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Are We Inviting Another Attendee to the
Temporal Lobe Epilepsy Party?

Role of the Nucleus Basalis as a Key Network Node in Temporal Lobe Epilepsy

González HFJ, Narasimhan S, Johnson GW, et al. Neurology. 2021;96(9):e1334-e1346. doi:10.1212/WNL.0000000000011523

Objective: To determine whether the nucleus basalis of Meynert (NBM) may be a key network structure of altered functional
connectivity in temporal lobe epilepsy (TLE), we examined functional magnetic resonance imaging (fMRI) with network-based
analyses. Methods: We acquired resting state fMRI in 40 adults with TLE and 40 matched healthy control participants. We
calculated functional connectivity of NBM and used multiple complementary network-based analyses to explore the impor-
tance of NBM in TLE networks without biasing our results by our approach. We compared patients to controls and examined
associations of network properties with disease metrics and neurocognitive testing. Results: We observed marked decreases
in connectivity between NBM and the rest of the brain in patients with TLE (0.91+ 0.88, mean+ SD) versus controls (1.96+
1.13, P< .001, t test). Larger decreases in connectivity between NBM and fronto-parietal-insular regions were associated with
higher frequency of consciousness-impairing seizures (r ¼ �0.41, P ¼ .008, Pearson). A core network of altered nodes in TLE
included NBM ipsilateral to the epileptogenic side and bilateral limbic structures. Furthermore, normal community affiliation of
ipsilateral NBM was lost in patients, and this structure displayed the most altered clustering coefficient of any node examined
(3.46+ 1.17 in controls vs 2.23+ 0.93 in patients). Abnormal connectivity between NBM and subcortical arousal community
was associated with modest neurocognitive deficits. Finally, a logistic regression model incorporating connectivity properties
of ipsilateral NBM successfully distinguished patients from control datasets with moderately high accuracy (78%). Conclusions:
These results suggest that while NBM is rarely studied in epilepsy, it may be one of the most perturbed network nodes in TLE,
contributing to widespread neural effects in this disabling disorder.

Commentary

Although the most common structural defect associated withmed-

ial temporal lobe epilepsy (mTLE) is hippocampal sclerosis,1

studies with magnetoencephalography (MEG),2 functional mag-

netic resonance imaging (fMRI),3 and positron emission tomogra-

phy (PET)4 have characterized large-scale functional networks of

brain activity or connectivity in this population. Studies with

fMRI have been especially useful in exploring the connectivity

of different brain regions far from the temporal lobe. Liao et al5

used graph theory analysis of fMRI data collected from patients

with temporal lobe epilepsy (TLE) to examine functional connec-

tivity in a broad set of brain regions and demonstrated signifi-

cantly increased connectivity within the medial temporal lobes,

but decreased connectivity with frontal and parietal regions.

Holmes et al6 used voxel-wise linear regression analysis to show

a network of impairment in TLE associated with thalamus, mid-

cingulate gyrus, precuneus, and postcentral gyrus. Other studies

have implicated the amygdala, the entorhinal cortices, lateral tem-

poral neocortices, the inferior frontal lobes, the cerebellum, and

the brainstem as part of the TLE network.

The work of González et al7 introduces the nucleus basalis

of Meynert (NBM) as a significant node in the altered network

of mesial TLE. Their finding is provocative in that the NBM is

not within the traditional limbic system of subcortical struc-

tures commonly associated with mTLE. The authors studied

the resting state eyes-closed 10-minute T2*-weighted blood

oxygenation level–dependent fMRI in 40 consecutive patients

with mTLE and 40 age- and sex-matched controls. The article

details an elegant series of experiments that carefully addresses

functional connectivity from several different complementary

approaches. They defined 133 regions of interest for functional

connectivity analyses including 108 from the Harvard-Oxford

atlas which they called whole brain. The authors used CONN

toolbox 17 to visualize seed-to-voxel NBM bivariate correla-

tion functional connectivity differences between patients with

mTLE and controls. To complement seed-based NBM connec-

tivity comparisons, they analyzed how the community structure

of NBMmay change in mTLE with community detection. Four

hypothetical network models were postulated to determine

which one best explains the central connectivity network

Epilepsy Currents

ª The Author(s) 2021
Article reuse guidelines:

sagepub.com/journals-permissions
DOI: 10.1177/15357597211021080

journals.sagepub.com/home/epi

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

EPILEPSY CURRENTS

conditions—a national population-based study. Epilepsia. 2010;

51(5):853-861.
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imaging biomarker for secondary generalization of seizures.

However, the study methods and data/result presentation are

complicated and require some attention before we dive deeper

into the discussion of the results.

The authors present data of a large but overall heteroge-

neous group of TLE patients—MRI-negative patients, patients

with hippocampal sclerosis, dysembryoplastic neuroepithelial

tumors, and cavernomas. While not necessarily a major prob-

lem, combining all these groups prior to showing that their

task-related fMRI activations are not different (and that thala-

mic activations are not different) creates a potential confounder

that is not addressed in the study. Further, they utilize their “go-

to” fMRI task—verb fluency—to assess language lateralization

including thalamic involvement in the task. However, since

there is no performance tracking with this covert task, there

is no way of knowing how well the participants performed the

task and how performance on the task influenced the observed

fMRI activations. To offset this, they tested letter fluency as

part of their neuropsychological battery—there were some

group differences including significant differences between left

TLE with and without generalized seizures.

In the primary analysis, they compared fMRI activation

patterns in patients with FBTCS within the last year to patients

with no FBTCS (ie, only with focal seizures [FS]) in the last

year to find that the activation patterns were different between

the groups with higher fMRI activation and more leftward

activation in patients with FS including differences in thalami.

Of interest is the fact that some of the peak activations fell into

the anterior thalamic nuclei that, as we all know, are the target

of deep brain stimulation. In the post hoc analyses, they showed

that FS patients’ thalamic activations were similar to healthy

controls performing the same task but active FBTCS partici-

pants had overall lower thalamic activations when compared to

either of those two groups. Important is that having FBTCS in

the last year was the most significant determinant of thalamic

activation. The study would be very easy to understand and

interpret had they stopped their analyses here. However, the

authors performed several useful but very complicated analyses

that undoubtedly make the interpretation of the results difficult.

These additional, in-part confirmatory in-part follow-up anal-

yses are psychophysiologic interaction, graph theory, and

receiver operating characteristic (RUC) curve analyses. The

understanding and interpretation of these analyses is neither

intuitive nor simple. While disentangling these analyses is not

part of this commentary, for the purpose of better understand-

ing their approach, we can briefly state that psychophysiologic

interaction is a between regions connectivity analysis for fMRI

data that is context-dependent. Graph theory analysis, as

explained previously in great detail,5 allows mathematical

analysis and description of complex systems using terms such

as “hubs,” “centrality,” and “betweenness.” Finally, the term

ROC—probably most recognized by neurologists—is a binary

classifier that allows diagnostic discrimination between groups.

These analyses show that, in patients with active FBTCS, there

is greater context-dependent thalamo-temporal and thalamo-

motor connectivity, higher thalamic degree and betweenness

centrality, and that ROC curves discriminate well between

individuals with and without active FBTCS. These findings

also indicate that having active FBTCS changes the brain more

than having FS alone and that the presence and the degree of

the changes may be used as a biomarker for disease severity.

As complicated as these analyses are, the authors provide

meticulous description of the procedures performed and of the

results in the main body of the manuscript with additional

details included in the supplement. However, more important

are implications of this study. Since fMRI has been a mainstay

of presurgical language and verbal memory evaluation for

years,6 most epilepsy centers obtain fMRI as part of their pre-

surgical patient staging protocol. However, we cannot expect

that psychophysiologic interaction, graph theory, and ROC

curve analyses of the task-related fMRI data will be performed

in the course of such evaluation. Rather, what the study shows

is that the task fMRI data can be used not only to perform a

rather simplistic analysis of language lateralization but also to

identify the negative effects of pathophysiology (here seizures)

on brain networks. Whether independently or in combination

with other measures (eg, functional connectivity or thalamic

stereoelectroencephalography), future research could teach us

if/how such results could be applied to evaluating disease

severity, staging in presurgical evaluation, predicting out-

comes, or deciding the treatment approaches (eg, resection vs

implantable devices).

Perhaps more importantly, these findings teach us some-

thing about the disease itself. They provide information about

the pathophysiology of temporal lobe seizures, about the

negative effects of seizures not only on local but also on

remote executive brain regions (ie, confirm the proposed a

long-time ago “nociferous cortex hypothesis”7), and outline the

negative effects of FBTCS on brain connectivity and pathways

of information transfer. While previously such negative effects

have been documented in resting-state studies, this effort

extends those findings to cognitive tasks and task-based con-

nectivity. This study shows that the task data can be used not

only to localize and lateralize brain functions but also to mea-

sure the effects of the disease on brain networks and its

severity.
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difference between patients and controls. For all networks gen-

erated in the 4 models, the authors calculated the main network

metrics analyzed: NBM connectivity with the whole brain,

NBM clustering coefficient, and node strength to module of

ipsilateral NBM to limbic community. To further elucidate the

reliability of NBM connectivity alterations in mTLE, the

authors analyzed 3 network characteristics and used binary

logistic regression models to determine whether connectivity

properties of ipsilateral NBM alone could accurately identify

whether each participant’s dataset belonged to a patient or

controls. Results showed that patients displayed connectivity

decreases between NBM and broad neocortical regions com-

pared to controls. Data also suggest closer functional connec-

tions between NBM and limbic structures than with other

subcortical arousal nuclei in controls. Results indicate

decreased connections involving ipsilateral but not contralat-

eral NBM, bilateral hippocampi, and amygdala. Of the

4 hypothetical network models postulated, the ipsilateral NBM

had a sensitivity and specificity of 75% and 83%, respectively,

in predicting whether a participant’s dataset belonged to a

patient or controls. The authors conclude that their results sug-

gest that NBM ipsilateral to epileptogenic zone represents a

key structure in the altered mTLE network.

The main strength of this article is the use of a series of

experiments to demonstrate that the NBM is intricately tied to

the medial temporal lobe in patients with mTLE. The authors

went to great lengths to eliminate potential bias: mTLE patients

were selected consecutively, the controls were age- and

gender-matched, and the whole brain was analyzed as opposed

to only the “common” areas typically linked to TLE. The initial

analysis was made using seed-to-voxel group-level compari-

sons between the different regions in epilepsy patients and

controls. Then, community detection algorithms identified

groups of brain nodes that most strongly functionally connect

to each other. Network-based statistic was used to identify core

networks of connected nodes with connectivity decreases in

patients compared to controls. The use of unbiased network-

sampling methods to compare 4 hypothetical models was an

additional substudy not usually seen in fMRI connectivity

papers. The overall experimental design approached the

research question from several complementary angles, and the

results were concordant in demonstrating the voxel containing

the NBM ipsilateral to the side of seizure onset may contain

one of the most disturbed brain network nodes in TLE.

Although this was an elegant series of experiments, there are

a couple of methodologic concerns. The NBM is a small struc-

ture in the basal forebrain in close proximity to the medial

temporal lobe. The 3.0 � 3.0 � 4.0 mm3 voxel used this study

is standard for most fMRI studies of the forebrain but incorpo-

rates a fairly large region of interest. It is crucial to ensure that

the NBM voxel does not include any portion of the ipsilateral

medial temporal lobe, or the nucleus accumbens, which has

recently been implicated in the mTLE network.8 Data from

multi-echo acquisition sequences combined with smaller voxel

sizes may be needed to validate the current results. A second

concern (which was noted by the authors) is that the study did

not provide a method to confirm that patients remained fully

awake during the resting state fMRI acquisition. Although one

can reasonably postulate that this limitation would apply

equally to patients and controls, I would argue that patients

with TLE are more likely to become drowsy in that testing

environment as they are on medication(s) which often have

sedation and somnolence as common side effects.

The possibility that the NBM is an important node in the

mTLE network is a novel discovery. If validated, this finding

has ramifications for potentially explaining some of the comor-

bidities associated with the disease. The NBM has long been

known to be a major source of cholinergic input to the cortex

and neuronal loss in this structure is seen in some dementing

illnesses such as Alzheimer’s Disease and Parkinson’s Disease.

Studies suggest that the modulation of cortical activity through

this cholinergic system subserves cognitive functions, espe-

cially in the domains of memory and attentional processing.9

Selective lesions to the NBM region in animal models disrupt

cortical cholinergic neurotransmission and are associated with

impaired performance on spatial learning and target detection

tasks.10 Dysfunction in the NBM caused by recurrent patholo-

gical electrical activity in the mTLE network may contribute to

the memory and cognitive deficits in patients with TLE.

Further studies are needed to determine whether the NBM can

attend the mTLE party.
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