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Tremor is a prevalent symptom associated with multiple conditions, including essential tremor (ET), Parkinson's disease

(PD), multiple sclerosis (MS), stroke and trauma. The surgical management of tremor evolved from stereotactic lesions to

deep-brain stimulation (DBS), which allowed safe and reversible interference with specific neural networks. 
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1. Introduction 

Tremor is a prevalent symptom associated with multiple conditions, including neurodegenerative diseases (e.g., essential

tremor (ET), Parkinson disease (PD), multiple system atrophy and spinocerebellar ataxias), inflammatory diseases (e.g.,

multiple sclerosis (MS)), drug toxicity (e.g., lithium, sympathomimetics and chemotherapeutic agents), stroke, trauma and

many others . While mild tremor can often be controlled medically, many patients have refractory and intractable

syndromes that significantly affect their quality of life .

The surgical treatment of tremor evolved from a series of serendipitous discoveries that were initially reported in 1953,

when Irving Cooper accidentally generated an anterior choroidal artery stroke during a pedunculotomy procedure for PD

. It was realized that the globus pallidus internus (GPi) lesion led to improvement in bradykinesia and rigidity without

creating motor deficits. A subsequent series of chemopallidotomies for PD further highlighted that patients with tremor

improvement typically had thalamic involvement (Figure 1) . Thalamotomy was then studied and demonstrated effective

for the relief of tremor, achieving control rates between 69% and 91% , at the cost of adverse side effects that could

reach an incidence of 67% when bilateral lesions were performed . Deep-brain stimulation (DBS) was introduced as a

way to reversibly inhibit the ventrolateral thalamus in patients who had previously undergone a contralateral thalamotomy,

with the rationale that it would allow a safer treatment of the second side . After the demonstration that DBS could

achieve tremor reduction rates similar to a thalamotomy and with a better side-effect profile, even in unilateral cases 

, the technique rapidly replaced lesioning procedures as the preferred surgical option for tremor.

Figure 1. Historical tremor target. (A) Coronal representation by Cooper in 1960 of the ideal lesioning target for the

control of tremor. Note how the lesion encompasses the ventrolateral thalamus in addition to the zona incerta (Zi) and

posterior subthalamic area (PSA). Reproduced from  with permission. (B) Optimal location for thalamic stimulation

based on current data  plotted on a coronal representation of the thalamus, 5 mm posterior to the midcommissural

point . The light-blue overlay represents the midcommissural plane.

2. Tremor Targets

Tremors of various etiology (e.g., ET, PD, MS) have clearly distinct pathophysiological origins . However, the circuits

involved appear to converge at the ventrolateral thalamic area. Multiple structures have been targeted, including the

ventral intermediate nucleus of the thalamus (Vim), the nucleus ventralis oralis of the thalamus (Vo) and the posterior

subthalamic area (PSA).
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The Vim nucleus is the classic tremor target for both DBS and thalamotomy procedures (Figure 2). It is a 3 mm-thick layer

of cell bodies receiving fibers from the contralateral deep cerebellar nuclei (dentate, interposed and fastigial). Both

structures are connected by the dentato-rubro-thalamic tract (DRTT, alternatively named fasciculus cerebellothalamicus or

the cerebellothalamic tract), which travels through the superior cerebellar peduncle, mostly decussates in the brachium

conjunctivum, passing through and anterior to the red nucleus before ascending into the Vim thalamus and, to a lesser

extent, the Vop . The Vim then projects to the ipsilateral motor (M1) and association cortices (the premotor cortex,

supplementary motor area and pre-supplementary motor area). The Vim is bordered by the ventralis caudalis (Vc) nucleus

posteriorly (receiving sensory information through the medial lemniscus) and the pallidal receiving area (Vop) nucleus

anteriorly (receiving pallidal fibers through the thalamic fasciculus (H1 field of Forel)). Immediately ventral to the Vim and

Vop lies a white matter region named prelemniscal radiations (Raprl). In a recent tractography study, the Raprl contained

(1) the DRTT fibers arriving from the cerebellum en route to the Vim, (2) tractography streamlines connecting the

brainstem to the orbitofrontal and prefrontal cortices, (3) streamlines connecting the pallidum to the pedunculopontine

nucleus and (4) streamlines directly connected to the motor and premotor cortices through the internal capsule . The

Raprl is itself bordered by the medial lemniscus latero-posteriorly on its way to Vc, by the zona incerta (Zi) latero-anteriorly

and by the red nucleus medially. The Zi is a shell of cell bodies embryologically derived from the thalamus and extending

from the reticulate nucleus of the thalamus . Together, the caudal portion of the Zi, pallidothalamic tracts (thalamic

fasciculus (H1) and lenticular fasciculus (H2)) and the Raprl form the posterior subthalamic area (PSA), and the various

terms are often used interchangeably in the literature . The different targets are illustrated in Figure 2 and listed in Table

1 with average coordinates and targeting methods.

Figure 2. Anatomy of the ventral thalamic area. (A) Sagittal cross-section of the thalamus, 14.5 mm lateral to the midline.

Light-blue overlays represent the intercommissural plane (horizontally), the midcommissural plane (vertically) and the

posterior commissure (half-circle). (B) Coronal cross-section 5 mm posterior to the mid-commissural point. Light-blue

overlay represents the intercommissural plane. (C) Axial cross-section 3.5 mm inferior to the intercommissural plane.

Light-blue overlay represents the midcommissural plane. Panels A, B and C redrawn and adapted from . (D) Three-

dimensional reconstruction of the right thalamus seen from an antero-infero-lateral oblique view. Nuclei rendered in Lead-

DBS v2  using the DISTAL atlas (ventralis caudalis (Vc), ventral intermediate nucleus of the thalamus (Vim), pallidal

receiving area (Vop), Voa and subthalamic nucleus (STN)) , Zona incerta atlas (Zi)  and Brainstem connectome atlas

(DRTT) . * = Standard Vim target for deep-brain stimulation (DBS); square = standard prelemniscal radiations (Raprl)

target for DBS; triangle = standard caudal Zi target for DBS; circle = intermediate PSA target at the interface between Zi

and Raprl; II = optic tract; A.pr = nucleus anteroprincipalis thalami; A.tr.w = area triangularis (Wernicke); B.co.s = brachium

colliculi superioris; Ce = nucleus centralis; D.c = nucleus dorso-caudalis; D.im.e = nucleus dorso-intermedius externus;

D.im.i = nucleus dorso-intermedius internus; D.o.e = nucleus dorso-oralis externus; DRTT = dentato-rubro-thalamic tract;

Fx = fornix; G.l. = corpus geniculatum laterale; G.m = corpus geniculatum mediale; GPe = globus pallidus externus; GPi =

globus pallidus internus; H2 = fasciculus lenticularis; Hpth = hypothalamus; La.m.ip = lamina medialis interpolaris; La.p.i =
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lamina pallidi incompleta; La.p.m = lamina pallidi medialis; Li = nucleus limitans thalami; L.l = lemniscus lateralis; L.m =

lemniscus medialis; M.fa.p = nucleus medialis fasciculosus posterior; M.fa.s = nucleus medialis fasciculosus superior;

M.fi.p = nucleus medialis fibrosus posterior; Ni = substantia nigra; Pf = nucleus parafascicularis thalami; Ppd = nucleus

peripeduncularis; Prg = praegeniculatum; Pu.ig = nucleus pulvinaris intergeniculatus; Pu.m = pulvinar mediale; Pu.o.l =

nucleus pulvinaris orolateralis; Pu.o.v = nucleus pulvinaris oroventralis; Pu.sb = nucleus pulvinaris suprabrachialis; Pu.sf =

nucleus pulvinaris superficialis; Put = putamen; Ra.prl = radiatio praelemniscalis; Rt = reticulatum thalami; R.t.pu; Ru =

red nucleus; STN = subthalamic nucleus; T.m.th = tractus mammillo-thalamicus; V.c = nucleus ventrocaudalis; V.c.i =

nucleus ventrocaudalis internus; V.c.pc = nucleus ventrocaudalis parvocellularis; V.c.por = nucleus ventrocaudalis portae;

V.im = nucleus ventrointermedius; V.im.e = nucleus ventrointermedius externus; V.im.i = nucleus ventrointermedius

internus; V.o.a = nucleus ventrooralis anterior; V.o.p = nucleus ventrooralis posterior; Z.i = zona incerta; Z.im.e = nucleus

zentrolateralis intermedius externus; Z.im.i = nucleus zentrolateralis intermedius internus. * = Standard Vim target for

DBS; square = standard Raprl target for DBS.

Table 1. Coordinates and anatomical targeting of common tremor targets.

Target Indirect Coordinates Anatomical Targeting

Vim

X = 15 mm lateral to MCP (or 11

mm lateral from wall of third

ventricle)

Y = 25% AC–PC distance

posterior to MCP

Z = level of MCP

N/A

PSA (intermediate

target) 

X = 11 ± 1.36 mm lateral to MCP

Y = 5.65 ± 1.42 posterior to MCP

Z = 1.87 ± 0.62 mm inferior to

MCP

Halfway between the lateral border of the red nucleus and

the medial border of the STN, on a line perpendicularly

intersecting the STN axis .

Raprl 

X = 11.63 ± 0.66 mm lateral to

MCP

Y = 6.73 ± 1.62 mm posterior to

MCP

Z = 4.38 ± 1.02 mm inferior to

MCP

Perirubral white matter

Caudal Zi 

X = 14 ± 1.56 mm lateral to MCP

Y = 5.8 ± 1.46 mm posterior to

MCP

Z = 2.1 ± 1.05 inferior to MCP

Behind posterior end of STN

MCP = Midcommissural point; AC-PC = Anterior commissure-Posterior commissure distance.

3. Tremor Syndromes

3.1. Essential Tremor

Essential tremor is seen as neurodegenerative disorder of the cerebellum in which an unknown trigger leads to loss of

Purkinje cells . This reduces the GABAergic input to cerebellar output nuclei, inducing excessive cerebellar output to

the thalamus. Combined with a chronic reorganization or the remaining Purkinje cell synapses in the cerebellar cortex,

oscillations arise in motor networks that generate an action tremor . Most patients with ET initially respond to
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propranolol or GABAergic agents, such as topiramate, gabapentin, primidone and ethanol . As the disease progresses,

patients may become refractory to medication, resulting in a reduced quality of life, and may be considered for surgical

intervention. DBS in ET is thought to act by inhibiting the pathological oscillations in the cerebello-thalamic pathways. The

various targets discussed above are all nodes in this network that have been targeted and shown to reduce action tremor

in ET (see above).

When considering all targets together, a meta-analysis was recently performed and identified 37 studies (14 retrospective

and 23 prospective) published between 1996 and 2019 and reporting the results of 1202 patients treated with DBS for

medically refractory ET . The average improvement in tremor score was 60.1% ± 9.7 (SD) at an average follow-up of

16.6 months. Tremor reduction was superior in patients receiving bilateral DBS (61.2% ± 5.2, SD, n = 69) versus unilateral

DBS (56.4% ± 9.7, SD, n = 472, p < 0.001). Across studies, DBS for ET improved quality of life by 52.5% ± 16.2 (SD) at

an average follow-up of 16.6 months . Perioperative and hardware-related complications included lead problems

(11.4%), local adverse symptoms (10.9%), infection (1.8%), intracranial hemorrhage (1.1%), seizures (0.5%) and death

(0.1%). Stimulation-related side-effects included speech disturbance (11.1%), gait disturbance (10.9%), paresthesias

(8.8%), neuropsychiatric issues (5.1%) and other symptoms (8.3%). Across all complications, 76.6% were transient .

Overall, patient satisfaction with DBS for ET is very high , and outcomes appear to have been slightly improving over

time (average of 0.4% improvement in tremor score per year in studies published between 1996 and 2019, Spearman's

correlation coefficient = 0.357, p = 0.035), suggesting progress in the surgical techniques and hardware .

Many challenges remain in this field. Habituation to stimulation, which occurs in 73% of patients within 5 years of

implantation , is a significant concern to which there is yet to be a convincing solution. The complexity and cost of DBS

for ET may also be challenged as thalamotomies are being revisited through the introduction of less invasive lesioning

modalities such as radiosurgery and focused ultrasound, both of which may trend to being more cost-effective than DBS

. However, these types of analysis may be difficult to interpret, as robust long-term data for lesions and recurrence of

tremor are not as clear in large cohorts. This also needs to be weighed against new devices with longer battery life and

increased programming options. The demonstrated safety of bilateral thalamic DBS currently maintains neuromodulation's

edge over lesions, although this may change when current ongoing studies of modern bilateral lesions are completed

(NCT04501484 and NCT03465761). If these studies are successful, the main question for the field will be the long-term

benefit and frequency of complications with each approach.

3.2. Dystonic Tremor

Dystonic tremor (DT) is a tremor syndrome "combining tremor and dystonia as the leading neurological signs" . There is

considerable overlap with ET and ET plus syndromes, and many patients are often misclassified in these categories,

which may represent a continuum . The pathophysiology of dystonic tremor is even less understood than ET, but might

involve similar cerebellar pathology, in addition to dystonia-specific loss of inhibition in spinal and brainstem circuits .

In the largest series of Vim DBS for DT, 26 patients followed for more than 6 months showed a 44–56% improvement in

tremor score sustained over 5 years . Tremor control was not inferior to ET patients similarly treated at the same

institution. Functional status was improved by 56% after 6 months and 1 year, but did not reach statistical significance

past 2 years, suggesting suboptimal control of the concomitant dystonia symptoms might be limiting activities of daily

living over the long term. This might be relieved by GPi DBS, which has known potency against dystonic symptoms,

although the only series comparing tremor control from GPi and Vim DBS in 10 DT patients found GPi inferior to Vim .

As for STN DBS for dystonic tremor, only four cases were reported, but all were successful . Larger trials will be

needed to clarify the optimal target. When considering performing DBS for DT, the involvement of a multi-disciplinary team

may be important to debate target selection.

3.3. Parkinson's Tremor

Resting and action tremors affect 76–100% and 47–90% of PD patients, respectively, and are often the most visible

symptom of the disease . While DBS in PD is usually performed to alleviate bradykinesia and rigidity, concomitant

tremor reduction has consistently been observed. The pathophysiology of PD tremor is poorly understood but might

involve loss of segregation of parallel basal ganglia circuits, independent thalamic pacemakers or pathological coupling of

cerebellothalamocortical circuits and the basal ganglia .

A meta-analysis of 5 randomized controlled trials including 489 patients demonstrated a 23–100% reduction in tremor at

various time points, with no overall difference in efficacy between STN and GPi targets . In the off-medication state at

the follow-up closest to 12 months, tremor reduction was 37–89% for STN and 25–79% for GPi. While many authors have

reported that tremor suppression from GPi stimulation might be delayed by days to week, this target was found to have a

more stable postoperative efficacy compared to STN, which is more effective at 12 months than at 6 months after
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implantation. STN was also found to be equally effective as Vim . Improvement can be seen in both tremor-

predominant and akinetic-rigid variants. Most importantly, the tremor's responsiveness to medication is not predictive of

successful tremor control with stimulation and can be achieved (>25% reduction) in 94% of cases . Arm and chin

tremor might be more responsive to DBS than leg tremor.

3.4. MS-Associated Tremor

MS-associated tremor appears to be less responsive to DBS than the previously discussed syndromes, although it can

still be improved. In a meta-analysis of 13 studies including 129 DBS patients, stimulation improved the Hedges

standardized mean tremor score by 2.15 . This effect size is difficult to transpose into clinical scales, as it is a pooled

estimate from heterogeneous outcome measures, but the largest study of combined Vim and Vo DBS demonstrated a

29.6% tremor reduction , while series of PSA DBS showed a 50–60% improvement on average . The number of

cases is too small to compare targets to one another, and the low rate of DBS implantation for MS tremor, even in high-

volume centers, makes it unlikely that large trials will be conducted in the near future. For now, some authors have

suggested using a dual lead/dual target strategy (Figure 3B) to maximize the chance of good outcome , although the

efficacy of this approach remains empirical. Careful discussion of the goals of the treatment with the patient is critical to

manage expectations in these complex tremor cases.

3.5. Other Tremors

DBS has been used in a variety of rarer indications, including post-stroke tremors, lesion-related tremors and post-

traumatic tremors. Many of these cases also fulfill the criteria for Holmes tremor, which consists of a slow (usually <5 Hz)

rest, postural and intention tremor typically appearing up to 2 years following central nervous system injury . The

literature on these syndromes is limited to small case reports and case series providing anecdotal evidence of efficacy. In

a recent meta-analysis of 35 studies reporting 82 patients, Vim DBS was performed in 63.6% of cases, GPi in 18.2% and

other targets (PSA and Vo) in the remaining cases . Median tremor improvement was 75%, although a significant

publication bias might be present. Post-stroke tremor appeared to have better prognosis than post-traumatic syndromes.

Reports have also been published for orthostatic tremor , tremor with underlying ataxia syndromes , Wislon's

disease-associated tremor , Klinefelter's syndrome  and fragile X-associated tremor ataxia syndrome . The reader

is referred to these individual publications for further consideration of these rare indications.

Tremor reduction scores derived from the largest series or meta-analyses available. When multiple timepoints are

reported, the data closest to 12 months were used. Shaded cells represent combinations for which reliable data or meta-

analyses are unavailable. Given the large methodological differences between studies and different patient populations,

these numbers cannot demonstrate the superiority or inferiority of one target over another.
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