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Bradykinesia, rigidity, and tremor frequently co-occur, a clinical syndrome known as parkinsonism. Because this syndrome is

commonly seen in Parkinson’s disease, symptoms are often attributed to cell loss in the substantia nigra. However, parkinsonism

occurs in several other neurological disorders and often fails to correlate with nigrostriatal pathology, raising the question of which

brain region(s) cause this syndrome. Here, we studied cases of new-onset parkinsonism following focal brain lesions. We identified

29 cases, only 31% of which hit the substantia nigra. Lesions were located in a variety of different cortical and subcortical

locations. To determine whether these heterogeneous lesion locations were part of a common brain network, we leveraged the

human brain connectome and a recently validated technique termed lesion network mapping. Lesion locations causing parkinson-

ism were functionally connected to a common network of regions including the midbrain, basal ganglia, cingulate cortex, and

cerebellum. The most sensitive and specific connectivity was to the claustrum. This lesion connectivity pattern matched atrophy

patterns seen in Parkinson’s disease, progressive supranuclear palsy, and multiple system atrophy, suggesting a shared neuroana-

tomical substrate for parkinsonism. Lesion connectivity also predicted medication response and matched the pattern of effective

deep brain stimulation, suggesting relevance as a treatment target. Our results, based on causal brain lesions, lend insight into the

localization of parkinsonism, one of the most common syndromes in neurology. Because many patients with parkinsonism fail to

respond to dopaminergic medication, these results may aid the development of alternative treatments.
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Introduction
The most common cause of parkinsonism is idiopathic

Parkinson’s disease, characterized by loss of dopamine neu-

rons in the substantia nigra (Dickson, 2012; Surmeier et al.,

2017). However, parkinsonism can be seen in patients

without a dopaminergic deficit on brain imaging (Marek

et al., 2014) and in patients with brain lesions located out-

side the nigrostriatal tract (Alarcón et al., 2004; Handley

et al., 2009). Further, parkinsonism is not specific to

Parkinson’s disease but is prevalent in other neurological

disorders including progressive supranuclear palsy (PSP),

multiple system atrophy (MSA) and microvascular disease

(Dickson, 2012), conditions that respond poorly to dopa-

minergic medication. These observations suggest that the

clinical syndrome of parkinsonism may stem from brain

regions outside the substantia nigra.

Neuroimaging studies suggest that activity in multiple

different brain regions correlate with parkinsonian symp-

toms (Eidelberg, 2009). However, these studies are unable

to determine which if any of these imaging correlates are

causing clinical symptoms. Focal brain lesions allow for

causal links between the lesion location and resulting symp-

toms (Karnath et al., 2017). However, cases of lesion-

induced parkinsonism are rare and have been reported

across very different brain locations, leaving localization

unclear (Alarcón et al., 2004; Handley et al., 2009).

Recently, it has become possible to link lesions in differ-

ent locations causing the same symptom to a common net-

work using maps of human brain connectivity (Boes et al.,

2015). This approach, termed lesion network mapping, has

been used to localize hemichorea (Laganiere et al., 2016),

freezing of gait (Fasano et al., 2017), and many other

neuropsychiatric symptoms (Boes et al., 2015; Fischer

et al., 2016; Darby et al., 2017, 2018). For example, le-

sions causing hemichorea occur in different brain locations,

but all lesion locations are functionally connected to the

posterolateral putamen, a region implicated in other

causes of hemichorea (Laganiere et al., 2016). Here, we

apply this approach to parkinsonism, one of the most

common symptom complexes encountered in neurology.

Such localization may identify treatment targets for parkin-

sonism refractory to dopaminergic medication.

Materials and methods

Case selection

Case reports of lesion-induced parkinsonism from PubMed
using search terms ‘(parkinsonism) AND (lesion OR tumor
OR tumour OR stroke OR infarct OR hemorrhage OR haem-
orrhage OR bleeding OR traumatic) AND (case report OR
case series)’ in English in June 2017. The search identified
717 articles, and the abstract or full text was read from 215
publications that were considered possibly relevant based on
the titles. The inclusion criteria were: (i) unilateral or bilateral

‘parkinsonism’ as reported by the authors; (ii) symptoms
attributed by the authors to a focal brain lesion; (iii) the
brain lesion was caused by a stroke, intracerebral haemor-
rhage, cerebral parenchymal tumour, traumatic brain injury
(TBI) or hypoxia; and (iv) an image of the brain lesion was
shown in the article in which lesion borders could be identi-
fied. In addition, acute neurological symptoms attributable to
the lesion or temporal correlation between the brain lesion and
symptoms were required to avoid incidental brain imaging
findings. The exclusion criteria were: (i) age5 16 years; (ii)
lesion could not be reliably localized, or showed large mass
effect distorting brain structures or oedema that could be the
main cause of symptoms; (iii) lesion was caused by a surgical
complication; (iv) clearly abnormal brain anatomy prior to the
lesion causing parkinsonism; (v) more than 1 year between the
occurrence of an acute brain lesion and onset of clinical symp-
toms; and (vi) other movement disorders (asterixis, chorea,
ballismus, dystonia, athetosis or other involuntary move-
ments), or exacerbation of pre-existing parkinsonism. Cases
in which insufficient clinical detail was presented to assess
compliance with our inclusion/exclusion criteria were
excluded.

Using the above criteria, we identified 28 cases of lesion-
induced parkinsonism published between 1988 and 2017.
We identified one additional case from a case series with suf-
ficient detail to meet our inclusion/exclusion criteria (Case 11),
resulting in 29 total cases (Table 1). Cardinal motor symptoms
of parkinsonism (bradykinesia, tremor, rigidity), symptom lat-
erality (unilateral/bilateral) and antiparkinsonian medication
response were noted. Symptom onset was categorized as
acute, subacute (within 1 month of the lesion, or evident im-
mediately after other lesion-induced symptoms improved),
delayed (symptoms developed over a month after the presen-
tation), or gradual (no clear time of onset).

To ensure that results were dependent on our choice of in-
clusion/exclusion, we created two subgroups using more strin-
gent criteria. Subgroup 1 included only patients with all three
cardinal parkinsonism symptoms (bradykinesia, rigidity and
tremor) (n = 19, 66% of the cases). Subgroup 2 included
only patients with acute or subacute parkinsonism caused by
a focal ischaemic stroke or haemorrhage (n = 12, 41% of the
cases).

Lesions

Lesion locations as displayed in the original publications were
traced onto a common brain atlas as described previously
(Boes et al., 2015; Fischer et al., 2016; Laganiere et al.,
2016; Darby et al., 2017; Fasano et al., 2017). Briefly, lesions
were drawn on the MNI152 T1 template with 2 mm isotropic
voxels using FSL (Jenkinson et al., 2012) to create binary
lesion masks (value 1 for voxels included to the lesions and
value 0 for other voxels). It should be noted that using this
approach, it was not possible to capture the entire 3D lesion
volume but only representative 2D slices. This is an important
limitation (see ‘Discussion’ section), but prior work suggests
that 2D slices can serve as a reasonable approximation of
3D lesions for lesion network mapping (Boes et al., 2015;
Darby et al., 2017). The spatial correlation coefficient
between lesion networks derived from 3D versus 2D represen-
tations of the same lesion were 0.96 for small lesions and
0.89–0.91 for larger lesions (Boes et al., 2015; Darby et al.,
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2017). In case of multiple lesions, all lesions were combined to
a single mask without trying to interpret which one(s) would
be the symptomatic lesion(s). A representative slice of each
lesion is illustrated in Fig. 1 and lesion mask sizes are pre-
sented in Supplementary Table 1.

To evaluate whether the lesions involved the substantia
nigra, lesion locations were overlaid with a 3D mask of the
substantia nigra in atlas space (Ewert et al., 2018). Overlap of
one or more voxels was considered indicative of nigral involve-
ment. Nigral involvement in lesions causing parkinsonism was
compared to a database of lesions causing other non-specific
symptoms (n = 135) (Corbetta et al., 2015) and lesions causing
other movement disorders (n = 73). Other lesion-induced
movement disorders included asterixis (n = 30), hemichorea-
hemiballismus (n = 29) and freezing of gait (n = 14) as detailed
in prior publications by our group (Boes et al., 2015;
Laganiere et al., 2016; Fasano et al., 2017). Group differences
were tested using Fisher’s exact test.

Lesion network mapping

The network of brain regions functionally connected to each
lesion location was identified as described previously (Boes
et al., 2015; Fischer et al., 2016; Laganiere et al., 2016;
Darby et al., 2017; Fasano et al., 2017). A publicly available
database of resting state functional connectivity MRI (rs-fcMRI)
data from 1000 neurologically healthy volunteers (Yeo et al.,
2011; Holmes et al., 2015) was used to determine connectivity
between each lesion location and all other brain voxels (referred
to as lesion networks). The processed data and code for lesion
connectivity analysis are freely available through LEAD-DBS
software [www.lead-dbs.org; (Horn and Kühn, 2015)] and
described in our previous publications (Darby et al., 2018;
Horn et al., 2017). Lesion masks are available upon request.
Voxel-based functional connectivity maps across the whole

brain were created for each lesion by running the lesion as a

seed region by averaging the time course of all voxels within the

binary lesion mask in rs-fcMRI. Seed-based rs-fcMRI analysis
provides connectivity strength estimates from the lesion to each

voxel in the brain, creating a whole brain connectivity map.

Lesion networks were thresholded (t = � 7, P510�11) and
overlaid to identify brain regions functionally connected to all

or most lesion locations. The binary maps were created separ-

ately for negative and positive maps to differentiate between

correlated and anti-correlated networks, as these networks are
also likely to have biologically different functions. Lesion loca-

tion was included in lesion network maps as part of the posi-

tively correlated network. Next, the binary maps were overlaid
and the number of cases overlapping networks in each voxel

was calculated. The final images were then thresholded to

490% of the cases (527/29, 518/19 or 511/12 for the
whole sample, Subgroups 1 and 2, respectively).

The specificity of lesion networks of parkinsonism lesions
was compared to the database of lesions causing other non-

specific symptoms (n = 135) and lesions causing other move-

ment disorders (n = 73). To ensure that results were not de-

pendent on the statistical approach, two different approaches
were used to compare connectivity profiles between groups:

voxel-wise t-test, and Liebermeister test for binarized lesion

connectivity maps. This approach ensures that our results are
not driven, for example, by high connectivity values in the

lesion locations. First, the strength of the connectivity in

each voxel was compared between lesions causing parkinson-
ism and other lesions using two sample t-test with Statistical

Parametric Mapping software (SPM12, http://www.fil.ion.ucl.

ac.uk/spm/software/spm12/) (Friston et al., 2004). Family-wise

error (FWE)-corrected P-values below 0.05 at voxel-level were
considered significant. Second, the lesion connectivity maps

were compared using a Liebermeister test using MRIcron

voxel-based lesion-symptom mapping (VLSM) (Rorden et al.,

Figure 1 Lesions causing parkinsonism. The case numbers correspond to Table 1.
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2007) after binarizing the maps using |t|57 (P5 10�11) as
threshold corresponding to the lesion network mapping over-
lap threshold. The correlated (t57, P5 10�11) and anticorre-
lated (t4� 7, P5 10�11) networks were analysed separately.
The analyses were conducted across the whole brain ignoring
voxels affected in less than 10% of all cases. False discovery
rate (FDR) corrected P-values below 0.05 were considered sig-
nificant. For both t-tests and Liebermeister tests, correction for
multiple comparisons was conducted across a search volume
covering the entire brain and, critically, only voxels that were
both significantly different between the groups and located
within 590% (527/29 cases) lesion network mapping overlap
of the whole sample were considered specific for parkinsonism.

Relevance of the lesion network
mapping for neurodegenerative
parkinsonism

To test whether parkinsonism caused by focal brain lesions
shares neuroanatomy with neurodegenerative parkinsonism, we
computed functional connectivity between each lesion location
causing parkinsonism and maps of brain atrophy from neurode-
generative forms of parkinsonism [Parkinson’s disease, PSP, and
multiple system atrophy, parkinsonism variant (MSA-P)]. For
Parkinson’s disease, we used a publicly available voxel-wise
map of brain atrophy (Zeighami et al., 2015). For PSP and
MSA-P, such maps were not available so we used atrophy co-
ordinates from previously published voxel-based morphometry
(VBM) studies (Supplementary material). Functional connectivity
values between each lesion location and each atrophy map
(Pearson’s correlation coefficients) were converted to a normal
distribution using Fisher’s r to z transform. Specificity was as-
sessed in two ways. First, we tested whether lesions causing par-
kinsonism were more connected to atrophy maps associated with
parkinsonism than lesions causing other symptoms. Second, we
tested whether lesions causing parkinsonism were more con-
nected to atrophy maps associated with parkinsonism
(Parkinson’s disease, PSP and MSA-P) than atrophy maps not
associated with parkinsonism (mild cognitive impairment,
Supplementary material). All group comparisons were investi-
gated using two-sample t-tests.

Relevance of the lesion network
mapping for treatment response

First, we tested whether connectivity with the lesion location
was different between patients whose parkinsonism responded
to dopaminergic medication compared to those who did not
(Table 1 and Supplementary Fig. 1). Specifically, we computed
connectivity between each lesion location and an a priori
region of interest in the putamen, the site of action for dopa-
minergic medications (Dauer and Przedborski, 2003). The
group differences were investigated using two-sample t-test.
To assess specificity, we repeated this analysis on a voxel-
wise basis using two-sample t-test.

Second, we tested whether connectivity with our lesion loca-
tions might relate to deep brain stimulation (DBS) response.
No patients with lesion-induced parkinsonism underwent DBS.
We therefore used a recently published cohort of 95 patients
with idiopathic Parkinson’s disease who underwent

subthalamic nucleus (STN) DBS (Horn et al., 2017). These
patients were used to identify network connections predictive
of DBS response (Horn et al., 2017). The connectivity of the
lesions with the treatment response map was analysed similarly
as with the atrophy patterns described in the previous section.

Finally, to investigate whether the lesion network hotspot in
the claustrum has potential as a novel treatment target for par-
kinsonism, the connectivity between the significant cluster in the
claustrum and a set of DBS electrodes implanted in two centres
(Horn et al., 2017) was calculated based on the same normative
functional connectome (Yeo et al., 2011) used in the main ana-
lysis. For details about the patients sample treated with DBS, see
Horn et al. (2017). Briefly, it consisted of 95 patients (30 female,
mean age = 60.2 � 8.0 years; six akinetic-rigid, 19 mixed and 88
tremor-dominant cases), 51 of whom were operated on at
Charité – University Medicine Berlin and 44 at University
Hospital Würzburg. Motor improvement scores were as ex-
pected for standard DBS Parkinson cohorts (47.2 � 22.4%)
and are again reported in detail elsewhere (Horn et al., 2017).
DBS electrodes were localized using Lead-DBS software version
2.1.5 (www.lead-dbs.org) (Horn and Kühn, 2015), including
correction for brain shift, and normalized into standard stereo-
tactic (MNI) space using Advanced Normalization Tools (http://
stnava.github.io/ANTs/) (Avants et al., 2008). Based on localiza-
tion and clinical stimulation parameters, a volume of tissue acti-
vated (VTA) was calculated using a finite element approach and
E-field thresholding as described in Horn et al. (2017). The two
VTAs for each hemisphere served as seeds to estimate functional
connectivity to the claustrum region defined in the lesion net-
work analysis. Connectivity strength between each pair of VTA
and the claustrum region was then correlated with empirical
motor improvement [measured by per cent improvement on
the Unified Parkinson’s Disease Rating Scale (UPDRS-III)] in
the DBS sample. The correlation between the connectivity and
clinical improvement was analysed using Pearson’s correlation
coefficient, both with and without correction for dataset. The
study was approved by the internal review board of Charité–
Universitätsmedizin or Würzburg University Hospital, and car-
ried out in accordance with the Declaration of Helsinki.

Results

Lesions and clinical symptoms

Twenty-nine lesions causing parkinsonism were identified

and occurred in a variety of different brain locations

(Fig. 1): 14 (48%) involved the midbrain, 12 (41%)

involved the basal ganglia and six (21%) involved the cere-

bral cortex. Five cortical lesions (17%) did not involve any

part of the midbrain or basal ganglia and thus fell outside

the nigrostriatal tract (Fig. 1 and Table 1: Cases 1, 10, 11,

13 and 25). Nine (31%) of the lesions directly involved the

substantia nigra, which was more than among lesions caus-

ing other movement disorders (5/73, P = 0.003) or non-spe-

cific symptoms (15/135, P = 0.02). Fifteen (52%) of the

patients had unilateral lesions and 11 (38%) had unilateral

parkinsonism (Table 1). Twenty-five (86%) received anti-

parkinsonian medication, of whom 14 (56%) responded

(Table 1).
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Lesion network mapping

Although lesion locations were heterogeneous, they were

functionally connected to a common set of brain regions.

Over 90% of lesion locations were connected to the midbrain,

basal ganglia, anterior cingulate cortex and cerebellum

(Supplementary Fig. 2). Results were similar when limited to

cases with all three cardinal motor symptoms (Subgroup 1,

n = 19) or cases with acute/subacute parkinsonism from focal

stroke (Subgroup 2, n = 12) (Supplementary Fig. 2). When

compared to lesions causing non-specific symptoms or lesions

causing other movement disorders, the claustrum was the only

region that was specific to lesions causing parkinsonism (Fig.

2). Adding lesion mask size as a covariate did not change the

significance of these results. Connectivity to the claustrum was

also highly sensitive, with connectivity to 28 of the 29 lesion

locations causing parkinsonism. The only exception involved

an infiltrative lymphoma (Case 10). Lesion network mapping

also identified parietal regions that were anticorrelated to

lesion locations causing parkinsonism (Supplementary Fig.

3A). However, unlike positive connectivity to the claustrum,

results depended somewhat on the statistical test employed

(Supplementary Fig. 3B).

Relevance for neurodegenerative
parkinsonism

Lesion locations causing parkinsonism were functionally con-

nected to atrophy maps from patients with idiopathic

Parkinson’s disease [Fz mean (95% confidence interval, CI)

0.37 (0.29–0.45), t(28) = 9.44, P50.001], PSP [0.40 (0.29–

0.51), t(28) = 7.53, P5 0.001], and MSA-P [0.27 (0.19–

0.34), t(28) = 7.29, P5 0.001]. This connectivity was specific

to lesion locations causing parkinsonism compared to lesion

locations causing other movement disorders or lesion loca-

tions causing non-specific symptoms (Fig. 3A–C). This con-

nectivity was also specific to atrophy patterns of

parkinsonian syndromes (Parkinson’s disease, PSP, and

MSA-P) compared to the atrophy pattern of mild cognitive

impairment (Fig. 3D).

Relevance for treatment

Lesion locations causing a DOPA-responsive parkinsonism

(n = 14) showed a significant difference in connectivity to

the putamen compared to lesion locations causing a non-

DOPA-responsive parkinsonism (n = 11) (Fig. 4A). This

result was specific to the putamen in a whole brain

voxel-wise analysis (Fig. 4B). The results remained signifi-

cant when excluding nigral lesions, leaving eight DOPA-

responsive cases versus 10 non-DOPA-responsive cases

[t(16) = 2.15, P = 0.05]. Second, lesion locations causing

parkinsonism were significantly connected to the same

brain regions that DBS sites that relieve parkinsonism

symptoms are connected to [Fz mean (95% CI) 0.32

(0.24–0.41), t(28) = 7.53, P5 0.001]. This connectivity

was specific to lesions causing parkinsonism compared to

lesions causing other movement disorders or non-specific

symptoms (Fig. 4C).

Figure 2 Parkinsonism lesion network overlap and specificity. (A) Lesion network overlap of all cases of parkinsonism, cases causing all

three cardinal symptoms of parkinsonism (Subgroup 1) and cases of focal stroke or haemorrhage causing acute/subacute parkinsonism (Subgroup

2). (B) Specificity when compared to lesions causing non-specific symptoms or other movement disorders using two different statistical

approaches. (C) The only brain region that was sensitive and specific for parkinsonism lesions across all analyses was the claustrum. Section at

z = � 11.5 mm is shown in all axial panels.
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Figure 3 Relevance of lesion connectivity to neurodegenerative parkinsonism syndromes. Lesion locations causing parkinsonism

are connected to areas of brain atrophy in patients with idiopathic Parkinson’s disease (A), PSP (B), and MSA-P (C). (D) Lesion locations causing

parkinsonism are more connected to areas of atrophy in patients with parkinsonism syndromes than patients with mild cognitive impairment

(MCI). Fz = Fisher’s z. *P5 0.05, **P5 0.01, ***P5 0.001.

Figure 4 Relevance of the lesion connectivity to treatment efficacy. Connectivity between lesion locations causing parkinsonism and

the putamen is associated with medication response (A), an effect that is specific to the putamen (uncorrected P 5 0.01) (B). (C) Lesion locations

causing parkinsonism are connected to the same brain regions as DBS electrodes that relieve parkinsonism. Fz = Fisher’s z. *P5 0.05,

***P5 0.001.
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Claustrum connectivity

Because the claustrum was the single most sensitive and

specific brain region for lesion-induced parkinsonism,

we computed the connectivity between our claustrum

region and all other brain regions. By definition, this net-

work encompassed all lesion locations causing parkinson-

ism (except for Case 10). It also aligned well with

parkinsonism atrophy patterns (Fig. 5A). Finally, we exam-

ined if connectivity between the claustrum region and STN

electrode location was associated with clinical response in

patients with Parkinson’s disease who had undergone DBS

surgery. We found that connectivity between DBS locations

and the claustrum was associated with improvement in

UPDRS motor scores (r = 0.29, p = 0.005, Fig. 5B),

which remained unchanged when correcting for dataset (r

= 0.28, p = 0.007).

Discussion
There are four important findings in the present study, each

of which will be discussed in turn. First, lesions in very

different brain regions and outside the nigrostriatal tract

can cause clinical parkinsonism. Second, these lesion loca-

tions are part of a common intrinsically connected brain

network, with connectivity to the claustrum being the most

sensitive and specific marker of lesion-induced parkinson-

ism. Third, the current network identified based on focal

brain lesions is convergent with atrophy patterns seen in

neurodegenerative parkinsonism, suggesting a common

neuroanatomical substrate. Finally, lesion connectivity

was associated with treatment outcomes, suggesting that

these findings could be relevant for development of novel

therapeutic targets.

The substantia nigra has an established role in the neu-

ropathophysiology of Parkinson’s disease and lesions to

this location are known to result in clinical parkinsonism

(Alarcón et al., 2004; Handley et al., 2009; Dickson,

2012). Not surprisingly, the substantia nigra was a

common lesion location in our cases and significantly

more common compared to lesions causing other move-

ment disorders. However, in a majority of cases the

lesion was not in the substantia nigra and some of the

lesions were definitely outside the entire nigrostriatal

tract, indicating that not all parkinsonism can be attributed

to nigrostriatal damage. Thus, although direct damage to

nigrostriatal neurons can cause motor parkinsonism, it is

not required.

Despite heterogeneity in lesion location, lesions causing

parkinsonism were functionally connected to a common

network of brain regions. This is consistent with recent

lesion network mapping studies of other lesion-induced

symptoms (Boes et al., 2015; Fischer et al., 2016;

Laganiere et al., 2016; Darby et al., 2017; Fasano et al.,

2017). In all cases, lesion locations causing similar symp-

toms were connected to a common brain region. For ex-

ample, lesions causing visual hallucinations were connected

to extrastriate visual cortex, lesions causing central post-

Figure 5 The claustrum network links diverse causes and treatments of parkinsonism. (A) Connectivity with the claustrum (middle)

defines a brain network (red) that encompasses lesion locations casing parkinsonism (purple) and areas of atrophy in parkinsonism syndromes

(blue–purple). (B) Connectivity between the claustrum and STN DBS electrode location correlates with clinical improvement in patients with

Parkinson’s disease. Clau = claustrum; Fz = Fisher’s z; PD = Parkinson’s disease; UPDRS-III = Unified Parkinson’s Disease Rating Scale, motor

score; VTA = volume tissue activation.
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stroke pain were connected to the posterior insula, and

lesions causing hemichorea were connected to the posterior

putamen (Boes et al., 2015; Laganiere et al., 2016). In the

current study, lesions causing parkinsonism were connected

to several regions, but the most sensitive and specific con-

nectivity was to the claustrum.

The claustrum, which some have considered to be a part

of the basal ganglia, is located bilaterally between the pu-

tamen and insular cortex, separated from these structures

by the white matter bundles of external and extreme cap-

sules, respectively. It has widespread projections, including

input directly from the substantia nigra and projections to/

from the striatum and cortical motor regions (Crick and

Koch, 2005; Goll et al., 2015). The role of the claustrum

in the human brain is still largely unclear but is thought to

include motor, perceptual and cognitive functions (Crick

and Koch, 2005; Goll et al., 2015), all of which can be

impaired in Parkinson’s disease (Kalia and Lang, 2015).

Primate studies suggest that different parts of the claustrum

have different connectivity patterns, but segmentation of

the human claustrum remains uncertain.

So far, the role of the claustrum has received very little

attention in Parkinson’s disease and related disorders. One

of the reasons for the oversight may be that the claustrum

is a relatively small structure and located very close to the

striatum, making it difficult to investigate with brain ima-

ging. In this study, we employed a very large dataset

(n = 1000), which greatly improves the power to detect

weak signals. Neuropathological studies have demonstrated

that the claustrum is affected early in Parkinson’s disease

(Surmeier et al., 2017), including substantial loss of dopa-

mine and noradrenaline (Sitte et al., 2017). The claustrum

is also atrophied in other neurodegenerative syndromes

with parkinsonism, such as MSA-P and PSP (Yu et al.,

2015; Mueller et al., 2017). Interestingly, ‘bright claustrum’

is a classic neuroimaging sign in Wilson’s disease, a dis-

order of copper metabolism, which can cause parkinsonism

(Sener, 1993).

Although the findings in the claustrum were robust and

specific across all analyses, one lesion location was not

connected with the claustrum (Case 10). This patient had

a rapidly progressive infiltrative lymphoma in the supple-

mentary motor area. Thus, it is possible that the key re-

gions relevant for development of parkinsonism in this

patient were not evident from the published image. It is

also possible that this lesion caused white matter damage

disconnecting pre-supplementary motor area from the

claustrum (Tanné-Gariépy et al., 2002). Interestingly, this

is the second time a case of CNS lymphoma was the only

lesion that failed to show similar connectivity to other le-

sions causing the same motor symptoms (Fasano et al.,

2017), suggesting that the location of this particular

lesion type on neuroimaging may be unreliable.

Beyond the claustrum, lesion locations causing parkin-

sonism shared connectivity to a variety of other brain re-

gions. This is not surprising, given that parkinsonism is

actually defined as a combination of individual symptoms.

It is also not surprising that some of this connectivity was

not specific to Parkinson’s disease. For example, the basal

ganglia were connected to lesion locations causing parkin-

sonism but also to lesion locations causing other movement

disorders, consistent with involvement across many differ-

ent movement disorders (Obeso et al., 2014).

An important question is whether brain lesions that cause

parkinsonism have any relevance to more common neuro-

degenerative forms of parkinsonism. The current results

suggest that they do. Lesions causing parkinsonism were

specifically connected to the brain atrophy patterns found

in Parkinson’s disease, PSP, and MSA-P. This convergence

across heterogeneous lesion locations and different forms of

neurodegenerative parkinsonism suggests that parkinson-

ism, as a syndrome, shares a common neuroanatomical

substrate that is independent of aetiology. This result is

consistent with lesion network mapping of other symptoms

in which the identified substrate aligns well with alternative

causes of the same symptom (Boes et al., 2015; Fischer

et al., 2016; Laganiere et al., 2016; Darby et al., 2017;

Fasano et al., 2017). For example, lesion network mapping

of hemichorea identified specific and sensitive connectivity

to the posterolateral putamen, the exact area that becomes

hyperintense on MRI when hemichorea is caused by hyper-

glycaemia (Laganiere et al., 2016).

Medication response in the cases with lesion-induced par-

kinsonism is not obvious based on the lesion location alone

(Supplementary Fig. 1). However, connectivity between

each lesion location and the putamen was associated with

medication response. Because the putamen is where dopa-

mine exerts its action (Dauer and Przedborski, 2003), this

finding is consistent with the interpretation that lesions con-

nected to the putamen alter its function in a way that inter-

fere with the symptom relieving benefit of dopaminergic

medication.

Brain intrinsic connectivity is also thought to underlie the

efficacy of invasive and non-invasive neuromodulation

treatments, including in Parkinson’s disease (Ressler and

Mayberg, 2007; Fox et al., 2012, 2014; Horn et al.,

2017). Recently, the connectivity pattern of effective STN

DBS has been described (Horn et al., 2017). Here, we show

that lesion locations causing parkinsonism were connected

to the same set of regions as STN DBS sites that relieve

parkinsonism (Horn et al., 2017), suggesting that lesion

network localization might be useful in identifying neuro-

anatomical targets for neuromodulation treatments.

Supporting this hypothesis, the connectivity between each

patient’s DBS electrode location and our lesion-derived

region of interest in the claustrum was correlated with clin-

ical DBS response. These findings indicate that lesion net-

work mapping of secondary parkinsonism cases may

provide useful information for development of novel neuro-

anatomical treatment targets.

It should be noted that many forms of parkinsonism do

not respond to DBS of established neuroanatomical targets

such as the STN (Shih and Tarsy, 2007). These DBS tar-

gets, similar to L-DOPA, were identified by studying
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idiopathic Parkinson’s disease. Other parkinsonian dis-

orders may be caused by dysfunction in different brain re-

gions, requiring different DBS targets. Based on the results

of this study, we speculate that the claustrum may represent

a common node where different parkinsonian syndromes

overlap. STN DBS electrodes providing the greatest clinical

benefit in idiopathic Parkinson’s disease are connected

to the claustrum, but this may not be the best way to

access the claustrum for other causes of parkinsonism.

Whether the claustrum will prove a valuable therapeutic

target across parkinsonian syndromes remains unknown

but a testable hypothesis.

The lesion network mapping method used in this study

and most others is based on functional connectivity and

resting state functional MRI (Boes et al., 2015; Fischer

et al., 2016; Laganiere et al., 2016; Sutterer et al., 2016;

Darby et al., 2017, 2018; Fasano et al., 2017). Although

white matter contributes to the functional MRI signal and

connectivity estimates (Fox et al., 2014; Wu et al., 2017;

Ding et al., 2018), lesion network mapping is likely domi-

nated by grey matter. A complimentary approach for inves-

tigating lesion networks more focused on white matter

disconnection is based on magnetic resonance diffusion

imaging (Thiebaut de Schotten et al., 2015; Foulon et al.,

2018). How these measures relate to one another and how

to best combine them to map lesion networks is an import-

ant topic for future work (Thiebaut de Schotten and

Foulon, 2018).

Limitations

Several potential limitations of lesion network mapping

such as using a 2D tracing to represent a 3D lesion and

using a connectome that is not age-matched to the lesion

patient have been addressed previously and found to have

minimal impact on results (Boes et al., 2015; Darby et al.,

2017). Although we excluded cases in which the anatom-

ical location or borders of the lesion could not be reliably

identified, there is some inherent error in tracing a lesion

image from a published case report onto an anatomical

template. That said, this error should bias us against the

present findings, namely a common network for lesion lo-

cations causing parkinsonism. In addition, although a sys-

tematic search for published case reports was conducted,

our sample may not be representative of all lesions causing

parkinsonism. The published cases are heterogeneous

making the definition of comprehensive inclusion/exclusion

criteria challenging. Thus, it is likely that there are add-

itional cases that weren’t captured by our search. We

included only case reports with clearly localizable lesions

but there is still uncertainty in localization of the brain

lesions and whether the image shown in the case report is

causing the clinical symptom. We also recognize the possi-

bility of a publication bias, as cases where lesions do not

hit the nigrostriatal tract may not be recognized to be

causal to parkinsonism. The current study included hetero-

geneous lesion aetiologies, including TBI and tumour that

may cause damage outside our lesion masks (e.g. Case 10).

Although we are reassured that results are similar using a

subset of lesions due to focal stroke, heterogeneity in lesion

aetiology may decrease our power to detect important as-

sociations. Finally, because of the rarity of lesion-induced

parkinsonism and our stringent inclusion criteria, analyses

were limited to 29 cases (only 12 cases of acute stroke).

Although these numbers are similar to prior lesion network

mapping studies (Boes et al., 2015; Fischer et al., 2016;

Laganiere et al., 2016; Darby et al., 2017, 2018; Fasano

et al., 2017) replication in an independent lesion dataset

would be valuable.

Conclusions
The results of the present study suggest that parkinsonism

is a brain network disorder that can be caused by lesions in

multiple different brain locations. Our findings highlight

the claustrum as a potential key region in parkinsonism,

providing a new and testable therapeutic target.
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