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and mapped each lesion volume onto a reference brain. Using a recently validated technique
termed lesion network mapping, we tested whether these lesions belonged to the same functional
network. To accomplish this, the network of brain regions functionally connected to each lesion
was identified using a connectome dataset from healthy participants. Network maps were overlapped to identify any region functionally connected to our set of lesions. Specificity was
evaluated using a case-control design; control cohorts included a group of similar lesions randomized to different brain locations and a second group of lesions causing a separate movement disorder, asterixis. Reproducibility was evaluated using an independent cohort of 10 additional
hemichorea-hemiballismus cases.

Results: Lesions showed heterogeneity in anatomical location, consistent with prior reports. However, at least 90% of these lesions showed network overlap in the posterolateral putamen. This
result was specific to lesions causing hemichorea-hemiballismus and reproducible in an independent cohort. The putaminal overlap site was itself connected to a broader motor network that predicted the distribution of lesions causing hemichorea-hemiballismus.
Conclusions: Strokes causing hemichorea-hemiballismus, while anatomically heterogeneous,
localize to a common functional network. Specifically, lesions occur in regions functionally connected to the posterolateral putamen, a region previously implicated in hyperkinetic movement
disorders. Lesion network mapping may be useful in identifying the neuroanatomical substrates
of heterogeneous lesion-based disorders. Neurology® 2016;86:2187–2195
GLOSSARY
rs-fcMRI 5 resting-state functional connectivity MRI; STN 5 subthalamic nuclei.

Lesion mapping relates the location of focal brain lesions to resulting neurologic symptoms, and
has helped identify anatomical correlates of language, memory, attention, and many other functions.1 Despite these successes, a select number of syndromes have proven elusive to standard
lesion mapping approaches. A canonical example is stroke-induced hemichorea-hemiballismus,
a syndrome consisting of 2 movement disorders that typically coexist2 and together comprise the
most frequently reported poststroke movement disorder.3–5
Classic teaching in neurology6 and landmark studies in humans7 and nonhuman primates8
highlight the role of lesions to the contralateral subthalamic nuclei (STN) in producing
hemichorea-hemiballismus. However, causative lesions have been reported in the cortex, caudate, putamen, thalamus, and brainstem9–11 and strokes directly affecting the STN constitute
a minority (10%–30%) of cases.5,9,12 Such findings have led to the hypothesis that the locus of
pathology in hemichorea-hemiballismus resides in the disruption of a common distributed
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motor network rather than a single anatomical
site.5,12–14 However, evidence linking these
heterogeneous lesion locations to a specific
network is lacking.
A recently validated technique termed
lesion network mapping15 is particularly wellsuited to address this hypothesis. This technique uses normative connectome data to
identify the networks associated with focal
brain lesions, including historical lesions from
the literature, without the need for specialized
imaging of affected patients.15 In this article,
we use lesion network mapping to test the
hypothesis that lesions causing hemichoreahemiballismus demonstrate functional connectivity to a common brain network.
METHODS Case selection. Cases of stroke-induced hemichoreahemiballismus were identified through a literature search designed
to identify a representative, but not necessarily comprehensive,
cohort. Using pubmed.org, we searched for the combined
terms hemichorea, hemiballismus, and stroke. The search,
performed in August 2014, was limited to articles in English
available electronically through full text links. Inclusion criteria
included (1) examination documenting either hemichorea,
defined as unilateral rapid involuntary movements with flexion
and extension, rotation, or crossing, which may involve all body
parts, predominantly distal,6 or hemiballism, defined as a severe
involuntary, arrhythmic, explosive, large-amplitude excursion of
a limb at proximal joints6; (2) acute onset hemichoreahemiballismus secondary to stroke; and (3) ischemic or
hemorrhagic lesions displayed in the article. Exclusion criteria
included extrinsic compression injuries, significant mass effects,
presence of competing etiologies for hemichorea-hemiballismus
(e.g., hyperglycemia-induced hemichorea), or poor image
resolution. Twenty-nine cases were identified using these criteria.

Lesion mapping. Lesion location, as displayed in figure 1,
was manually traced onto a reference brain (MNI152 brain,
2 3 2 mm; http://fsl.fmrib.ox.ac.uk/fsldownloads) using FSL.
Neuroanatomical landmarks were used to ensure accurate
transfer onto the template. In cases where multiple lesions were
displayed, lesions were combined into a single volume. All lesions
were mapped true to their laterality. The initial cohort of 29
lesions is displayed in figure 1.
Lesion network mapping. To investigate the networks associated with hemichorea-hemiballismus lesions, we applied
a validated technique termed lesion network mapping15 (figure
2). This technique involved 3 steps: (1) the volume of each lesion
was transferred to a reference brain; (2) the network of brain
regions functionally connected to each lesion was computed
using resting-state functional connectivity MRI (rs-fcMRI) data
from a large cohort of normal participants; and (3) the resulting
lesion network maps were thresholded and overlaid to identify
common network sites across the lesions. Lesion network
mapping has been validated across 4 different syndromes (visual
hallucinations, auditory hallucinations, pain, and aphasia), in
each case linking heterogeneous lesions to specific sites known
to be involved in symptom expression.15
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Our normative rs-fcMRI dataset consisted of 98 healthy
participants (48 male, ages 22 6 3.2 years), part of a publicly
available dataset.16 Full methodologic details for this dataset
are available (e-Methods on the Neurology® Web site at
Neurology.org).17,18
Rs-fcMRI maps were created for each lesion using a standard
seed-based approach. Specifically, the time course of the blood
oxygen level–dependent signal within the lesion volume was
extracted for each participant in the normative cohort. Correlations between this extracted signal and all other brain voxels
were identified and results were combined across participants
using a t test. Each of the 29 individual lesion-seeded rs-fcMRI
network maps was thresholded at a t value of positive or negative 4.25 (p , 0.00005, uncorrected), as performed previously.17 After applying this threshold, resulting network maps
were binarized and overlapped to identify regions of shared
positive or negative correlation. A threshold for the group analysis was set at 85% (25 of the 29 cases).

Specificity. To evaluate the specificity of our findings, we performed 2 control analyses. First, to ensure that the results were
specific to hemichorea-hemiballismus lesions and not the result
of any set of similarly sized but randomly distributed lesions,
we repeated the analysis with the same 29 lesions in terms of
volume, but randomized to anywhere in the brain (except the
cerebellum, where no hemichorea-hemiballismus lesions were
found). Ten iterations of the lesion randomization process
generated 10 separate randomized control groups, each with 29
randomized lesions, for a total of 290 randomized lesions. The
lesion randomization process controlled for the maximum
degree of lesion overlap and interlesion distances by excluding
iterations that differed from the values obtained for the
hemichorea-hemiballismus lesions. The randomly generated
lesion volumes were converted to a cube with automated
morphing of the shape as needed to ensure that all voxels fell
within the brain.
Second, to control for the possibility that our findings might
have been obtained with any set of strokes resulting in abnormal
movements, we generated another control group of 30 cases of
stroke-induced asterixis.19 We chose this comparison cohort as
it is the second most common stroke-induced movement disorder,6,19 has a similar acute onset,11 and was readily available in the
literature.19 Asterixis cases included 30 patients, 18 men, ages 47–
83, mean 66 years. There were 22 ischemic infarcts and 8 hemorrhages. Lesion locations included thalamus, cortex, brainstem,
and cerebellum. Asterixis occurred unilaterally in 26 and bilaterally in 4, with contralateral symptoms in all cases except for 2
cerebellar lesions, where symptoms were ipsilateral. None of these
reported symptoms of hemichorea-hemiballismus.19
Two separate voxel-wise statistical approaches were used to
compare results obtained using our initial hemichoreahemiballismus cohort to the 2 control cohorts. First, a voxelwise Liebermeister test was used to generate a z-score map,
which reflected the strength of the association of each voxel
to the hemichorea-hemiballismus networks relative to control
networks. This statistical approach has been described previously.20 The Liebermeister test requires voxels to be classified
in a binary fashion (lesioned or not) and can be insensitive to
nonlinear relationships between lesion and behavior.1 To avoid
this limitation, we repeated each comparison using a voxelwise 2-tailed t test, thereby capturing the strength of the network at each voxel as a continuous variable. Results of both
voxel-wise analyses were masked to the putamen as this was the
only site to show consistent connectivity to hemichoreahemiballismus lesions.
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Figure 1

Lesion locations

Lesion location of 29 cases of stroke-induced hemichorea-hemiballismus in cross-section, manually traced onto a reference
brain. All lesions were traced true to their laterality, right/left orientation for each lesion as shown on the upper left crosssection.

Reproducibility. A secondary replication cohort of hemichoreahemiballismus lesions was generated post hoc by expanding the
search criteria (dropping the requirement for full text links) and
adding unpublished cases from neurologists at our institution.
The replication cohort consisted of 10 cases, 8 from the
literature and 2 from our institution (table e-1B). Lesion
network mapping was repeated; peak network overlap within
the posterolateral putamen was computed and compared to
asterixis lesions using a x2 test.

Functional connectivity of the region of maximum
overlap. To investigate areas functionally connected to the site
of maximal overlap, we thresholded the network overlap image at
the maximal overlap (26/29 or 90%) and used this region of interest

to generate a subsequent rs-fcMRI network map. Peak coordinates
were identified using a cluster analysis with a threshold of t 5 9
(positive correlation only) and minimal cluster size of 5 voxels. The
map was displayed on a template brain using FSL and on the
cortical surface using CARET.21 To demonstrate that this map
contained the locations of causative lesions, it was overlapped
with 10 lesions from our validation cohort.

Retrospective analysis of lesion cases. Network maps generated for 3 of our initial 29 lesions (5, 13, and 26) did not show
strong connectivity to the voxels of maximal network overlap.
To better understand these exception cases, network maps were
reexamined. Lesions containing multiple separate foci were split
into isolated seeds to generate separate rs-fcMRI network maps.
Neurology 86
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Figure 2

Lesion network mapping technique

Stroke locations were manually traced onto template brain to create 29 separate brain volumes (left). Functional connectivity maps for each lesion volume were then derived from a large dataset of healthy controls (middle). The 29 functional
connectivity maps were then overlapped to identify common networks across the lesions (right). Small black dots between
maps 2 and 29 symbolize that each lesion in the cohort was processed in the same fashion to generate intermediate maps.

RESULTS Our initial search identified 29 cases of
hemichorea-hemiballismus (figure 1). Ages ranged
from 34 to 81 (mean 60.2) years. Lesions were
anatomically heterogeneous with primary locations in
cortex (8), STN (8), putamen (6), caudate (5), midbrain
(1), and subcortical white matter (1). Eight lesions were
in the left hemisphere and 21 lesions in the right. No
lesions involved the cerebellum. Five strokes were
hemorrhagic and 24 were ischemic. In 18/29 cases,
hemichorea-hemiballismus persisted for less than 6
months, consistent with large retrospective studies.5
Hemichorea-hemiballismus was always contralateral to
the side of the lesion.
Next, the network associated with each lesion
location was computed and areas of network overlap
identified (figure 2). Despite marked heterogeneity in
2190
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lesion location, overlap of lesion-derived networks
was high (90%), and occurred specifically within
the bilateral posterolateral putamen (figure 3A). No
other areas of network overlap (positive or negative)
met our threshold (.85% overlap). We contrasted
these results with those from similarly sized lesions
randomized to different locations (figure 3B) and
a group of lesions causing asterixis (figure 3C).
The posterolateral putamen showed significantly
higher connectivity to lesions causing hemichoreahemiballismus than either of these control cohorts,
using either a voxel-wise t test or Liebermeister test.
In the asterixis control group, maximum network
overlap was 22/30 lesions (73%), and unlike
hemichorea-hemiballismus, this overlap occurred in
the thalamus (figure e-1).
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Figure 3

Hemichorea-hemiballismus lesions are functionally connected to the posterolateral putamen

Overlap of lesion network maps from hemichorea-hemiballismus lesions show peak overlap (26/29) in the posterolateral putamen (A). Overlap in this area was significantly greater than that seen with randomized lesions (B) or lesions causing asterixis (C) using 2 different statistical approaches (voxel-wise t test or voxel-wise Liebermeister test). Specificity analyses
were masked to the putamen and thresholded to demonstrate voxels with peak p values.

Our expanded search criteria identified 10 additional cases of hemichorea-hemiballismus, 8 from
the literature and 2 from our institution. Ages ranged
from 21 to 82 (mean 62.2) years. Lesions were once
again heterogeneous with locations primarily in STN
(3), subcortical white matter (3), caudate (2), cortex
(1), and thalamus (1). Six lesions were right-sided,
4 were left-sided. One case was hemorrhagic and
the rest were ischemic. In 9/10 cases, hemichoreahemiballismus was contralateral to the lesion; in one
case it was ipsilateral.
In this replication cohort, 10/10 lesions showed
network overlap in the posterolateral putamen (figure
4). Applying this same analysis to asterixis lesions
revealed no overlap in this area (figure 4). Peak network overlap within the posterolateral putamen was

significantly different between the replication and asterixis cohorts (p , 0.05, x2).
Given the historical focus on the STN, we specifically examined network overlap in this area. Peak
overlap was 24/29 (83%) for the initial cohort,
7/10 (70%) in the replication cohort, and 21/30
(70%) in the asterixis cohort. The difference in peak
overlap between the hemichorea-hemiballismus
cohort and the asterixis cohort was not significant
within the STN (p . 0.05, x2).
Although network overlap in the posterolateral putamen was high for hemichorea-hemiballismus lesions
(36 of 39 across both cohorts), 3 lesions failed to show
functional connectivity to this site (lesions 5, 13, and 26,
figure 1, table e-1A). One of these (lesion 26) actually
did show functional connectivity to the posterolateral
Neurology 86
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Figure 4

Reproducibility of results in a second independent cohort

(A) Lesion network mapping of an initial cohort of 29 cases of stroke-induced hemichorea-hemiballismus shows peak network overlap in the posterolateral putamen. (B) Lesion network mapping of a validation cohort of 10 additional cases of
hemichorea-hemiballismus shows network overlap within the same area. (C) Lesion network overlap of 30 cases of asterixis
demonstrates absence of network overlap within the posterolateral putamen.

putamen, but to voxels slightly adjacent to the voxels of
maximal overlap (figure e-2A; reproduced with permission from Springer Science1Business Media: Chung et
al. Hemichorea after stroke: clinical-radiological correlation. J Neurol 2004;251:725–729).9 Lesion 13 was
composed of 2 separate lesions. When run independently, 1 lesion showed significant connectivity to
the posterolateral putamen (figure e-2B). Finally,
although lesion 5 was reported as a solitary lesion,9
inspection of the published image (figure e-2C) suggested the presence of additional smaller lesions.
These smaller lesions showed strong connectivity to
the posterolateral putamen (figure e-2C).
Given the emphasis our results placed on the posterolateral putamen, we further evaluated the connectivity
of this site to the rest of the brain. We computed functional connectivity between our site of maximal network
overlap in the posterolateral putamen (from our initial
cohort) and all other brain voxels (figure 5). We found
significant connectivity to several regions implicated
in motor control, including the left putamen (Montreal
Neurological Institute coordinates: x 5 230, y 5 28,
z 5 8), supplementary motor area (4, 22, 58), right
motor/premotor cortex (48, 24, 48), and left motor/
premotor cortex (236, 214, 40). Notably, this network
overlapped with the location of all independent lesions
in our replication cohort (figure 5B).
DISCUSSION Here we show that strokes causing
hemichorea-hemiballismus, despite being heterogeneous in their anatomical localization, are located
within a single network with shared functional connectivity to the posterolateral putamen. This finding has
potential implications for understanding the pathophysiology of hemichorea-hemiballismus, the utility
of lesion network mapping, and the identification of
therapeutic targets.
2192
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Historically,
lesion-induced
hemichoreahemiballismus appeared to result, in all cases, from
a focal disruption of the corpus luysii/STN.7 Findings
such as these were incorporated into the classic model
of basal ganglia circuitry, which suggested that hyperkinetic movement disorders, such as hemichoreahemiballismus, occurred through disinhibition of the
thalamus and increased cortical excitation.12,22
Although this framework provided a mechanism for
the effect of STN strokes, it did not readily account
for lesions in many alternate locations.12 Further, predictions made by this model, such as decreased inhibition in the primary motor cortex, have not always
been supported experimentally.23 Although this model
continues to expand,24 the link between hemichoreahemiballismus-inducing strokes in remote locations to
known motor pathways has remained elusive. These
findings have led to the hypothesis that motor pathways involved in hemichorea-hemiballismus are likely
to be complex and widely distributed throughout the
brain.5,6,13 Our results support this view and implicate
a network centered on the posterolateral putamen,
a region functionally connected to several important
nodes in the motor network including motor cortex,
premotor cortex, supplementary motor area, and STN.
The present findings are consistent with results
from other nonstroke causes of this phenotype. For
example, hemichorea-hemiballismus from nonketotic
hyperglycemia consistently shows abnormalities in
the putamen.25 Chorea in Huntington disease is associated with putaminal atrophy26 and several primate
models of Huntington chorea have been generated
by lesioning the bilateral putamen.27 Other causes
of hemichorea with abnormalities specifically
within the putamen include Lesch-Nyhan disease,28
Wilson disease,29 and neuroacanthocytosis.30 In one
reported case, hemichorea-hemiballismus resolved
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Figure 5

Resting-state functional connectivity with the site of maximal network overlap in the bilateral
posterior putamen

Results are displayed on the cortical surface (A) and in volume space (B). Regions functionally connected to the posterolateral
putamen include bilateral supplementary motor area and bilateral motor/premotor cortex. Superimposed on the network map in
volume space (B) are the 10 lesions from the hemichorea-hemiballismus validation cohort (in purple, smaller lesions circled in green).

after microsurgical resection of a vascular malformation in the putamen.31
Given the historical emphasis on the STN, its
causal relationship in numerous pathologically confirmed cases, and the inclusion of several STN lesions
in our own analysis, it is interesting that this structure
did not emerge as the site of maximal overlap. In both
the initial and validation cohorts, network overlap
within the STN did not reach our threshold criteria
of 85%. However, the STN does emerge at lower
thresholds and is strongly functionally connected to
the site of maximal network overlap in the posterolateral putamen, suggesting that it probably constitutes
an important node in a more broadly distributed
network.
The present results go far towards establishing
a factor necessary for the emergence of poststroke
hemichorea-hemiballismus: 36 of 39 lesions showed
connectivity to the posterolateral putamen and the remaining 3 lesions showed connectivity in post hoc
analyses. These findings also demonstrate a degree
of specificity as hemichorea-hemiballismus lesions
were more strongly connected to the posterolateral

putamen than similar lesions randomized to other locations or lesions causing asterixis. However, connectivity to the posterolateral putamen should not be
interpreted as sufficient to cause lesion-induced hemichorea-hemiballismus. As one example, poststroke
dystonia without hemichorea-hemiballismus has been
reported following lesions to the posterior putamen.32
Similarly, one would expect pure motor strokes to
show connectivity to the motor/posterolateral putamen. As such, additional factors including a relatively
intact corticospinal tract may be required. Full investigation into these other factors is another important
topic for future work.
The finding that hemichorea-hemiballismus
lesions fail to localize to a single region, but share connectivity to a single region, is consistent with recent
results from several other stroke syndromes.15 The
current article goes beyond this prior work by investigating a new syndrome, hemichorea-hemiballismus,
in which there was no clear a priori hypothesis regarding the exact network location. Further, this study is
novel in demonstrating network overlap in a subcortical region and in using a replication cohort to
Neurology 86
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validate the findings obtained from lesion network
mapping. The fact that the posterolateral putamen
occupies a central anatomical and functional role
within the basal ganglia–thalamocortical motor
loop33–35 and is implicated in other causes of
hemichorea-hemiballismus supports our results and
suggests that lesion network mapping may be useful
in other syndromes with unknown localization.
There are several limitations to the present work.
First, this technique does not explain how remote
stroke-induced disruptions exert their pathophysiologic influence. Second, most lesions were obtained
from published 2D figures. Thus, the analysis could
not account for the potential contributions of chronic
lesions or lesions that were not highlighted in the article. Fortunately, prior validation studies comparing
2D representations to actual 3D lesions showed
nearly identical results when using lesion network
mapping.15 Further, we were able to identify 2 local
cases in which the full 3D volume could be traced and
the possibility of additional chronic lesions excluded.
Third, our technique does not account for downstream compensatory or reactionary changes to focal
disruptions, which may be important mediators of
hemichorea-hemiballismus. Finally, for most cases,
we relied on published clinical descriptions potentially leading to diagnostic inaccuracy or heterogeneity. However, such variability should bias us against
the present findings.
The current article uses a recently validated
method, lesion network mapping, to link anatomically heterogeneous lesions causing hemichoreahemiballismus to a single functional network of
motor regions. In doing so, we highlight the importance of the posterolateral putamen in the pathophysiology of lesion-induced hemichorea-hemiballismus.
Testable hypotheses based on these findings include
the prediction that function within the posterolateral
putamen should be abnormal in patients with strokeinduced hemichorea-hemiballismus if studied with
imaging sensitive to such changes. Further, neuromodulation aimed at the posterolateral putamen or its
associated network may represent a promising therapy in symptomatic patients.36 To this end, it is worth
noting that transcranial magnetic stimulation applied
to the SMA, a cortical node in this network, has
shown some promise for improving chorea.37
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MACRA Changes How Neurologists Are Paid
What Is MACRA, and Why Is It Necessary?
The Medicare Access and CHIP Reauthorization Act of 2015—MACRA—replaced the
Medicare Sustainable Growth Rate formula for calculating physician payments. The rapidly rising
costs of health care in the US are unsustainable. Changes in the health care system are essential and
must happen now.
How Will MACRA Affect Physician Payment?
Our health care system is moving from “fee-for-service” payments to a wider array of “value-based”
payment models that put the patient at the center of care by calling for the improvement of the
quality, safety, and overall experience of patient care while demonstrating cost-effectiveness by
providing care that is less expensive and delivers similar or improved clinical outcomes.
Learn more at AAN.com/view/MACRA.
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