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Abstract: Background: The ventral intermediate nucleus (VIM) is the target of choice for Essential Tremor
(ET) deep brain stimulation (DBS). Renewed interest in caudal zona incerta (cZI) stimulation for tremor control
has recently emerged and some groups believe this approach may address long-term reduction of benefit
seen with VIM-DBS.
Objectives: To compare clinical outcomes and DBS programming in the long-term between VIM and cZI
neurostimulation in ET-DBS patients.
Materials and Methods: A retrospective review of 53 DBS leads from 47 patients was performed. Patients were
classified into VIM or cZI groups according to the location of the activated DBS contact. Demographics, DBS
settings, and Tremor Rating Scale scores were compared between groups at baseline and yearly follow-up to
4 years after DBS. Student t-tests and analysis of variance (ANOVA) were used to compare variables between
groups.
Results: Relative to baseline, an improvement in ON-DBS tremor scores was observed in both groups from
6 months to 4 years post-DBS (p < 0.05). Although improvement was still significant at 4 years, scores from
month 6 to 2 years were comparable between groups but at 3 and 4 years post-DBS the outcome was better
in the VIM group (p < 0.01). Stimulation settings were similar across groups, although we found a lower
voltage in the VIM group at 3 years post-DBS.
Conclusions: More ventral DBS contacts in the cZI region do improve tremor, however, VIM-DBS provided
better long-term outcomes. Randomized controlled trials comparing cZI vs VIM targets should confirm these
results.

Essential Tremor (ET) is the most common adult-onset move-

ment disorder, impairing approximately 10 million people in

the United States.1,2 Current evidence-based guidelines recom-

mend medical therapies as the first-line treatment option.3

However, nearly 50% of patients will have a suboptimal

response to medical management or will experience medication

side effects that may lead to discontinuation of therapy.4 Thala-

mic ventralis intermedius nucleus (VIM) deep brain stimulation

(DBS) received approval from the US Food and Drug Adminis-

tration in 1997 and is well established as a safe and effective

treatment for medically refractory tremor.5–7

Despite good patient selection and significant initial tremor

suppression achieved with VIM-DBS, around 40-70% of

patients will experience a worsening of tremor over time.8,9

The reasons for this declining efficacy remain debated, but most

cases have been attributed to disease progression and/or
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tolerance to the neuromodulatory therapy.10,11 Recent brain

imaging evidence suggests that worsening of tremors over time

may be related to microstructural and degenerative changes in

the dentate nucleus and superior cerebellar peduncle.12

Neuromodulation with VIM-DBS for ET has been demon-

strated to be effective by multiple studies.13,14 Although the

optimal target location for thalamic stimulation is considered to

be the anterior margin of the VIM nucleus (antero-posterior

plane),15 stimulation below the intercommissural line appears

more efficient, but equally effective as stimulation above it

within the nucleus.16 Additionally, several groups have reported

that targets located 2–3 mm below the inferior part of the thala-

mus provide profound reduction in tremor amplitude.9,17

Given the expected worsening of tremors in ET-DBS

patients, it is important to consider other potential stimulation

targets within the same dysfunctional tremor network. With

initial efficacy in tremor suppression demonstrated in the 1960s

and early 1970s,18 the subthalamic area has recently reemerged

as an additional (and potentially more effective) target for tre-

mor suppression in ET that could also influence the observed

tremor progression.19,20 Mostly referred to as caudal zona

incerta (cZI), the terminology for this region varies in nomen-

clature and may also include the posterior subthalamic area

(PSA) or prelemniscal radiations.19,21,22

The goal of this study was to compare long-term tremor

control between VIM and cZI-region DBS. Establishing differ-

ences between the two targets and determining possible preven-

tion of tremor worsening might help to improve clinical

outcomes in ET-DBS patients and facilitate a better understand-

ing of the affected circuitries in this complex disease.23,24

Methods
The University of Florida (UF) Institutional Review Board

(IRB) approved the study (Protocol No. 201400613). Written

informed consent from study participants was obtained for

research purposes under the UF INFORM database protocol.

Study Design, Setting, and
Participants
An observational study of ET patients was conducted at the

UF-Health Center for Movement Disorders and Neurorestora-

tion. We queried subjects with a clinical diagnosis of ET in our

DBS database. Diagnosis of ET was made by a movement dis-

order, fellowship-trained specialist using international consensus

criteria.25 Electronic records from 96 patients were reviewed for

patients who had consistent stimulation provided from a single

contact in either the VIM or cZI throughout follow-up. Appli-

cation of these criteria led to 47 patients (53 leads) being

included in the final analysis.

Study Sources/variables
Data were extracted from each patient’s electronic medical

record and from the UF INFORM system, a movement

disorders clinical-research database. Basic demographics and

clinical variables were recorded. We divided estimated disease

duration into 10-year epochs: zero was defined as ≤10 years, 1

as 11-20 years, and so on, with a score of 5 defined as

≥51 years. For patients with bilateral implants (N = 6), each

lead was separately included in the analysis since we examined

unilateral tremor scores. DBS settings—voltage, pulse width,

and frequency—were obtained from follow-up programming

visits. Attempts to optimize DBS settings for efficacy were made

by the clinician programmer at each visit to achieve maximal

tremor control without side effects.

Study Measurements
We divided the cohort into VIM or cZI stimulation groups

according to the location of the deepest activated contact on

the DBS lead recorded on each of the clinical programming vis-

its. XYZ coordinates were measured from each DBS lead using

a standard protocol that used postoperative CT scan fused to a

high resolution, pre-operatively acquired targeting MRI with

1 mm isometric voxel images from both gadolinium enhanced

T1 and Fast Gray Matter Acquisition T1 Inversion Recovery.26

These scans were subsequently fused to a 3-D morphable atlas

using the Schaltenbrand-Bailey Sudhyadhom technique.27 The

stimulation groups were classified as: VIM—activated contacts

at or above the anterior commissure-posterior commissure (AC-

PC) line; and cZI—activated contacts below the AC-PC line.

Figure 1 depicts the studied targets among groups. Figure S1

provides a 3D view of an example ViM and ZI contact.

The Fahn-Tolosa-Marin Tremor Rating Scale (TRS)28 was

used for clinical evaluations. DBS effects were assessed only by

scores of the contralateral upper extremity (CUE) with respect

to the implanted lead, obtained at baseline, 6 months post DBS

implantation, and at subsequent annual follow-ups. The TRS

rates the severity of tremor by body part from zero (none) to 4

(severe). Upper extremity tremor and hand function scores ipsi-

lateral and contralateral to the implanted hemisphere were used

as clinical outcomes. TRS item number 5 (right) or 6 (left)

score, which evaluates upper extremity resting, postural, and

action/intention tremor was used to obtain a tremor score

(maximum possible score 12), while the items assessing motor

tasks/functions (TRS items number 11-14) were added to

obtain a total hand function score (maximum possible score 16).

We compared TRS postural and action/intention tremor scores

separately between targets.

Surgical Planning and Procedure
Surgical procedure details have been published previously.29

Briefly, a Cosman-Roberts-Wells (CRW) stereotactic frame

was applied under local anesthesia and a stereotactic head CT

scan was then obtained and fused to a pre-operative MRI.

Starting from default VIM target coordinates (X = �14.5;

Y = -7; Z = -2), targeting was carried out using our UF modi-

fied Schaltenbrand-Bailey atlas.27 During the surgical procedure,

detailed single pass microelectrode recording was used to locate
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the anterior border of the ventralis caudalis (Vc) sensory

nucleus. Afterwards, DBS Medtronic Leads Model 3387 (Med-

tronic) was implanted and macrostimulation testing was per-

formed to evaluate stimulation-induced side effects. Leads were

targeted 2 mm below the ventral border of the thalamus and

2 mm anterior to the border of the Vc nucleus. Neurostimula-

tors were placed 4 weeks later and activated during their first

clinical DBS programming visit.

Statistical Analyses
Univariate descriptive analyses were used to report demographic

and clinical characteristics. T-test was used to compare age at

surgery, clinical TRS scores, and lead XYZ coordinates

between groups. Chi-square test was used to compare disease

duration (treated as a categorical variable; see above), family his-

tory of ET, medication status, and gender. Separate repeated

measures ANOVA were used to assess changes in summed TRS

tremor scores (considered continuous variables) for CUE tremor

and hand function. Time and ON/OFF stimulation were used

as within-subject factors and target group was used as a

between-subjects factor for ANOVAs. All significant effects

were followed up using Bonferroni-corrected post hoc tests.

Mann-Kendall tests were used to identify monotonic trends in

clinical outcomes and DBS settings across time. Statistical analy-

ses were performed using the statistical software R with alpha

levels set at 0.05.

Results
Study Population
The cohort included data from 53 leads (47 patients). Fifty-

seven percent of the cohort was male, with a mean age at sur-

gery of 64.8 � 10.8 years, and a mean disease duration score of

2.6 � 1.8. The cohort had baseline mean scores as follows:

TRS motor score of 38.6 � 10.6, daily functioning score of

16.8 � 5.5, and a total TRS score of 55.1 � 15.1. Table 1

compares demographic and clinical characteristics between the

studied groups. Significant differences were observed for gender

and medication use, where the cZI group had a significantly

higher number of male patients (p < 0.05) and a higher number

FIG. 1. Representation of the active contacts in the targeting brain zones in the left and right hemispheres. Outlined regions represent
the atlas used for targeting. Green dots indicate VIM contacts and red dots indicate cZI contacts.

TABLE 1 Demographics, clinical characteristics, and DBS active contact coordinates in relationship to the midcommisural point

Total N = 53 VIM N = 33 cZI N = 20 P-value

Male, no. (%) 30 (56.6) 15 (45.5) 15 (75) 0.067b

Age at surgery, yrs. (SD) 64.8 (10.8) 65.2 (9.1) 64.2 (13.3) 0.74a

Disease duration score ≤3, no. (%) 37 (69.8) 23 (69.7) 14 (70) 0.98b

Family history of tremors, no. (%)* 21 (40.4) 12 (37.5) 9 (45) 0.59b

On medications, no. (%) 30 (56.6) 14 (42.4) 16 (80) 0.007b

Baseline TRS
Parts A and B, (SD) 38.6 (10.6) 38.7 (11.5) 38.3 (9.3) 0.89a

Part C, (SD)* 16.8 (5.5) 17.2 (5.6) 16.2 (5.4) 0.58a

Total, (SD) 55.1 (15.1) 55.4 (13.1) 48.8 (15.6) 0.35a

Contact coordinates
X (SD) 13.9 (1.7) 14.4 (1.4) 13.2 (1.9) 0.015a

Y (SD) �4.6 (1.6) �4.1 (1.5) �5.4 (1.4) 0.002a

Z (SD) 1.0 (2.5) 2.7 (1.5) �1.7 (0.9) <0.001a

Abbreviations: VIM, ventral intermediate nucleus; cZI, caudal zona incerta; TRS, Fahn-Tolosa-Marin Tremor Rating Scale.
aT-test
bChi-Square Test
*n = 52
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of patients using medications (p < 0.01). No other baseline

significant differences were observed.

Tremor and Hand Function
Scores
Figure 2 shows ON stimulation and OFF stimulation tremor

scores in the VIM group (Fig. 2A) and cZI group (Fig. 2E).

Baseline contralateral tremor scores revealed no significant dif-

ferences between VIM (4.7 � 1.68) and cZI (5.2 � 1.99;

p = 0.38). A three-way ANOVA revealed an overall main effect

of DBS stimulation (ON vs. OFF, p < 10-10) and group

(p < 0.001) on tremor scores. There was not a main effect of

follow-up time (p = 0.26). Post-hoc analysis demonstrated that

6-month, 1-year, and 2-year follow-up tremor scores did not

differ between groups for both OFF (p = 0.90, p = 0.71, and

p = 0.16, respectively) and ON stimulation (p = 0.43, p = 0.75,

and p = 0.58, respectively). While we also found no significant

difference between tremor scores for OFF stimulation at 3 years

follow-up (p = 0.45), there was a significantly reduced ON

FIG. 2. Comparison of ON stimulation (green) and OFF stimulation (red) tremor scores and DBS voltage, pulse width, and frequency
settings in the VIM (A-D) vs. cZI (E-H) groups. A time point of 0 years after surgery refers to baseline data pre-DBS.
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stimulation tremor score in the VIM group (0.63 � 0.68) com-

pared to the cZI group (1.92 � 0.95) at 3 years follow-up

(p < 0.001). There was also a difference between VIM and cZI

tremor scores at 4 years follow-up in both OFF stimulation

(p < 0.01) and ON stimulation (p < 0.05).

Results were similar across groups with respect to tremor

scores relative to baseline. At 6-month follow-up ON stimula-

tion, tremor scores improved by 65-83% (95% confidence inter-

val [CI]) in the VIM group and 71-87% in the cZI group

(p = 0.47). ON stimulation tremor improvement was generally

maintained at year 1 (VIM 59-83% vs. cZI 35-96%, p = 0.71)

and year 2 (VIM 50-87% vs. cZI 40-79%, p = 0.54), but dif-

fered at year 3 (VIM 79-94% vs. cZI 38-73%, p < 0.05) and

year 4 (VIM 68-92% vs. cZI 33-76%, p < 0.05).

Similar to tremor scores, an ANOVA revealed that hand

function depended on stimulation being ON/OFF (p < 10-6),

group (p < 10-6), and not follow-up time (p = 0.45). Also simi-

lar to tremor scores, hand function only significantly differed

for OFF stimulation at 3 years (p < 0.01). All other OFF and

ON stimulation comparisons showed similar hand function

scores. VIM ON stimulation showed 51-73% (95% CI)

improvement at 6 months, 40-65% improvement at 1 year, 36-

79% improvement at 2 years, 42-78% improvement at 3 years,

and 42-78% improvement at 4 years. The cZI ON stimulation

showed 39-66%, 30-65%, 34-61%, 20-57%, and 27-63%

improvement at 6 months, 1 year, 2 years, 3 years, and 4 years,

respectively. There were no differences across groups.

Last, we tested for monotonic trends in tremor scores over

time following DBS. In contrast to the VIM cohort, ZI tremor

scores tended to increase (tau = 0.26, p < 0.01) ON stimula-

tion. There were no significant trends in hand function scores

across time.

Postural and Action/intention
Tremor Scores
Postural tremor scores and action/intention tremor scores

improved after surgery relative to baseline in both groups (pos-

tural tremor improvement; VIM: 92 � 17% cZI: 91 � 25%;

action/intention tremor improvement; VIM: 60 � 34%, cZI:

57 � 31%). There were no significant differences in absolute

postural tremor scores or percent change in postural tremor

scores relative to baseline between VIM and cZI at any follow-

up time points. In contrast, while there were also no differences

across groups in absolute action/intention scores at 6 months,

1-year, and 2-year follow-up, we found lower action/intention

scores in the VIM group compared to the cZI group at 3-year

(0.68 � 0.75 vs. 1.38 � 0.87, p < 0.05) and 4-year

(0.70 � 0.48, vs. 1.33 � 0.65, p < 0.05) follow-up. Relative to

baseline, action/intention tremor scores marginally improved

more at 3 years in the VIM group (54-89% improvement)

compared to the ZI group (2-71%, p = 0.068). Similarly,

action/intention tremor scores significantly improved more at

4 years in the VIM group (57-87%) compared to the ZI group

(1-66%, p < 0.05).

DBS Settings
Figure 2 shows DBS settings in the VIM group (Fig. 2B-D)

and cZI group (Fig. 2F-H). Overall, stimulation settings were

similar across groups. However, average voltage use was signifi-

cantly lower in the VIM group (2.55 � 0.60 volts) compared

to the cZI group at 3-year follow-up (3.17 � 0.67 volts;

p < 0.001). Stimulation settings did not trend over time with

the exception of decreasing VIM pulse width (tau = �0.14,

p < 0.05).

Discussion
We conducted a longitudinal retrospective study using an ET-

DBS cohort to compare clinical scores and DBS settings

between the VIM and cZI regions. In our study, both regions

showed improved tremor and hand function scores at 6 months

post DBS surgery. Both targets maintained tremor and hand

function improvement at 4-year follow-up, supporting a clinical

benefit for ET regardless of the region of the activated contact.

However, the data suggested a potential long-term advantage

for applying stimulation to the VIM region due to a gradual

worsening in tremor scores over time in patients stimulated

chronically in the cZI region.

Three studies have reported clinical improvement from cZI

DBS at 1-year follow-up,21,30–33 which is similar to the

reported obtained benefit with VIM-DBS.34 Additionally, three

case series reported maintenance of tremor suppression at a

mean of 1.5 to 6-year follow-up when targeting the cZI.14,19,20

Our results are consistent with these studies, revealing a mainte-

nance of improved tremor scores at 4 years post-surgery. Based

on these data, the targeted areas are effective in suppressing

symptoms in the long-term. A summary of these studies,

including anatomical coordinates of implanted leads, has been

provided in Table S1.

Three additional studies have compared the clinical effects of

VIM verses cZI area in ET-DBS patients. A study from Barbe

et al. of 21 patients followed for 3 months post-DBS concluded

that stimulating the zone below the intercommisural line (sub-

ICL, Z: �1.4 � 1.2) was more efficient, but equally effective,

when compared to the VIM target (Z: 1.04 � 1.2).16 A sepa-

rate prospective study by Blomstedt et al. compared 68 patients

targeting the VIM verses PSA (cZI) and revealed an improve-

ment in TRS scores when stimulating both targets. Although

the PSA group showed a greater improvement in tremor and

hand function scores (89% vs. 70%), a difference in follow-up

could have affected results.35 In a third study by Sandvik et al.,

36 patients with VIM verses PSA (cZI) were tested revealing

greater improvement in tremor and hand function scores in the

PSA group. As in the previous study, follow-up periods were

different between groups.36 While our study, however, revealed

improvements in clinical scores in both targets, a significant dif-

ference was observed at 3-year and 4-year follow-up, when the

VIM group improved more than the cZI group, suggesting that

VIM-DBS may have maintained a better long-term tremor
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control than the cZI target. We note that the cZI stimulation

settings used in this study may be different from previously

reported settings because our cohort had higher baseline tremor

severity scores compared to prior studies.37

We analyzed the changes in scores for postural and action/in-

tentional tremors over time. Both types of tremors significantly

improved at 6 months post-DBS. Our results agree with a simi-

lar finding from Herzog et al. demonstrating that the highest

percentage improvement in the deceleration and the target peri-

ods was found in contacts below the AC-PC line.38 However,

it should be noted that the study combined ET and multiple

sclerosis patients and did not include long-term follow-up.

Additionally, in this study we observed that action/intentional

tremor score significantly worsened in the cZI group when

compared to the VIM group at the 3-year and 4-year

follow-up.

It has been suggested that VIM-DBS suppresses tremor by

disruption of pathological afferent oscillatory activity, thereby

preventing further efferent propagation of this abnormal sig-

nal.39 In contrast, the PSA/cZI/Raprl area may be more prone

to spreading current than would be expected in more classical

structures such as the VIM.40 A recent study reported the pro-

duction of ataxic symptoms in 7 ET patients when stimulating

below the intercommisural line with what the authors defined

as a “supratherapeutic” voltage, suggesting that the enlarged

electrical field affected efferent fibers of the red nucleus, result-

ing in a disturbance of the cerebellar outflow system.41 Stimu-

lating in the cZI/subthalamic area with supratherapeutic levels

is likely not the only factor contributing to the action/inten-

tional ataxic-like tremor seen in ET.42 We might also consider

that the activated deeper contacts might not be consistently

located within the cZI, and that the tremor effect may have

been due to the proximity to axons or to the STN.43 Ataxia

and dysmetria could be an observed side effect when stimulating

in the subthalamic area at therapeutic levels.44 An ataxic-like

tremor is also expected with disease progression due to cerebel-

lar nuclei degeneration.12

Several important limitations of the present study need to be

considered. The issue of a retrospective design and that the dis-

tribution among groups was not uniform could have biased the

results. We did not prospectively determine which patients

would be included in each group. Furthermore, all patients in

this study were implanted with the intention of VIM stimula-

tion. Thus, the cZI was not specifically targeted in the cZI

group presented here. Specific targeting of the cZI region could

result in different lead trajectories. Another consideration is that

coordinates of the chronically active contact were obtained

using local software and these may slightly vary when compared

to other fusion software modules. User defined AC-PC coordi-

nates and subsequent anatomic coordinates may also vary. In

addition, inaccuracies of atlas deformation and superimposition

should be considered.45 Utilizing the Z-axis for grouping

patients is not the best method for targeting the cZI, as this tar-

get also depends on lead trajectory. Functional imaging studies,

MRI tractography, or volumetric modeling of the stimulated

field could improve targeting, while measuring quantitative

tremor scores could also lead to more uniform data. The corre-

lation between a model of volumetric stimulation measurements

with clinical scores using more objective tools could be consid-

ered for future studies.

Conclusions
Deeper or more ventral contacts that are activated in the cZI

region below the classical VIM target do improve tremor, how-

ever, VIM-DBS provided better long-term outcomes. Our

study supports the continued use of the VIM as the standard

target for tremor suppression and suggest that in some patients

cZI may be an option. Because it is relatively easy for neurosur-

geons to leave the deep ventral DBS contact in cZI even if not

activated, this can provide options for select patients with sub-

optimal tremor control. Additional studies comparing anatomi-

cal targeting of VIM and cZI in a randomized controlled

clinical trial will be the next step to confirm our results and dif-

ferences between the two targets.
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Supporting Information
Additional Supporting Information may be found online in the

supporting information tab for this article:

Figure S1. An example lead is shown in three-dimensional

space for a representative VIM (green) and cZI (red) patient.

Leads are superimposed onto a standard MRI. See Data S1 for

further details.

Table S1. Essential Tremor DBS studies reporting clinical

effects targeting the subthalamic region (cZI, PSA, or subthala-

mic area).

Data S1. Methods.
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