https://doi.org/10.1093/braincomms/fcae | 96 BRAIN COMMUNICATIONS 2024: fcael96 | |

Brain lesions causing parkinsonism versus
seizures map to opposite brain networks

(®Frederic L. W. V. ). Schaper,"2 Mae Mor‘ton-Dutton,"2 Niels Pacheco-Bar'r'ios,"3
Joseph 1. Turner,'? William Drew,"? Sanaz Khosravani,'”> ®juho Joutsa*®
and (®Michael D. Fox'%*¢

Recent epidemiological studies propose an association between parkinsonism and seizures, but the direction of this association is un-
clear. Focal brain lesions causing new-onset parkinsonism versus seizures may provide a unique perspective on the causal relationship
between the two symptoms and involved brain networks. We studied lesions causing parkinsonism versus lesions causing seizures and
used the human connectome to identify their connected brain networks. Brain networks for parkinsonism and seizures were compared
using spatial correlations on a group and individual lesion level. Lesions not associated with either symptom were used as controls.
Lesion locations from 29 patients with parkinsonism were connected to a brain network with the opposite spatial topography (spatial
7r=-0.85) compared to 347 patients with lesions causing seizures. A similar inverse relationship was found when comparing the
connections that were most specific on a group level (spatial »=—0.51) and on an individual lesion level (average spatial r = —0.042;
P < 0.001). The substantia nigra was found to be most positively correlated to the parkinsonism network but most negatively correlated
to the seizure network (spatial 7> 0.8). Brain lesions causing parkinsonism versus seizures map to opposite brain networks, providing
neuroanatomical insight into conflicting epidemiological evidence.
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Brain lesions causing parkinsonism versus seizures
map to opposite brain networks

Parkinsonism
network

Introduction

In 1928, Yakovlev' published an influential case series of in-
dividuals with epilepsy who developed parkinsonism.
Yakovlev proposed that the neuroanatomical damage asso-
ciated with lifelong seizures may increase the risk of parkin-
sonism, suggesting shared pathophysiology. In contrast,
Yakovlev also noted that in these cases, seizures decreased
or even vanished after the onset of parkinsonism, proposing
that the neuroanatomical damage associated with parkin-
sonism may protect against seizures.

Since Yakovlev’s clinical observations, recent epidemio-
logical studies have observed a positive relationship between
seizures and parkinsonism; having one diagnosis increases
the chances of having the other.”® However, there is also evi-
dence for an inverse relationship, as seizures can improve par-
kinsonism*® and the onset of parkinsonism can improve
seizures."”* Understanding the causal relationship between
these two common brain diseases is potentially important
for understanding the pathophysiology, prognosis and treat-
ment. However, sorting out this relationship with epidemi-
ology alone is difficult and may become more difficult over
time with the increasing availability of treatment. For ex-
ample, anti-seizure drugs can induce parkinsonism symptoms
and may increase the risk of Parkinson’s disease, while neuro-
leptic drugs can induce both parkinsonism and seizures.®

Seizure
network

Here, we first collate existing epidemiological data to as-
sess whether the findings favour a positive or negative rela-
tionship between parkinsonism and seizures. Next, we
investigate this relationship from a unique perspective,
examining cases where focal brain lesions cause new-onset
parkinsonism versus cases where lesions cause new-onset
seizures. If lesions causing these symptoms map to com-
mon neuroanatomy, that would suggest shared patho-
physiology and support prior observations of a positive
relationship. Conversely, if lesions causing these symptoms
map to a different neuroanatomy, this could support prior
observations of an inverse relationship.

Materials and methods

This study was carried out in accordance with the
Declaration of Helsinki; approved by the institutional review
board of the Brigham and Women’s Hospital, Boston, MA;
and exempted from obtaining informed consent based on
the secondary use of research data.

We performed a systematic literature search, following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines, on PubMed/Medline, Cochrane
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Figure | Preferred Reporting Items for Systematic reviews and Meta-Analyses flow diagram for the systematic literature search.

Central, Embase, Web of Science and Scopus, using the
keywords (‘Parkinsonism’, ‘Parkinson’s disease’), (‘epi-
lepsy’, ‘seizures’) and (‘risk factor’) to identify studies re-
porting on the relationship between parkinsonism and
seizures up to 15 February 2024 in English (Fig. 1). A li-
brarian revised the systematic search, and we manually
checked the included studies’ reference lists, performing
backward and forward citation analyses (e.g. cross-
reference), to identify all relevant studies. We included
case series, case reports, observational studies (cross-
sectional, cohort and case—control studies) and systematic
reviews reporting on the association between Parkinson’s
disease and seizures. Conference abstracts, books or
book chapters were excluded. The selected studies’ design,
sample size, primary results, statistical analysis and conclu-
sions are summarized in Table 1. Two observers independ-
ently assessed each study and identified whether the results
provided qualitative evidence favouring a positive or nega-
tive relationship between parkinsonism and seizures. In

case of disagreement in the first observation, the observers
reached a consensus in a second observation.

Lesions were obtained from two previously published studies
identifying brain networks for parkinsonism’ or seizures.®
For the parkinsonism network, 29 lesions associated with
parkinsonism and 135 lesions not associated with parkin-
sonism were studied (85 females and 79 males).” For the seiz-
ure network, 347 lesions associated with epilepsy and 1126
lesions not associated with epilepsy were studied (920 males
and 553 females).®

Lesion network mapping couples the lesion locations causing
specific neuropsychiatric symptom with an atlas of human
brain connectivity to estimate the network connected to
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Table | (continued)

Favours a:

Negative
relationship

Positive
relationship

Main result

Study type

Year

Author

Both directions

Patients using AEDs [OR (95 CI) = 1.43 (1.33-1.53)] and

24950

2023 Case—control

Kostev

patients with epilepsy [OR (95% Cl) = 1.91 (1.69-2.15)]

have increased odds of Parkinson’s disease
Patients with epilepsy have increased risk of Parkinson’s

10510

Case—control

2024

Hwang

disease [HR (95% Cl) =2.19 (1.55-3.12)]

Meta-analyses

ECT improved motor symptoms in patients with Parkinson’s

129 (14 studies)

2021 Meta-analysis

Takamiya

disease [SMD (95% Cl) = 1.181 (0.873-1.489); P < 0.001]

AED:s, antiepileptic drugs; Cl, confidence interval; ECT, electroconvulsive therapy; HR, hazard ratio; N, number of patients; OR, odds ratio; PR, prevalence ratio; SE, status epilepticus; SMD, standardized mean difference; VNS, vagal nerve

stimulation.
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each lesion location in the average human brain.” In this
method, the lesion location is commonly derived from the
structural brain images of a patient, while the human brain
connectivity data is derived from functional MRI data of a
large sample of healthy participants (z = 1000), also known
as a normative connectome.'® Here, we use the lesion loca-
tions of two previously published studies to compare the le-
sion networks of parkinsonism” versus epilepsy.®

Brain networks for parkinsonism”'' and seizures® were

published previously and are shown in Fig. 2A and B. To
avoid bias, we first compared the spatial similarity between
the published parkinsonism (Fig. 2A) and seizure (Fig. 2B)
networks using a spatial correlation (Pearson’s 7). These
networks were highlighted as the primary network in the
previous publications but were derived differently. The
parkinsonism map represents the mean connectivity profile
of 29 lesions causing parkinsonism (Fig. 2A; see Supplementary
Fig. S from Siddiqi et al.""). The seizure map represents the
mean connectivity profile to subcortical nodes more func-
tionally connected to 347 lesions causing epilepsy versus
1126 lesions not causing epilepsy (Fig. 2B; see Fig. 4A
from Schaper et al.®). Second, to account for connections
that may not be specific to parkinsonism or epilepsy, we
also compared lesions causing either symptom to the control
lesions from the original papers that were not associated
with parkinsonism (7=135 strokes causing other non-
specific symptoms such as hemiparesis) or seizures (1=
1126 strokes, traumas, tumours and tubers without sei-
zures) using a voxel-wise two-sample #-test. This voxel-wise
comparison generates whole-brain specificity maps derived
in the exact same manner. We then compared these group-
level whole-brain specificity maps using a spatial correlation
(Fig. 2C and D). Third, we compared the network of each
individual parkinsonism and seizure lesion to each other
(Fig. 2E and F). Specifically, we assessed (i) the whole-brain
connectivity profile of each parkinsonism (z=29) and con-
trol (n=135) lesion to each seizure lesion (7 = 347), aver-
aging across all seizure lesions, and (ii) the whole-brain
connectivity profile of each seizure (n=347) and control
(n=1126) lesion to each parkinsonism lesion (7 = 29), aver-
aging across all parkinsonism lesions. Finally, as performed
in prior studies,'” we used the human connectome to iden-
tify voxels whose whole-brain connectivity profile was
most similar to the published parkinsonism or seizure net-
work (‘network hubs’; Fig. 3A and B).

Statistical analyses were performed in MATLAB. Whole-
brain lesion network maps were compared using a spatial
correlation (Pearson’s r), and average spatial correlations
were compared between groups using a t-test. A two-sided
P <0.05 was considered significant, and we corrected for
multiple testing using false discovery rate correction.'>
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Figure 2 Brain lesions causing parkinsonism versus seizures map to opposite brain networks. We previously identified a parkinsonism
network (A) and a seizure network (B) by combining lesions causing new-onset parkinsonism (n = 29) or seizure (n = 347) with an atlas of normative
brain connectivity (the human connectome).'® First, we tested the spatial correlation between the published parkinsonism and seizure networks and
found they were inversely related (spatial r = —0.85). Second, we compared lesions causing parkinsonism (n = 29) to control lesions (n = 135; C) and
lesions causing seizures (n = 347) to control lesions (n = | 126; D) and found that these two group-level specificity maps also showed an inverse
relationship (spatial r = —0.51). Third, we compared each individual parkinsonism (n = 29; E) and seizure (n = 347; F) lesions to each other and found a
similar inverse relationship [average spatial r (95% CI) = —0.042 (—0.0484:—0.0360); one-sample t-test P < 0.001].

Results

Systematic literature review

We screened 1196 unique records in a systematic literature
search (Fig. 1) and identified 18 relevant studies that reported
on the relationship between parkinsonism and seizures
(Table 1). Of these studies, seven supported qualitative evi-
dence for a positive relationship between the two symptoms,
seven a negative, one suggested no relationship and three pro-
vided evidence for both a positive and negative relationship.

Parkinsonism versus seizure network

Lesions causing parkinsonism are connected to a brain net-
work (Fig. 2A) with the opposite spatial topography of le-
sions causing seizures (Fig. 2B; spatial r=—0.85). A similar
inverse relationship (spatial »=-0.51) was found when
computing the connections specific for lesions causing par-
kinsonism (Fig. 2C) or seizures (Fig. 2D). On an individual
lesion level, the connectivity profile of lesions causing sei-
zures showed a negative spatial correlation to the connect-
ivity profile of lesions causing parkinsonism {average
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A Parkinsonism network hubs

Spatial correlation
with the parkinsonism network
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B Seizure network hubs
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Figure 3 Parkinsonism and seizure network hubs. We identified the hubs in the parkinsonism and seizure networks by computing the
voxels whose whole-brain connectivity profile was most spatially similar to either the parkinsonism network (Fig. 2A) or the seizure network
(Fig. 2B). Voxels in the substantia nigra were most positively correlated to the parkinsonism network (A) and most negatively correlated to the
seizure network (B). SNr, substantia nigra pars reticulata; SNc, substantia nigra pars compacta; PBP, parabrachial pigmented nucleus.

spatial 7 [95% confidence interval (CI)] = —0.042 (—0.0484:
—0.0360); one-sample #-test P < 0.001; Fig. 2E and F}, and
this negative spatial correlation was stronger compared to
control lesions not associated with parkinsonism [average
spatial 7 (95% CI)=-0.004 (—0.035:0.028); two-sample
t-test P=0.018]. Vice versa, parkinsonism lesions were
more negatively correlated with seizure lesions than con-
trol lesions not associated with seizures [average spatial
r (95% CI)=0.213 (0.183:0.242); two-sample t-test
P <0.001]. On a brain network level, lesions causing par-
kinsonism are thus inversely related to lesions causing
seizures.

Finally, we found that the network hubs (voxels with
strongest positive or negative spatial correlation) in the
published parkinsonism (Fig. 2A) and seizure (Fig. 2B)
networks were in the substantia nigra for both symptoms.
However, the sign of the association was inverted. Voxels
in the substantia nigra were most positively correlated to
the parkinsonism network (Fig. 3A) and most negatively
correlated (‘anti-correlated’)'®'® to the seizure network
(Fig. 3B).

Discussion

In this study, we found that brain lesions causing parkinson-
ism and lesions causing seizures map to opposite brain net-
works, providing neuroanatomical insight into conflicting
epidemiological evidence.'*

Our results using brain lesions causing parkinsonism or
seizures offer a unique perspective and suggest that parkin-
sonism and epilepsy are inversely related on a brain network
level. This inverse relationship is consistent with multiple
clinical and epidemiological findings of an inverse relation-
ship, including reports of seizures improving parkinson-
ism** and the onset or progression of parkinsonism
improving seizures'* (see Table 1). Our results may also
aid in interpreting prior epidemiological studies that

observed a positive association.> Specifically, our results
are consistent with the hypothesis that treatment of one dis-
order (not the presence of the disorder itself) may increase
the risk of the other disorder, resulting in a positive associ-
ation. Examples include anti-seizure drug-associated tre-
mor and Parkinson’s disease.’® While it is unknown
whether our results generalize to idiopathic parkinsonism
or epilepsy not caused by lesions, mapping of lesions caus-
ing new-onset symptoms can allow for causal links between
neuroanatomy and symptoms,'® akin to how Mendelian
randomization allows for causal links between genes and
symptoms.'”

Regarding neuroanatomy, we found that the substantia
nigra was a network hub in both the parkinsonism and seiz-
ure networks, but the sign of the association was reversed.
This means that the substantia nigra is the most likely loca-
tion in the brain where a lesion would be expected to cause
parkinsonism, consistent with the pathophysiology of
Parkinson’s disease. However, it is the least likely location
for a lesion to cause seizures and could potentially improve
or protect against seizures. This result is consistent with
Yakovlev’s' clinical observations® and results in experimen-
tal animals where direct lesioning, high-frequency stimula-
tion or optogenetic inhibition of the substantia nigra
reduces seizures.'® Future prospective high-resolution
neuroimaging studies in humans may investigate regional
differences in connectivity of the substantia nigra and its
subregions in patients with parkinsonism or epilepsy
such as those previously identified in animal models."®2°

The finding of opposing brain networks for parkinsonism
and epilepsy may offer one possible explanation ‘why’ seizures
can disappear with the onset of parkinsonism,"* ‘why’ sei-
zures can improve parkinsonism®™’ and ‘why’ anti-seizure
drugs may increase the risk of parkinsonism.® Although specu-
lative, one disease may compensate for the other, in line with
Yakovlev’s' hypothesis from 1928. Finally, these results may
also have implications for side effect monitoring during
the development of new treatments. Treatments targeting
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the brain network of one disease could worsen the other.
For example, epidemiological data suggest an increased
risk of parkinsonism with common anti-seizure drugs.®
Conversely, D, selective medications are being explored
as a more effective option for parkinsonism, but experi-
mental data suggests these medications may confer a high-
er risk for seizures.”! Future studies using pharmaco-MRI
may be able to prospectively test these hypotheses in hu-
mans and measure the brain network states associated
with potential side effects of new treatments.**
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