of 63/74 

in each, and 65/74 in the cerebellar vermis. A two-sample t-test was again computed as 

above, and the intersection of these regions with a mask of significant voxels (uncorrected 

p<0.005) was again computed to identity regions both sensitive and specific for infantile 

spasms (Figure 4F).

Tuber locations most likely to be associated with infantile spasms

A map was created from the intersection of regions with both strong negative connectivity to 

the globus pallidus and strong negative connectivity to the cerebellar vermis (Figure 5A). 

This defined a specific brain network that best encompasses tuber locations associated with 

infantile spasms. Comparison of the tuber distributions from patients with and without 

infantile spasms (Figure 5B-C) demonstrates a higher proportion of tuber–network overlap 

in patients with infantile spasms (Figure 5B, blue circles), even in patients with low tuber 

burden, e.g., Participant L1 vs Participant L2.

Evaluating independent predictors of infantile spasms

Tuber burden, globus pallidus connectivity, and cerebellar vermis connectivity were each 

separately associated with infantile spasms (Table 2, Models 1,2, and 3). However, in 

combined models that included connectivity to the globus pallidus, all other independent 

variables became non-significant (Table 2, Models 4, 5, and 6). A model relating tuber 

burden and globus pallidus connectivity best represented the underlying data and explained 

the most variance (Table 2, Model 5). In this model, globus pallidus connectivity was a 

stronger predictor of infantile spasms than tuber burden (OR 1.96, 95%CI [1.10, 3.50], 

p=0.02 vs. OR 1.65, 95%CI [0.90, 3.04], p=0.18). Repeated stratified K-fold cross validation 

of this model, using 80% of the 123 patients to train and testing for accuracy with the 

remaining 20%, was moderately accurate across 5,000 iterations, with a mean Receiver 

Operating Characteristic Area Under the Curve of 0.73 (SD=0.10) (Figure 6A).
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Assessing for mediation of the relationships between tuber burden, globus pallidus 
connectivity, and infantile spasms

A statistical mediation analysis found that the relationship between connectivity to the 

globus pallidus and infantile spasms was not the by-product of increased tuber burden, i.e., 

no mediation was detected (indirect effect: ab=−0.306, boot SE=0.2091, 95% CI 

(−0.786,0.046). However, the reverse model (Figure 6B) found that the relationship between 

tuber burden and infantile spasms (path c) was fully mediated by connectivity to the globus 

pallidus, i.e., increased tuber burden predicts (path a) increased connectivity to the globus 

pallidus, which in turn predicts (path b) infantile spasms (indirect effect: ab=0.412, boot 

SE=0.194, 95% CI (0.114,0.872). When this mediation is taken into account, tuber burden 

was no longer an independent predictor (path c’) of infantile spasms consistent with our 

logistic regression results (Table 2).

Discussion

In this large, prospectively acquired and highly characterized TSC cohort derived from the 

TACERN study, we quantified the impact of tuber burden, location, and network 

involvement on infantile spasms. In line with previously described cohorts, tuber burden was 

higher in patients with infantile spasms14,41,42, likely reflecting a more severe disease 

burden12,14,43, however our results suggest a possible mechanism for this observation.

We found that neither tuber burden within particular lobes nor at specific locations across 

the brain were associated with infantile spasms. Instead, the distribution of tubers in children 

with infantile spasms defines a specific set of brain regions that is characterized by strong 

negative connectivity to the bilateral globus pallidus and cerebellar vermis. This finding was 

highly sensitive and specific to infantile spasms, was consistent across split half replication, 

genetic etiology, medication exposure, using a pediatric connectome to derive normative 

connectivity patterns, and demonstrated a stronger independent association with infantile 

spasms than tuber burden did alone.

These findings have two implications. First, network connectivity may explain why some 

children develop infantile spasms, and others do not, through the convergence of 

anatomically variable lesions on a common pathway. This may also explain why increased 

tuber burden is also associated with spasms, as more tubers increase the likelihood that the 

identified network of brain regions is affected. Our mediation analysis suggests that 

increased connectivity between tuber locations and the globus pallidus may mediate the 

known association between tuber burden and infantile spasms; however, since the 

identification of globus pallidus connectivity as a predictor was also generated from this 

same dataset, hypothesis testing in this direction should be done with caution. Although 

there is increased excitability on a cellular level in TSC and increased epileptogenicity in 

brain tissue at and surrounding tubers, the basis of why infantile spasms are so prevalent in 

TSC, compared to other etiologies, is unknown44. Study of other lesional causes of infantile 

spasms, including early life stroke and periventricular leukomalacia, is needed to test 

whether the identified nodes in this pathway are consistent across causes of infantile 

spasms6, or whether they are unique to TSC.
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Second, while more speculative, these findings lend further support to a proposed role for 

cortical-subcortical network interactions in the pathophysiology of infantile spasms45. 

Several converging lines of evidence suggest that the basal ganglia are a central “hub” in a 

spasmogenic network affected by focal cortical lesions. Specifically, generalized epileptic 

spasms can resolve by surgical resection of singular focal structural lesions46; patients with 

congenital or early structural lesions that encompass the basal ganglia are at an increased 

risk for infantile spasms13; and both PET and EEG-fMRI studies of infantile spasms have 

demonstrated extension of the epileptic network to the lenticular nuclei47,48.

Our results implicate the globus pallidus in the pathophysiology of infantile spasms, but the 

exact mechanism - and whether the globus pallidus may represent a therapeutic target - 

remains unknown. There is evidence that globus pallidus inhibition can lead to seizures in 

some scenarios but can lead to improved seizure control in others49. While less is known 

about the role of the cerebellar vermis in epilepsy, it is involved in the cortico-reticulo-

cerebellar pathway to support movement generation and projects to the deep cerebellar 

nuclei, which have a hub-like function for all output of the cerebellar network and an 

additional role in GABAergic inhibition50. Furthermore, one of the most effective therapies 

for infantile spasms, vigabatrin, is an irreversible inhibitor of GABA aminotransferase, and 

while effective, can also lead to cytotoxic edema in the brainstem, dentate nuclei of the 

cerebellum, thalamus, and globus pallidus, consistent with their role in GABAergic 

metabolism and prominent concentration of GABAergic neurons51-53. Conversely, rodent 

models of infantile spasms often require simultaneous injury to both cortical and subcortical 

structures including the thalamus and striatum54. We speculate that dysfunction of the 

globus pallidus or cerebellar vermis alone is not sufficient to generate spasms and that 

increased cortical activity, in combination with failure of the modulating effects from these 

subcortical structures, culminates in infantile spasms45.

The finding that tuber locations are negatively correlated with the globus pallidus in children 

with infantile spasms means that as the fMRI signal at tuber locations goes up, the fMRI 

signal in the globus pallidus and cerebellar vermis goes down, and vice-versa. However, the 

physiological interpretation of negative correlations, as well as the directionality of the 

interactions seen in fcMRI data remain unclear55 Tubers could act as spike generators, 

increasing local activity that leads to suppression of the globus pallidus and vermis. 

Conversely, tubers could act as lesions, decreasing local activity, leading to increased 

activity in the connected structure. Alternatively, activity in the globus pallidus or vermis 

could influence cortical excitability at tuber locations. Future work is needed to better 

understand the link between tuber locations associated with infantile spasms, the globus 

pallidus, and the vermis.

Limitations

First, we have primarily used a normative young adult group connectome (n=1000, ages 

18-35) to study the connectivity patterns for lesion network mapping31. This provides 

significant signal-to-noise advantages, allows for technique standardization, and has been 

highly informative16-21. While this does provide a true indication of the developmental 

endpoints of connectivity between brain regions, it ignores age-related differences in 
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connectivity that may be important here. However, a large high-quality functional 

connectivity dataset from ~2-3-year-old children is not currently available; and a direct test 

of lesion network mapping using an age-matched connectome is not yet feasible. 

Nevertheless, we have thus far seen minimal impact from methodological differences in how 

one processes connectome data, e.g. global signal regression versus other artifact removal 

strategies16,55, or using patient-specific, age-, or disease-matched normative 

connectomes56-60; which is reflected here by the consistent localization of infantile spasms-

related connections using data from the ABCD 9-year-old group connectome (n=1000), 

(Figure 4E vs Figure 4F). It is possible that our results could be improved by using a 

connectome better matched to the age of the TSC patients, and this is an experiment we 

intend to perform once such data becomes available and extensively processed given the 

significant confounds present in young child fMRI data.

Second, lesion network mapping has primarily been used to study lesion-induced disorders 

in previously healthy participants20; however, tubers are congenital, affecting the maturation 

of developing brain networks61. We argue, however, that disruption of the local architecture 

drives the (partial) transfer of functions originally destined to be in those affected areas and 

that the dysplastic neurons in tubers generate abnormal activity locally46.

Finally, the goal of the present study was to test whether tuber distributions associated with 

spasms map to a common brain network, to define this network, and to assess the 

consistency of this network. Whether tuber distributions associated with spasms directly 

correlate with functional connectivity differences in these same children is a topic we intend 

to pursue61. It is impossible, however, to delineate which of this altered connectivity 

represents causation, compensation, or downstream effects from infantile spasms. Since the 

presence, location, and extent of cortical tubers is consistent before and after the onset of 

spasms, we believe the presented analysis is more likely to represent causal information.

Conclusions

In summary, our results provide evidence for the location of key network nodes for a 

potential infantile spasms network, but further work is needed to understand the specific 

pathophysiology at these locations. We propose that future efforts to clarify the role these 

structures play in spasmogenesis via pallidal and vermian GABAergic knockout models and 

depth electrode studies, as well as comparison of the results presented here with cortical 

tuber resection outcomes and EEG source localization will also clarify the clinical 

implications of the presented results. Furthermore, lesion network mapping of individual 

tuber lesions rather than lesion patterns in patients with available EEG data may identify 

spasmogenic tubers, leading to an approach for candidate selection for epilepsy surgery or 

non-invasive brain stimulation.

At present, we have a moderate predictive ability to identify those at elevated risk for 

infantile spasms in TSC. Looking forwards, refinement of this predictive model with the 

inclusion of serial EEG data and EEG connectivity metrics will likely enhance its 

performance62,63. Additionally, preventative treatment of seizures with vigabatrin is 

currently being studied for TSC in Europe64 and the US (NCT02849457). Specific 

prediction of spasms based on our imaging methods may allow for improved risk-

Cohen et al. Page 11

Ann Neurol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02849457


stratification and limit exposure to vigabatrin for pre-emptive treatment to those at higher 

risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PRISMA Flow Chart identifying TACERN research patients with and without infantile 
spasms.
Patients were identified from the prospective TACERN cohort study of children with TSC. 

Inclusion criteria included availability of neuroimaging data of sufficient quality to identify 

tubers, sufficient clinical follow-up to accurately delineate patients who did or did not 

develop infantile spasms, and the presence of identifiable tubers on neuroimaging so that 

tuber locations could be used for lesion network mapping. One hundred and twenty-three 

patients met these criteria, while 19 were excluded, either due to the lack of available 

neuroimaging or the absence of detectable tubers.
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Figure 2 –. Sample tubers distributions from children with and without a history of infantile 
spasms.
Tubers were segmented from all 123 children using a semi-automated approach and 

registered to a common brain atlas (MNI 6th gen. atlas). Example tuber distributions are 

shown in red from the seventy-four children with infantile spasms (A) and the forty-nine 

children without infantile spasms (B), demonstrating that both groups included children with 

high tuber burdens (Participants H1 and H2) as well as low tuber burdens (Participants L1 

and L2) that could not be visibly distinguished from one another.
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Figure 3 –. Increased tuber burden, but not tuber location, is associated with infantile spasms.
Binary tuber distribution masks were summed for: all children with TSC (A), the cohort of 

children with infantile spasms (B), and the cohort of children without infantile spasms (C). 

Both visual comparison and quantitative spatial analysis (D), did not identify a particular 

pattern for tuber distribution in general, nor that distinguished between children with and 

without a history of infantile spasms. While overall tuber burden was statistically different 

between the two cohorts (E), there was not a statistically significant difference between 

cortical lobe involvement (F).
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Figure 4 –. Lesion network mapping identified three brains regions with consistent negative 
functional connectivity to tuber distributions associated with infantile spasms.
The 74 tuber distributions associated with infantile spasms were registered to a standardized 

MNI brain template (A). Brain regions functionally connected to each tuber distribution 

were identified using a large-scale functional connectivity database of young adult 

participants (B). Overlap of these functional connectivity maps identified three brain regions 

connected to >95% of tuber distributions associated with infantile spasms: the left and right 

globus palladi and the cerebellar vermis (C). Consistent connected regions were also 

identified in two independent subsets (D). Of note, overlap of functional connectivity maps 

from the 49 children without infantile spasms did not reveal any consistently connected 

regions. Regions where connectivity was specific to infantile spasms were then identified by 

voxel-wise two-sample t-test between children with infantile spasms and those without. The 

conjunction of a mask of these significant voxels and the lesion network mapping analysis 

above generated a map of regions both sensitive and specific for infantile spams, here shown 

controlling for genetic etiology as a covariate (E). This process was repeated with an 

alternate large-scale functional connectivity database of 9-year-old participants identifying 

consistent results (F).
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Figure 5 –. Lesion network connectivity with the bilateral globus pallidus and cerebellar vermis 
predicts locations where tubers are more likely to cause infantile spasms.
The intersection of connectivity with the globus pallidi (Gpi, blue shading) and connectivity 

with the cerebellar vermis (red shading) defined a specific network of areas (purple shading) 

predicted to be highly likely to cause infantile spasms if lesioned (A). As a demonstration, 

the same four patients shown in Figure 2, two with infantile spasms and two without 

infantile spasms, and with either high or low tuber burden, are again shown here with tuber 

burden (in red) compared to the identified network (in purple) (B and C). Among patients 

with infantile spasms (B), it can be seen that tubers are more likely to overlap with the 

predicted network (blue circles). Conversely, among patients without infantile spasms (C), 

tubers largely do not overlap with the predicted network.
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Figure 6 –. Logistic regression and statistical mediation analyses finds that globus pallidus 
connectivity is a stronger predictor of infantile spasms than tuber burden and may mediate the 
observation that increased tuber burden is associated with infantile spasms.
The performance of predicting infantile spasms from patients’ tuber burden and globus 

pallidus connectivity (Table 2, Model 5) was assessed using repeated stratified k-fold cross 

validation. First, the 123 TSC patients were divided into five groups, then a logistic model 

was trained using four of these groups, e.g., 80% of the data, and tested for accuracy on the 

remaining hold-out group, e.g., 20% of the data. The classification results of 5,000 iterations 

of this process, with random shuffling within groups, was used to create Receiver Operating 

Characteristic (ROC) curves (A). The mean ROC curve for this model is shown here (blue), 

along with a one standard deviation cloud (grey) compared to chance (red). The Area Under 

the Curve (AUC) was also calculated to be 0.73 (standard deviation = 0.10). A separate 

statistical mediation analysis (B) identified that the relationship between tuber burden and 

infantile spasms (path c) is fully mediated by the serial relationship of tuber burden and 

globus palladi connectivity (path a) and globus palladi connectivity and infantile spasms 

(path b), with an indirect effect of ab=0.412, 95% CI (0.114,0.872). When this mediation is 

taken into account, tuber burden itself no longer independently predicts (path c’) infantile 
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spasms. Importantly, the reverse model found no mediation, i.e., tuber burden does not 

mediate the relationship between globus pallidus connectivity and infantile spasms.
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Table 1:

Patient demographics and tuber distribution

Spasms+ Spasms− Total

Patients, n 74 49 123

Male sex, n (%) 35 (47) 28 (57) 63 (51)

Mean age at scan, years (range) 2.74 (0.76-5.44) 2.53 (0.32-3.89) 2.66 (0.32-5.44)

Mean age at spasm onset, days (range) 168 (0-519) n/a n/a

Genotype, n (% of total)

  TSC1 mutation 4 (27.7) 11 (73.3) 15 (100)

  TSC2 mutation 47 (61.8) 29 (38.2) 76 (100)

  No mutation identified 7 (58.3) 5 (41.7) 12 (100)

  Unknown 16 (80.0) 4 (20.0) 20 (100)

Median tuber burden, % (25-75% range)

  All cortical grey matter 2.59 (1.58-4.73) 0.85 (0.08-2.34) 2.10 (0.69-3.76)

  Frontal Lobe 2.91 (1.50-4.78) 1.04 (0.06-2.66) 2.17 (0.71-4.48)

  Parietal Lobe 2.31 (1.33-4.17) 0.95 (0.05-2.76) 1.68 (0.29-3.33)

  Temporal Lobe 1.99 (0.87-5.35) 0.42 (0.04-2.32) 1.44 (0.19-3.89)

  Occipital Lobe 1.90 (0.87-3.55) 0.88 (0.00-2.03) 1.54 (0.24-2.99)

Tuber frequency, %

  Frontal Lobe 92 59 79

  Parietal Lobe 85 53 72

  Temporal Lobe 81 47 67

  Occipital Lobe 84 53 72
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Table 2:

Family of logistic regression models identifying globus pallidus connectivity as the independent variable most 

predictive of infantile spasms

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Tuber Volume

   OR (95% CI) 2.69 
(1.60-4.50) — — — 1.65 

(0.90-3.04) 1.67 (0.88-3.15)

   p 0.00017 — — — 0.11 0.12

Connectivity to the Globus 
Pallidus

   OR (95% CI) — 2.68 
(1.66-4.33) — 2.37 

(1.08-5.23)
1.96 
(1.10-3.50) 2.21 (1.00-4.87)

   p — 0.000057 — 0.032 0.023 0.04978

Connectivity to the 
Cerebellar Vermis

   OR (95% CI) — — 2.27 
(1.48-3.49)

1.15 
(0.55-2.42) — 0.95 (0.44-2.08)

   p — — 0.00019 0.71 — 0.91

AIC 150.84 147.83 152.63 149.69 146.98 148.96

pseudo R-squared 0.112 0.130 0.101 0.131 0.148 0.148

OR = Odds Ratio, CI = Confidence Interval, AIC = Akaike Information Criterion
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