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Mapping Holmes Tremor Circuit Using the
Human Brain Connectome

Juho Joutsa, MD, PhD ®,23% Ludy C. Shih, MD, MMSc,>*** and
Michael D. Fox, MD, PhD>>®

Objective: Holmes tremor is a debilitating movement disorder with limited treatment options. Lesions causing Holmes
tremor can occur in multiple different brain locations, leaving the neuroanatomical substrate unclear. Here, we test
whether lesion locations that cause Holmes tremor map to a connected brain circuit and whether this circuit might
serve as a useful therapeutic target.
Methods: Case reports of Holmes tremor caused by focal brain lesions were identified through a systematic literature
search. Connectivity between each lesion location and the rest of the brain was computed using resting state functional
connectivity magnetic resonance imaging data from 1,000 healthy volunteers. Commonalities across lesion locations
were identified. This Holmes tremor circuit was then compared to neurosurgical treatment targets and clinical efficacy.
Results: We identified 36 lesions causing Holmes tremor, which were scattered across multiple different brain regions.
However, all lesion locations were connected to a common brain circuit with nodes in the red nucleus, thalamus, globus
pallidus, and cerebellum. In cases with effective neurosurgical treatment, the treatment target was connected with the
lesion location, indicating that a second hit to the same circuit might be beneficial. Commonly used deep brain stimula-
tion targets such as the ventral intermediate nucleus and subthalamic nucleus fell outside our Holmes tremor circuit,
whereas the globus pallidus target was close, consistent with published clinical response rates for these targets.
Interpretation: Lesions causing Holmes tremor are part of a single connected brain circuit that may serve as an
improved therapeutic target.
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n 1904, Gordon Holmes described a series of patients

with tremor caused by focal brain damage." Later, these
observations were formalized into a clinical tremor syn-
drome that bears his name.> Whether Holmes tremor rep-
resents a single clinical entity remains a matter of debate;
however, symptoms in these patients tend to differ from
patients with other tremor syndromes.”> The tremor is usu-
ally slow, large in amplitude, and present at rest, with
movement, and often with sustained posture.” Holmes
tremor is frequently debilitating given its large amplitude,
lack of response to medications, and heterogeneous
response to deep brain stimulation (DBS).*”

One obstacle to finding effective treatments for Holmes
tremor is that it remains unclear whether clinically diagnosed
cases share a common neuroanatomical substrate, and if so,
what that neuroanatomical substrate might be. The tremor
has been variably referred to as “rubral tremor,” “midbrain
tremor,” or “thalamic tremor” based on lesion location. How-
ever, lesions outside the red nucleus, midbrain, and thalamus
can also cause this syndrome.> One hypothesis to explain this
heterogeneity is that lesions causing Holmes tremor map to
one or more connected brain circuit(s).!> However, which
circuit has remained unclear, leading to uncertainty as to the
most appropriate DBS target.”® The hypothesis that lesion
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TABLE 1. Case Reports of Holmes Tremor
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No

Modest

No

No

No

No
No

No
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Yes
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No

No

No
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Neurosurgical
Treatment

VIM thalamotomy®

Lenticular fasciculus DBS*

VIM DBS

VIM DBS

VIM DBS*

VIM DBS*

VIM, GPi, VOA DBS*

VIM thalamotomy

Thalamotomy

VIM DBS

VOP/ZI DBS*

VIM DBS, pallidotomy*

Surgical
Response

Yes

Yes
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Modest

Delay is the estimated time between the occurrence of the lesion and onset of Holmes tremor. Dopamine response is based on the description of the

authors of the original report of the response to L-dopa or dopamine agonists. Dopamine deficit refers to decreased presynaptic dopamine function on

positron emission tomographic or single photon emission computed tomographic imaging. The original papers are listed in the Supplementary Table.

*A figure of the neurosurgical target(s) is shown in the paper.

DA = dopamine; DBS = deep brain stimulation; GPi = globus pallidus interna; H = hemorrhage; I = ischemic stroke; LL = lower limbs; UL = upper

limbs; VIM = ventral intermediate nucleus of thalamus; VOA = ventral oralis anterior; VOP = ventral oralis posterior; ZI = zona incerta.
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locations causing Holmes tremor localize to one (or more)
connected brain circuit(s) has never been formally tested.

Recently, it has become possible to map heteroge-
neous lesion locations causing the same symptom to con-
nected brain circuits, a technique termed lesion network
mapping.” This technique has been successfully applied to
localization of hemichorea, parkinsonism, freezing of gait,
and multiple different neuropsychiatric symptoms.”
Importantly, the technique has been validated for use with
2-dimensional (2D) approximations of 3D lesions, such as
those available from published figures,®” and can identify
therapeutic targets for techniques such as DBS.'®'" Here,
we test the hypothesis that lesions causing Holmes tremor
(defined as combined rest, postural, and action tremor)
map to a common brain circuit. In addition, we investi-
gate whether lesion network mapping could help to iden-
tify therapeutic targets for Holmes tremor.

Patients and Methods

Case Reports
Cases of individuals with Holmes tremor who had occur-

rence of tremor following a focal brain lesion were

identified using PubMed search terms “tremor,” “stroke,”
and “ischemic stroke.” The search was performed in
September 2016. A total of 1,119 articles were found.
Inclusion criteria were (1) a clear description of tremor
manifestation, including mention of presence or absence of
rest, postural, and action tremor of the upper limb,
whether the tremor was called “midbrain,” “rubral,”
“Holmes,” “post-traumatic,” or “complex tremor”;
(2) appearance of rest, postural, and action tremor attrib-
uted to a stroke (ischemic or hemorrhagic); and (3) a pub-
lished figure showing the location of the focal ischemic or
hemorrhagic lesion where borders of the lesion could be
identified. Note that only strokes were included in the pre-
sent analysis to avoid including infiltrating or diffuse
lesions where the lesion extent might not be clearly identi-
fiable from the structural brain scans. Exclusion criteria
included (1) cases of tremor caused by tumor, infection,
or brain lesion other than stroke; (2) poor description of
tremor manifestation; (3) rest or action/postural tremor
only; and (4) poor image resolution such that lesion
boundaries could not be delineated. All reports were eval-
uated by a movement disorder specialist (L.C.S.)
according to the current diagnostic criteria.>”?

Lesions

Networks

Overlap

FIGURE 1: Lesion network mapping of Holmes tremor. (A) Nine representative lesions causing Holmes tremor (selected from
n = 36). (B) Lesion network mapping method. Lesions from the literature are traced onto a standard brain atlas (upper row). The
set of voxels functionally connected to each lesion location are identified (“lesion networks,” middle row). Finally, lesion
networks are overlapped to identify regions connected to all lesion locations (bottom row).
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lateral cerebellum  Ponto-medullary

A Red nucleus GPi VOP Pulvinar nucleus

FIGURE 2: Holmes tremor circuit. (A) Brain regions connected to all 36 lesion locations causing Holmes tremor (“Holmes tremor
circuit”). (B, C) Replication in patients without the most common comorbid movement disorder symptoms dystonia (B) and ataxia
or dysmetria (C). GPi = globus pallidus interna; VOP = ventral oralis posterior.

TABLE 2. Lesion Network Mapping Coordinates
Location Side x y z Cluster Size
Midbrain (red nucleus) Midline 1 -26 -13 81
GPi R 17 -5 -3 6
L -16 -6 —4 1
Thalamus (VOP) R 14 —-12 3 12
L -12 -13 3 5
Thalamus (pulvinar nucleus) R 21 —24 12 16
L -19 —24 11 14
Cerebellar vermis VI Midline 1 —65 -22 514
CH VI (lateral cerebellum) L =27 =55 —24 45
R 27 —54 =25 26
CH X (flocculonodular) L -19 —40 —47 185
R 20 —40 —48 137
Pontomedullary junction Midline 1 =29 —44 24
Center of gravity coordinates are presented for all distinct clusters. The labels of the clusters are defined visually using previously published parcellations
to identify subregions of the thalamus and cerebellum. 4
(T = el gl O = el ol i L = 18 T = vy WOIP = wrtisis-ielhs jposesiion el
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Lesion Network Mapping

Lesion network mapping methodology has been described in
detail previously,”'? and the code is freely available through
Lead DBS software (http://www.lead-dbs.org)."? Lesion loca-
tions were manually drawn on the Montreal Neurological
Institute (MNI) anatomical template based on the published
images of the lesions. This provides only a 2D approximation
of the true 3D lesion, but prior work suggests this is sufficient
for lesion network mapping,®’ Connectivity between each
lesion location and all other brain voxels was computed using
resting state functional connectivity magnetic resonance
imaging data from 1,000 healthy volunteers.'* The analyses
were run in the MNI space with 2 X 2 X 2mm voxel size.
The lesion networks were created using a threshold of t 2 5
(corresponding to whole brain familywise error [FWE]
corrected p < 0.05) to binarize the connectivity maps. Finally,
the lesion networks were overlaid to identify regions con-
nected with all lesion locations. For visualization, maps were

A Holmes vs. controls (Liebermeister)

upsampled to 0.5mm voxel size and overlaid on a high-
resolution MNI template using Mango software (http://ric.
uthscsa.edu/mango/). This same visualization approach was
used for all figures in the paper.

To examine whether our findings were influenced by
the most common comorbid symptoms, the above analysis
was repeated including only cases without dystonia (n = 28)
and cases without ataxia or dysmetria (n = 23).

Specificity to Holmes Tremor

To test whether the identified circuit was specific for Holmes
tremor, lesion network maps were compared to those of con-
trol lesions causing nonspecific neurological symptoms
(n = 135)" or lesions causing other movement disorders pre-
viously published by our group (asterixis, hemichorea, freezing
of gait, and parkinsonism; n = 102).>'*"® The group compar-
isons were performed using 2 different statistical approaches,
analyzing binary (ie, included in the network or not) and

C Holmes vs. mov disord. (Liebermeister)

0.05 mmmmmpwalve 0.001

0.05 mmmwpvalue 0.001

FIGURE 3: Specificity of connections to lesions causing Holmes tremor. (A, B) Lesion network maps from patients with Holmes
tremor (n = 36) were statistically compared to lesion network maps from patients with nonspecific symptoms (n = 135) using
binarized maps (A) and continuous connectivity maps (B). (C, D) Lesion network maps from patients with Holmes tremor (n = 36)
were statistically compared to lesion network maps from patients with other movement disorders (n = 102) using binarized maps
(C) and continuous connectivity maps (D). All statistical comparisons are corrected for multiple comparisons at p < 0.05. Green
circles are used to highlight small clusters in C.
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continuous (ie, strength of connection) maps, as described
prc:viously.l&18 Analyses with binary maps were conducted
using Liebermeister test implemented in voxel-based lesion-
symptom mapping.19 The analyses were conducted across the
whole brain ignoring voxels affected in <10% of the lesion
networks. Voxels within the identified circuit with whole
brain false discovery rate corrected p < 0.05 were considered
specific for Holmes tremor. Analyses with continuous maps
were performed using general linear model implemented in
FMRIB Software Library. To avoid inflated type I error
rates recently associated with parametric tests,”’ the correc-
tion for multiple comparisons was performed using the
permutation-based  threshold-free cluster enhancement
method.”! Regions showing significant group difference
(FWE-corrected p < 0.05) within the identified circuit were
considered specific for Holmes tremor.

Network Visualization

By definition, connectivity with the nodes of the identified
circuit defines a network of brain regions that encompasses
our 36 lesion locations causing Holmes tremor. To visual-
ize this network, we first identified 8 “nodes,” defined as
contiguous clusters of at least 5 voxels connected to all
36 lesion locations. Homologous regions in the left and
right hemisphere were combined into a single node. We
then used our normative connectome to compute connec-
tivity with each node. Resulting connectivity maps were
thresholded (t = 5) and binarized, and a conjunction analy-
sis was used to identify voxels connected to all 8 nodes.

Therapeutic Targets

In our sample, 7 of 12 cases who received neurosurgical treat-
ment (DBS or stereotactic lesions) had a published figure
showing their treatment target. All of these cases responded
to treatment. The surgical target location was drawn based on
the published image and overlaid with the corresponding
lesion network to investigate whether the target fell within
this network (ie, is connected with the causal lesion).

Based on the published literature, the most com-
monly targeted regions for DBS in Holmes tremor include
ventral intermediate nucleus of thalamus (VIM), globus
pallidus interna (GPi), and subthalamic nucleus (STN).?
Clinical response rates for these targets were taken directly
from a recent systematic review,” where good clinical
response was defined as 280% improvement in the clinical
scale used in the study: 10/31 for VIM, 11/14 for GPj,
and 1/6 for STN.” The probabilistic coordinates for each
of the neuroanatomical treatment targets were taken from
previously published work.*> These coordinates were com-
pared with the identified Holmes tremor circuit.

The study was approved by the local institutional review
board (Beth Israel Deaconess Medical Center #2018P000128).
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Results
Lesion Network Mapping

Our literature search identified 36 cases of Holmes tremor
(Table 1). Lesion locations were heterogeneous and included
the midbrain, cerebellum, basal ganglia, pons, medulla, cere-
bellum, and occipital lobe (Fig 1A; see Supplementary Table
for all lesions). Connectivity between each lesion location
and the rest of the brain was computed, and commonalities
across the 306 lesions were identified using lesion network
mapping (see Fig 1B).

All 36 lesions causing Holmes tremor were part of a
common brain network, defined by connectivity to 8 specific
brain regions: the red nucleus, GPi, ventral oralis posterior
(VOP) and pulvinar nuclei of the thalamus, pontomedullary
junction, and 3 regions in the cerebellum (cerebellar cortex and
vermis in lobule VI, and cerebellar cortex in lobule X; Fig 2A,
Table 2). The results did not change when excluding patients
with dystonia (see Fig 2B) or ataxia/dysmetria (see Fig 2C).

When compared to lesions causing nonspecific symp-
toms (n = 135) or other movement disorders (n = 102), all
8 nodes showed at least some specificity to Holmes tremor
(Fig 3). By definition, connectivity with these 8 regions
defines a human brain network that encompasses our
36 lesion locations causing Holmes tremor (Fig 4).

FIGURE 4: Brain network capturing the lesion locations
causing Holmes tremor. Lesions (red) fall within the network
defined by connectivity to all 8 Holmes tremor nodes (blue).
The blue network is the conjunction of the networks from
each of the 8 nodes in the Holmes tremor circuit.
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A B
Case 32 Case 33 Case 2 STN VIM GPi

VOP/ZI DBS Pallidotomy VIM thalamotomy

(17%)

(32%) (79%)
FIGURE 5: Treatment targets for Holmes tremor. (A) Three representative lesion cases with good clinical response to
neurosurgical intervention (selected from n = 7). For each case, we show the lesion location (upper panel), the lesion network
(lower panel), and the treatment target (green sphere). (B) Spatial relationship between commonly used deep brain stimulation
(DBS) targets for Holmes tremor (blue) and our lesion-based Holmes tremor circuit (red; see also Fig 2A). Average clinical
response rate (% good response) is shown according to Artusi et al.> Note that the globus pallidus interna (GPi) target was
immediately adjacent to our Holmes tremor circuit, whereas subthalamic nucleus (STN) and ventral intermediate nucleus of

thalamus (VIM) were not. VOP = ventral oralis posterior; ZI = zona incerta.

Therapeutic Targets

To test for relationships between lesion locations and neu-
roanatomical treatment targets, we examined 12 cases in
our sample that received a focal neurosurgical intervention
(see Table 1). All cases reported therapeutic benefit, and
7 cases displayed the location of the intervention. In all
7 cases, the location of the intervention that improved
Holmes tremor was part of the same network as the lesion
that caused Holmes tremor. In other words, the target was
connected with the location of the causal brain lesion
(FWE-corrected p < 0.05; Fig 5A). Given these results, we
tested whether DBS targets commonly used to treat
Holmes tremor (GPi, STN, VIM) fell within the network
connected to all 36 lesion locations. None of the current
targets matched our network exactly (see Fig 5B); how-
ever, the GPi target was immediately adjacent to our net-
work, potentially consistent with its higher rate of good
clinical response reported for this target.S

Discussion

There are several noteworthy findings in this study. First,
lesions causing Holmes tremor do not localize to any sin-
gle brain region, but do localize to a functionally con-
nected brain circuit. Second, this brain circuit is defined
by connectivity to 8 specific brain regions including the
red nucleus, GPi, thalamus, pontomedullary junction, and

818

cerebellum. Finally, this circuit may have therapeutic rele-
vance as a target for neurosurgical intervention.

We provide direct support for the longstanding
hypothesis that lesions causing Holmes tremor map to one
or more connected brain circuit(s).">*>?° We advance
these hypotheses by showing which connections are most
important, identifying 8 brain regions connected to all
36 lesion locations. Connectivity to the red nucleus, thala-
mus, and cerebellum aligns with prior work implicating a
cerebellorubrothalamic circuit in Holmes tremor.?>%° Sim-
ilarly, connectivity to the GPi and VOP aligns with prior
work implicating a pallidal—thalamic pathway.®*” Connec-
tivity to the pulvinar nucleus aligns with reports suggesting
that posterior thalamic lesions can cause some components
of Holmes tremor.?®?° However, our results fail to sup-
port other brain regions previously thought to be impor-
tant for Holmes tremor, such as VIM or the nigrostriatal
tract.

VIM was not a key node in our Holmes tremor cir-
cuit, despite its established role in other tremor syndromes
and being the most popular DBS target for Holmes
tremor.” The absence of VIM is unlikely to be an artifact
of our lesion network mapping technique, as prior work
found that lesions improving essential tremor were con-
nected specifically to VIM.' Rather, we believe our find-
ing highlights a potentially important difference between
different tremor syndromes. Specifically, both essential

Volume 86, No. 6



tremor and Parkinson disease tremor respond extremely
well to therapies targeting VIM,*>?" but only 31% of
patients with Holmes tremor show good clinical response
to VIM DBS.” The subset of Holmes tremor patients that
do respond to VIM DBS may have a lesion that is con-
nected to VIM (in addition to our Holmes tremor cir-
cuit), a stimulation site that extends beyond VIM
(perhaps intersecting VOP), or a stimulation site that is
connected to our circuit, with VIM serving as an upstream
node capable of modulating this circuit. A full under-
standing of the role of VIM in Holmes tremor requires
further work, but our results suggest it may be less central
to the Holmes tremor circuit than previously thought.

The nigrostriatal tract was also not a key part of our
Holmes tremor circuit, despite dopaminergic medication
being a first line treatment for Holmes tremor.* This
result aligns with other data suggesting that nigrostriatal
tract involvement is not necessary for development of
Holmes tremor.”” Specifically, many patients with Holmes
tremor have normal dopamine neuroimaging and only half
of patients respond to dopaminergic medication.*>3%-4

Given that all 36 lesion locations causing Holmes
tremor were connected to a common circuit, this connectiv-
ity could be considered necessary for a lesion to cause
Holmes tremor. However, this should not be interpreted as
sufficient to cause Holmes tremor. There may be additional
(predisposing) factors that are required. In other words, all
lesions causing Holmes tremor should fall within the identi-
fied circuit (see Fig 4), but not all lesions that fall within this
circuit will necessarily cause Holmes tremor.

An important question is whether our Holmes tremor
circuit has value as a therapeutic target. We found that sur-
gical lesions or DBS sites that improve Holmes tremor are
part of the same connected brain circuit as the lesion that
caused the tremor in the first place. Although potendally
counterintuitive, this finding may align with pathological
oscillations recorded in Holmes tremor patients.”® The first
lesion could unbalance the circuit, setting up a pathological
oscillation, and a second hit to this same circuit could break
this oscillation, providing therapeutic benefit. If the thera-
peutic lesion must be part of the same circuit as the causa-
tive lesion, none of our current DBS targets would be
expected to improve Holmes tremor in all cases. VIM and
STN fell outside our circuit. The DBS target in the GPi
comes close, potentially consistent with greater clinical bene-
fit reported with this target.” Our results suggest a slightly
more medial GPi target could be beneficial. Our results also
support VOP as a therapeutic target, which, either alone or
in combination with VIM DBS, has shown signs of efficacy
for medication-refractory tremor related to multiple sclero-
sis.>® Note that this study reported comparable efficacy
between VIM and VOP DBS, whereas our results would
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have predicted higher efficacy of VOP stimulation. How-
ever, the patients in this DBS study differed from our lesion
cases in terms of diagnosis (progressive or relapsing—
remitting multiple sclerosis vs focal stroke), number of
lesions (multiple vs single), and clinical features (any type of
tremor vs Holmes tremor). As such, it remains unknown
whether Holmes tremor specifically would respond better to
VOP DBS. Finally, our Holmes tremor circuit includes
nodes that have not yet been evaluated as therapeutic tar-
gets, including multiple regions in the cerebellum. Whether
neuromodulation directly targeting the circuit reported here
results in improved outcomes for Holmes tremor remains a
testable hypothesis in need of clinical validation.

There are several limitations. First, we used manually
traced 2D lesions, which could be inaccurate and provide
only an approximation of the full 3D lesion volume. How-
ever, prior work suggests that lesion networks derived from
these 2D approximations are nearly identical to those
derived from the full 3D lesion.*” Second, there is no
accepted clinical criteria for defining Holmes tremor, and
what criteria do exist have changed over time.” In our study,
all cases were required to have all 3 tremor types (rest, pos-
tural, action), consistent with the most recent consensus
statement from the Movement Disorders Society,” but some
clinical heterogeneity is inevitable. Third, our results could
have been influenced by publication bias. For example, the
rate of response to neurosurgical intervention is abnormally
high in our included cases compared to reported rates for
Holmes tremor as a whole.” That all our cases responded
well to neurosurgical intervention also prevents us from con-
trasting patients with good versus poor clinical responses.
Fourth, lesion network mapping uses connectome data from
a large normative cohort to approximate connectivity in an
individual patient at the time of the lesion, and thus ignores
individual differences in brain connectivity. This appears to
be a reasonable approximation given the success of lesion
network mapping across many different symptoms,” and
prior work using an age-matched or disease-matched
connectome has had little impact on results.”””®

It is important to highlight that most of the above
limitations, including inaccuracy of lesion tracing, clinical
heterogeneity, and individual differences in brain connec-
tivity, should all bias us against the present findings. As
such, our finding that heterogeneous lesion locations caus-
ing Holmes tremor map to a common brain circuit is pre-
sent despite these limitations, not because of them.

Acknowledgment

J.J. was funded by the Academy of Finland (#295580),
Finnish Medical Foundation, and Turku University Hos-
pital state research funding (TYKS ERVA). M.D.F. was

819



ANNALS of Neurology

supported by R0O1 MH113929, the Nancy Lurie Marks
Foundation, the National Parkinson’s Foundation, the
Mathers Dystonia
Research Fund, and the Dystonia Medical Research

Foundation, the Dorothy Feiss

Foundation.
We thank Dr M. Corbetta for sharing data and Dr
A. Horn for advice during the project.

Author Contributions

All authors contributed to conception and design of the
study, acquisition and analysis of data, and drafting the
text and preparing the figures.

Potential Conflicts of Interest

J.J. and L.C.S. have nothing to disclose; M.D.F. has a pat-
ent on lesion network mapping pending.

References

1. Holmes G. On certain tremors in organic cerebral lesions. Brain
1904,27:327-375.

2. Deuschl G, Bain P, Brin M. Consensus statement of the Movement
Disorder Society on Tremor. Ad Hoc Scientific Committee. Mov Dis-
ord 1998;13(suppl 3):2-23.

3. Bhatia KP, Bain P, Bajaj N, et al. Consensus statement on the classifica-
tion of tremors. from the task force on tremor of the International
Parkinson and Movement Disorder Society. Mov Disord 2018;33:75-87.

4. Raina GB, Cersosimo MG, Folgar SS, et al. Holmes tremor: clinical
description, lesion localization, and treatment in a series of 29 cases.
Neurology 2016,86:931-938.

5. Artusi CA, Farooqi A, Romagnolo A, et al. Deep brain stimulation in
uncommon tremor disorders: indications, targets, and programming.
J Neurol 2018;265:2473-2493.

6. Foote KD, Okun MS. Ventralis intermedius plus ventralis oralis ante-
rior and posterior deep brain stimulation for posttraumatic Holmes
tremor: two leads may be better than one: technical note. Neurosur-
gery 2005;56(2 suppl):E445; discussion E445.

7. Fox MD. Mapping symptoms to brain networks with the human
connectome. N Engl J Med 2018;379:2237-2245.

8. Darby RR, Laganiere S, Pascual-Leone A, et al. Finding the imposter:
brain connectivity of lesions causing delusional misidentifications.
Brain 2017;140(pt 2):497-507.

9. Boes AD, Prasad S, Liu H, et al. Network localization of neurological
symptoms from focal brain lesions. Brain 2015;138(pt 10):3061-3075.

10. Joutsa J, Shih LC, Horn A, et al. Identifying therapeutic targets from
spontaneous beneficial brain lesions. Ann Neurol 2018;84:153-157.

11. Joutsa J, Horn A, Hsu J, Fox MD. Localizing parkinsonism based on
focal brain lesions. Brain 2018;141:2445-2456.

12. Darby RR, Horn A, Cushman F, Fox MD. Lesion network localization
of criminal behavior. Proc Natl Acad Sci U S A 2018;115:601-606.

13. Hom A, Kiihn AA. Lead-DBS: a toolbox for deep brain stimulation elec-
trode localizations and visualizations. Neuroimage 2015;107:127-135.

14. Holmes AJ, Hollinshead MO, O'Keefe TM, et al. Brain Genomics
Superstruct Project initial data release with structural, functional, and
behavioral measures. Sci Data 2015;2:150031.

15. Corbetta M, Ramsey L, Callejas A, et al. Common behavioral clusters
and subcortical anatomy in stroke. Neuron 2015;85:927-941.

820

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Joutsa J, Homn A, Hsu J, Fox MD. Localizing parkinsonism based on

focal brain lesions. Brain 2018;141:2445-2456.

. Laganiere S, Boes AD, Fox MD. Network localization of hemichorea-

hemiballismus. Neurology 2016,86:2187-2195.

. Fasano A, Laganiere SE, Lam S, Fox MD. Lesions causing freezing of gait

localize to a cerebellar functional network. Ann Neurol 2017:81:129-141.

. Rorden C, Karnath HO, Bonilha L. Improving lesion-symptom map-

ping. J Cogn Neurosci 2007;19:1081-1088.

Eklund A, Nichols TE, Knutsson H. Cluster failure: why fMRI infer-
ences for spatial extent have inflated false-positive rates. Proc Natl
Acad Sci U S A 2016;113:7900-7905.

Winkler AM, Ridgway GR, Webster MA, et al. Permutation inference
for the general linear model. Neuroimage 2014;92:381-397.

Horn A, Kiihn AA, Merkl A, et al. Probabilistic conversion of neuro-
surgical DBS electrode coordinates into MNI space. Neuroimage
2017;150:395-404.

Diedrichsen J, Balsters JH, Flavell J, et al. A probabilistic MR atlas of
the human cerebellum. Neuroimage 2009;46(1):39-46.

Ewert S, Plettig P, Li N, et al. Toward defining deep brain stimulation
targets in MNI space: A subcortical atlas based on multimodal MRI,
histology and structural connectivity. Neuroimage 2018;170:271-282.

Deuschl G, Bergman H. Pathophysiology of nonparkinsonian
tremors. Mov Disord 2002;17(suppl 3):541-548.

Deuschl G, Raethjen J, Lindemann M, Krack P. The pathophysiology
of tremor. Muscle Nerve 2001;24:716-735.

Krack P, Dostrovsky J, llinsky I, et al. Surgery of the motor thalamus:
problems with the present nomenclatures. Mov Disord 2002;17
(suppl 3):52-S8.

Ghika J, Bogousslavsky J, Henderson J, et al. The "jerky dystonic
unsteady hand": a delayed motor syndrome in posterior thalamic
infarctions. J Neurol 1994;241:537-542.

Lehéricy S, Grand S, Pollak P, et al. Clinical characteristics and
topography of lesions in movement disorders due to thalamic
lesions. Neurology 2001;57:1055-1066.

Elias WJ, Lipsman N, Ondo WG, et al. A randomized trial of focused
ultrasound thalamotomy for essential tremor. N Engl J Med 2016;
375:730-739.

Cury RG, Fraix V, Castrioto A, et al. Thalamic deep brain stimulation
for tremor in Parkinson disease, essential tremor, and dystonia. Neu-
rology 2017,89:1416-1423.

Gajos A, Budrewicz S, Koszewicz M, et al. Is nigrostriatal dopaminergic
deficit necessary for Holmes tremor to develop? The DaTSCAN and
IBZM SPECT study. J Neural Transm (Vienna) 2017;124:1389-1393.

Gajos A, Bogucki A, Schinwelski M, et al. The clinical and neuroimag-
ing studies in Holmes tremor. Acta Neurol Scand 2010;122:360-366.

Hertel F, Zichner M, Decker C, et al. Unilateral Holmes tremor,
clearly responsive to cerebrospinal fluid release, in a patient with an
ischemic midbrain lesion and associated chronic hydrocephalic ven-
tricle enlargement. Case report. J Neurosurg 2006;104:448-451.

Maki F, Sato S, Watanabe K, et al. Vim thalamotomy in a patient with
Holmes’ tremor and palatal tremor—pathophysiological consider-
ations. BMC Neurol 2015;15:26.

Oliveria SF, Rodriguez RL, Bowers D, et al. Safety and efficacy of
dual-lead thalamic deep brain stimulation for patients with
treatment-refractory multiple sclerosis tremor: a single-centre,
randomised, single-blind, pilot trial. Lancet Neurol 2017;16:691-700.

Horn A, Reich M, Vorwerk J, et al. Connectivity predicts deep brain
stimulation outcome in Parkinson disease. Ann Neurol 2017;82:
67-78.

Weigand A, Horn A, Caballero R, et al. Prospective validation that
subgenual connectivity predicts antidepressant efficacy of trans-
cranial magnetic stimulation sites. Biol Psychiatry 2018;84:28-37.

Volume 86, No. 6



	 Mapping Holmes Tremor Circuit Using the Human Brain Connectome
	Patients and Methods
	Case Reports
	Lesion Network Mapping
	Specificity to Holmes Tremor
	Network Visualization
	Therapeutic Targets

	Results
	Lesion Network Mapping
	Therapeutic Targets

	Discussion
	Acknowledgment
	Author Contributions
	Potential Conflicts of Interest
	References


