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Deep brain stimulation (DBS) is typically performed 
with intraoperative test stimulation in awake pa-
tients. For patients with essential tremor, the tar-

get is often the ventral intermediate nucleus (VIM). In-
direct targeting is achieved by placing leads at consensus 
coordinates based on stereotactic anatomical atlases, and 
repositioning as needed based on electrophysiological 
mapping and/or test stimulation with the latter determin-
ing clinical benefit and side-effect profile.2,6,21,30 There 
is growing interest in performing DBS on patients with 
Parkinson’s disease under general anesthesia.8,32 This so-
called “asleep” DBS technique relies on direct targeting 
of either the globus pallidus pars interna or subthalamic 

nucleus on MRI,13,22,24 coupled with intraoperative MRI or 
CT to determine the stereotactic accuracy of lead place-
ment.1,16,19,25,26 Revisions are made as needed based on ste-
reotactic error.

Asleep DBS relies on intraoperative imaging to verify 
the accuracy of direct targeting at the time of lead place-
ment, effectively establishing stereotactic accuracy as the 
primary surgical end point.11,12 The efficacy of asleep DBS 
has been largely predicated on the ability to visualize the 
target on MRI. Applying this technique to patients with es-
sential tremor is therefore complicated because the target 
VIM is not discernable on 1.5-T or 3-T MRI. Therefore, 
stereotactic VIM targeting uses indirect targeting meth-

abbreviatioNs AC-PC = anterior commissural–posterior commissural; ADL = activities of daily living; DBS = deep brain stimulation; HOB = head of bed; IC = intercom-
missural; iCT = intraoperative CT; VIM = ventral intermediate nucleus.
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obJective Deep brain stimulation (DBS) performed under general anesthesia (“asleep” DBS) has not been previously 
reported for essential tremor. This is in part due to the inability to visualize the target (the ventral intermediate nucleus 
[VIM]) on MRI. The authors evaluate the efficacy of this asleep technique in treating essential tremor by indirect VIM 
targeting.
methods The authors retrospectively reviewed consecutive cases of initial DBS for essential tremor performed by a 
single surgeon. DBS was performed with patients awake (n = 40, intraoperative test stimulation without microelectrode 
recording) or asleep (n = 17, under general anesthesia). Targeting proceeded with standardized anatomical coordinates 
on preoperative MRI. Intraoperative CT was used for stereotactic registration and lead position confirmation. Functional 
outcomes were evaluated with pre- and postoperative Bain and Findley Tremor Activities of Daily Living scores.
results A total of 29 leads were placed in asleep patients, and 60 were placed in awake patients. Bain and Findley 
Tremor Activities of Daily Living Questionnaire scores were not significantly different preoperatively for awake versus 
asleep cohorts (p = 0.2). The percentage of postoperative improvement was not significantly different between asleep 
(48.6%) and awake (45.5%) cohorts (p = 0.35). Euclidean error (mm) was higher for awake versus asleep patients (1.7 ± 
0.8 vs 1.2 ± 0.4, p = 0.01), and radial error (mm) trended higher for awake versus asleep patients (1.3 ± 0.8 vs 0.9 ± 0.5, 
p = 0.06). There were no perioperative complications.
coNclusioNs In the authors’ initial experience, asleep VIM DBS for essential tremor without intraoperative test 
stimulation can be performed safely and effectively.
http://thejns.org/doi/abs/10.3171/2015.6.JNS15526
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ods.4,28,29 To assess the impact on outcomes of limitations 
introduced by indirectly targeting the VIM, we retrospec-
tively reviewed DBS of the VIM on patients who under-
went DBS placement under general anesthesia without 
intraoperative test stimulation.

methods
patients

VIM DBS was performed in 61 consecutive patients 
with essential tremor between March 1, 2012, and June 30, 
2014, by a single surgeon. Of these 61 patients, 41 (67.2%) 
underwent awake DBS with intraoperative test stimulation 
and 20 (32.8%) underwent asleep DBS (i.e., under general 
anesthesia). Patients who underwent previous surgical or 
radiation-based treatment for essential tremor were ex-
cluded. Final analysis included 40 awake and 17 asleep pa-
tients undergoing DBS. The decision to perform surgery 
under general anesthesia was based on patient preference 
and the referring neurologist’s approval and informed con-
sent emphasizing that awake surgery is the more accepted 
and established method. The advantages of awake surgery 
and paucity of data supporting asleep surgery were explic-
itly reviewed. Patients were also informed that asleep DBS 
does not include intraoperative test stimulation, and US 
FDA labeling for DBS includes a prerequisite for success-
ful intraoperative test stimulation; therefore, asleep DBS is 
considered an off-label procedure.

The decision to perform unilateral versus bilateral DBS 
was made by a multidisciplinary consensus team (includ-
ing the patient’s neurologist) based on the severity of trem-
or disability and degree of bilateral contribution. Patients 
undergoing bilateral DBS were informed that the FDA 
has approved unilateral DBS only. They were counseled 
that bilateral VIM DBS surgery is off label and were in-
formed of the potential risks. This study was approved by 
the St. Joseph’s Hospital and Medical Center Institutional 
Review Board.

targeting and surgical procedure
One of 2 preoperative image sequences was obtained us-

ing a 3-T MRI scanner for direct targeting: a T1-weighted 
magnetization-prepared rapid gradient-echo (MP RAGE) 
sequence (Siemens) with 1-mm slice thickness or a T1-
weighted spoiled gradient recalled echo (SPGR) sequence 
(General Electric) with 2-mm slice thickness (1-mm skip). 
VIM targeting proceeded with the following protocol: X 
coordinate, 10.5 mm lateral to the lateral ventricular wall 
and no more than 14 mm lateral from midline; Y coordi-
nate, 25% of the anterior commissure to posterior commis-
sure (AC-PC) distance posterior to the midcommissural 
point; and Z coordinate, at the AC-PC plane. The trajec-
tory was chosen with the entry point on a gyrus, avoiding 
the ventricle by at least 4 mm.

For the “asleep” technique, both frameless (NexFrame, 
5 patients) and frame-based stereotaxy (Leksell, 12 pa-
tients) were used. (Our “asleep” protocol changed from 
frameless to frame-based placement in January 2013. At 
that time, we started keeping the head of bed [HOB] flat, 
i.e., 0°, for asleep DBS surgery. A recent multivariate anal-
ysis demonstrated that there was a significant improve-
ment in accuracy and decrease in case and operative time 

before and after this transition.18) Following induction of 
general anesthesia, the patients had the stereotactic frame 
or NexFrame bone fiducials placed in the operating room. 
Intraoperative CT (iCT) images (1.25-mm slice thickness) 
were obtained using a CereTom or BodyTom mobile CT 
scanner (NeuroLogica) immediately after frame or bone 
fiducial placement, and image coregistration with the pre-
operative CT was completed using Medtronic Framelink 
Software. DBS leads were placed, and a postimplant iCT 
scan was obtained prior to skin closure. The stereotactic 
error was then measured on the postimplant scan, and if 
the radial error was less than 2 mm, the skin was closed. 
If a lead was repositioned, an additional CT scan was ob-
tained prior to closure to verify accuracy.

In the awake cohort, all leads were placed using the 
Leksell stereotactic frame. Patients were positioned with 
the HOB at 30° for patient comfort and to facilitate airway 
patency during periods of intraoperative sedation. After 
the lead(s) were placed, patients underwent intraoperative 
test stimulation without microelectrode recording to con-
firm tremor resolution and lack of sustained side effects. 
Repositioning was performed based on absence of clini-
cal benefit, or unacceptably low thresholds for capsular or 
sensory side effects. Test stimulation was repeated after 
new lead placement, and the higher threshold was verified 
and documented in the operative report. CT scans were 
obtained postoperatively to confirm accuracy. Intraopera-
tive fluoroscopy was not used, and all bilateral electrodes 
were implanted in one operation.

Across the awake cohort, the following factors varied: 
where the registration CT was performed (the radiology 
department [n = 16 patients] vs the operating room [n = 
24]), where the stereotactic frame was placed (the preop-
erative area [n = 10] vs the operating room [n = 30]), where 
the postimplant CT was performed (the radiology depart-
ment [n = 12] versus the operating room [n = 28]). (In our 
current protocol, all of these steps now take place in the 
operating room.)

Among 17 patients undergoing asleep DBS, 29 DBS 
leads were placed (12 bilateral, 5 unilateral). Among 40 
patients undergoing awake DBS, 60 leads were placed (20 
bilateral, 20 unilateral). The left lead was placed first in bi-
lateral cases. The second contact from the tip of the DBS 
lead (i.e., Contact 1, Medtronic model 3387) was placed 
to target. Intraoperative test stimulation was performed at 
0–4 V, 90-msec pulse width, and 180-Hz frequency. DBS 
pulse generators were placed 7–10 days after the electrode 
implantation in 15 asleep patients (88%) and 34 awake pa-
tients (85%); 2 patients (12%) in the asleep group and 6 
patients (15%) in the awake group had generators placed 
on the same day as DBS. Operating room time reflected 
the total duration of procedure from the time the patient 
was wheeled into the operating room to the time he or she 
was wheeled out. Case time reflected time from skin inci-
sion to completion of skin closure.

stereotactic accuracy assessment
Stereotactic errors were calculated with Framelink 

software, based on preoperative target coordinates and 
trajectory and position of Contact 1 as determined on iCT 
(Fig. 1). Euclidean error corresponded to the magnitude of 
the error vector between coordinates of the principal con-
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tact and planned target. Radial error indicated the amount 
of deviation from the planned trajectory, or the shortest 
distance from Contact 1 to the planned trajectory.

Functional outcomes assessment
The Bain and Findley Tremor Activities of Daily Living 

(ADL) Questionnaire was mailed to patients postopera-
tively.3,5 Patients were asked to complete the questionnaire 
based on preoperative and postoperative self-assessment. 
Of the 17 patients in the asleep group, 11 (64.7%) respond-
ed to the questionnaire; time of response ranged from 4 to 
29 months after surgery (mean 17.7 ± 7.4 months). Of the 
40 patients in the awake group, 19 (48%) responded to the 
questionnaire; however, 1 patient suffered a new disability 
due a motor vehicle accident and was excluded from final 
analyses; follow-up time ranged from 4 to 31 months post-
operatively (mean 16.4 ± 8.0 months).

An additional telephone survey was administered to 12 
patients from the asleep group between 2 and 27 months 
postoperatively (mean 14.5 ± 7.4 months). The remaining 
patients in the asleep group were unable to be contacted by 
phone. This survey consisted of 4 questions: 1) Would you 
undergo surgery again? 2) Would you recommend asleep 
DBS to others? 3) Would you prefer asleep DBS if given 
the option? 4) Did your quality of life improve after DBS 
surgery?

data analysis
Frequencies and descriptive statistics including counts, 

percentages, means, and standard deviations are present-
ed. Statistics are presented as means ± standard deviations. 
Outcomes were compared with independent samples t-
tests. The average difference in error for left- versus right-
side leads was analyzed using an independent samples t-

test. A power analysis suggested that 28 patients in total 
were required to achieve 80% power to detect a 10-point 
mean difference in Bain and Findley Tremor ADL scores 
between the awake and asleep cohorts, based on mean 
scores of 60 and 50, with an SD of 10. p < 0.05 was con-
sidered statistically significant. Data were analyzed using 
SPSS version 21.

results
Functional outcomes assessment

All 12 patients who underwent asleep DBS responded 
“yes” to the 4 telephone survey questions described above. 
There was no statistically significant difference in Bain 
and Findley Tremor ADL scores in the awake versus 
asleep groups at baseline (p = 0.2) or postoperatively (p = 
0.66) (Table 1). For the asleep cohort, the average preoper-
ative score was 66.0 ± 13.3, and the average postoperative 
score was 33.9 ± 13.1, a decrease of 32.1 points (48.6%) 
(Table 1). In the awake cohort, the mean score was 59.3 ± 
13.1 at baseline and 32.3 ± 7.0 postoperatively, a decrease 
of 27.0 points (45.5%). This was not statistically different 
from the amount of score decrease in the asleep cohort (p 
= 0.35). The observed power was below the standard 0.80, 
with 0.25, 0.07, and 0.15 power to detect a statistically sig-
nificant difference in the mean baseline scores, postopera-
tive scores, and change in scores, respectively.

stereotactic plan
Asleep Cohort

In the asleep cohort, 53% of patients were male (n = 
9/17) with a mean age of 67.1 ± 11.4 years. A total of 29 
leads were placed: 16 on the left side and 13 on the right. 
There were no significant mean differences between the 

Fig. 1. Framelink image of ventral intermediate nucleus deep brain stimulation contact 1 placed to target with listed coordinates 
and calculated error. Figure is available in color online only.

J Neurosurg  Volume 124 • June 20161844

Unauthenticated | Downloaded 05/23/23 11:19 PM UTC



asleep dbs for essential tremor

left- and right-side Euclidean and radial errors, or target 
measurements. Absolute values were used for X coordi-
nate measurements. Means, standard deviations, and p 
values are shown in Table 2. The mean intercommissural 
distance (AC-PC) was 25.5 mm. The mean target location 
was X = 13.4 mm, Y = -6.2 mm, and Z = 0 mm. The mean 
coronal angle was 19.6°, and mean sagittal angle was 58.1°.

Two patients in the asleep group undergoing pulse gen-
erator placement on the same day as DBS lead placement 
were excluded from case and operating room time calcula-
tions. The mean case time for the asleep cohort was 105 
± 28 minutes (unilateral, 93.5 ± 25.2 minutes; bilateral, 
109.5 ± 29.3 minutes), and mean operating room time was 
202 ± 50 minutes (unilateral, 192.5 ± 53.1 minutes; bilat-
eral, 205.6 ± 51.2 minutes) (Table 3).

Awake Cohort
In the awake cohort, 70% of patients were male (n = 

28/40) with a mean age of 66.3 ± 13.6 years. A total of 60 
leads were placed within this cohort, 40 on the left and 
20 on the right side. Similar to the asleep cohort, mea-
surements did not vary significantly for left versus right 
side (Table 2). The mean intercommissural distance for all 
leads placed was 25.2 mm. The mean target was X = 13.5 
mm, Y = 6.0 mm, and Z = 0 mm. The mean coronal angle 
was 19.6°, and the mean sagittal angle was 57.4°. There 
was no statistically significant difference in plan coordi-
nates between asleep and awake cohorts.

Six patients in the awake group undergoing pulse gen-
erator placement on the same day as the DBS procedure 
were excluded from case and operating room time calcula-
tions. The mean case time for the awake cohort was 101.5 

± 46.6 minutes (unilateral, 84.1 ± 43.0 minutes; bilateral, 
118.9 ± 44.7 minutes); the mean operating room time was 
167.6 ± 52.1 minutes (unilateral, 146.4 ± 50.9 minutes; bi-
lateral, 188.8 ± 45.4 minutes). There were no statistically 
significant differences in mean case times between the 
awake versus asleep cohorts for unilateral cases (p = 0.69) 
or bilateral cases (p = 0.55) or in operating room times for 
the unilateral cases (p = 0.13) or bilateral cases (p = 0.39) 
(Table 3). There was no significant difference in the aver-
age third ventricular width measured at the AC-PC plane 
for the asleep versus awake cohorts (4.8 ± 2.0 vs 5.1 ± 2.2 
mm, respectively; p = 0.5).

accuracy of lead placement
Based on iCT measurements, the average Euclidean 

error was higher for the awake versus asleep cohort (1.7 
± 0.8 vs 1.2 ± 0.4 mm, respectively; p = 0.01), and the 
average radial error was higher for the awake versus the 
asleep cohort at the trend level (1.3 ± 0.8 vs 0.9 ± 0.5 mm, 
respectively; p = 0.06). In subanalysis, the mean Euclidean 
error on the left side was significantly higher for awake pa-
tients compared with asleep patients (1.7 ± 0.9 vs 1.2 ± 0.4 
mm, respectively; p = 0.01), trending toward significance 
for the right side (1.5 ± 0.7 vs 1.1 ± 0.5 mm, respectively; 
p = 0.06). Radial error, on average, was also higher in the 
awake cohort compared with asleep cohort for the left (1.5 
± 0.9 vs 1.0 ± 0.6 mm, respectively; p = 0.05) and right 
sides (1.1 ± 0.6 vs 0.8 ± 0.5 mm, respectively; p = 0.10), 
both at the trend level.

There was no significant difference in the average 
number of brain penetrations for leads placed in awake 
(1.1 ± 0.3) versus asleep (1.03 ± 0.18) cohorts (p = 0.25). 
One asleep patient required 2 brain penetrations for 1 lead 
placement, and 4 awake patients (7 leads) required 2 brain 
penetrations each for lead placement. The number of pen-
etrations was not significantly different between the left 
and right sides within the awake cohort (p = 0.27). The 
asleep patient requiring 2 brain penetrations had bilateral 
leads placed in the standard fashion as detailed above. The 
iCT scan demonstrated the left-sided lead to be 0.7 mm 
medial to the target and the right-sided lead to be 2.3 mm 
medial to the target. Given that the right-sided lead was 
greater than 2 mm medial to the target, the lead was re-

table 1. preoperative and postoperative bain and Findley 
tremor activities of daily living Questionnaire scores

Variable

Mean ± SD

p Value
Asleep DBS  
(n = 11)

Awake DBS  
(n = 18)

Baseline score 66.0 ± 13.3 59.3 ± 13.1 0.20
Postop score 33.9 ± 13.1 32.3 ± 7.0 0.66
Change in score –32.1 ± 15.7 –27.0 ± 12.4 0.35

table 2. target coordinates and lead error measurements for asleep and awake patient cohorts

Variable
Asleep Leads (n = 29)* Awake Leads (n = 60)*

p Value
Lt vs Rt Side Awake vs Asleep

Lt Side (n = 16) Rt Side (n = 13) Lt Side (n = 40) Rt Side (n = 20) Asleep Awake Lt Side Rt Side
AC-PC (mm) 25.6 ± 1.7 25.4 ± 1.6 25.2 ± 1.9 25.2 ± 1.8 0.75 >0.99 0.46 0.74
Target X (mm) 13.5 ± 0.9 13.3 ± 0.9 13.6 ± 0.8 13.4 ± 0.9 0.61 0.37 0.61 0.77
Target Y (mm) –6.2 ± 0.5 –6.2 ± 0.5 –6.2 ± 0.6 –5.8 ± 1.1 0.81 0.11 0.70 0.18
Target Z (mm) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 –0.1 ± 0.4 0.18 0.28 0.38 0.41
Parasagittal angle (°) 58.4 ± 4.7 57.7 ± 3.9 57 ± 8.0 58.3 ± 3.6 0.67 0.91 0.88 0.68
Coronal angle (°) 20.3 ± 5.6 18.7 ± 4.8 19.7 ± 8.5 19.3 ± 4.0 0.42 0.86 0.80 0.67
Euclidean error (mm) 1.2 ± 0.4 1.1 ± 0.5 1.7 ± 0.9 1.5 ± 0.7 0.48 0.48 0.01 0.06
Radial error (mm) 1.0 ± 0.6 0.8 ± 0.5 1.5 ± 0.9 1.1 ± 0.6 0.28 0.12 0.05 0.10

*  There were 17 patients in the asleep DBS group and 40 patients in the awake DBS group. Mean ± SD are presented for target coordinates and error measurements.
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positioned, utilizing a 2-mm lateral offset. Postplacement 
iCT scanning demonstrated the new lead to be 0.6 mm 
lateral to the target. In the cohort of 4 awake patients re-
quiring a second brain penetration, all offsets for the re-
positioning were anterior through a 2-mm offset. In all 
cases, tremor arrest was obtained through the first pass, 
and the rationale for repositioning the lead was sustained 
paresthesias. Postoperative imaging revealed a final lead 
position averaging 0.27 ± 0.59 mm anterior and 0.89 ± 
0.98 mm medial to the intended target.

There were no intraoperative or perioperative compli-
cations in either cohort. Intraoperative complications were 
defined as any unexpected intraoperative event requiring 
early termination of the surgery (e.g., seizure, uncontrolled 
hypertension), or any acute hemorrhage or stroke visual-
ized on iCT. Perioperative complications included any 
postoperative seizure or new neurological deficit, hospital 
readmission, hardware malfunction, wound infection, or 
return to the operating room within 6 months of surgery.

Stimulator settings were available for 17 leads in 11 
asleep patients. At 1–6 months postoperatively (mean 2.4 
± 1.7 months), the mean voltage was 2.2 ± 0.8 V, the mean 
pulse width was 69.4 ± 10.9 msec, and the mean frequency 
was 160.0 ± 26.3 Hz. The most frequent active contact for 
the asleep cohort was 1 for left-sided leads and 8 for right-
sided leads.

Settings were also available for 30 leads in 22 awake 
patients. At 1–9 months postoperatively (mean 4.3 ± 3.2 
months), the mean voltage was 2.1 ± 1.2 V, the mean pulse 
width was 74.0 ± 17.3 msec, and the mean frequency was 
172.3 ± 22.4 Hz. The most frequent active contacts were 
0 and 1 for left-sided leads and 10 for right-sided leads. 
There was no statistically significant difference in settings 
between asleep and awake cohorts. Significance values for 
comparisons between awake and asleep cohorts were p = 
0.66 for mean voltage, p = 0.10 for pulse width, p = 0.27 
for frequency, and p = 0.99 and p = 0.17, respectively, for 
active-contact left and right sides.

discussion
DBS has been an FDA-approved therapy for Parkin-

son’s disease and essential tremor for over a decade. It 
is safe and effective; however, not all patients who could 
benefit from this procedure are able to undergo “awake” 
surgery. Many patients have medically prohibitive comor-
bidities, e.g., obstructive sleep apnea, claustrophobia, or 
severe hypertension. Even those who are medically quali-

fied may choose not to undergo awake DBS. While many 
factors (e.g., necessity of permanent hardware implanta-
tion) may contribute to this decision, fear, anxiety, and the 
potential discomfort of not being under general anesthesia 
for a surgical procedure may play a significant role.

targeting
Over the last few years, improved MRI resolution of 

nuclei targeted in Parkinson’s disease and increased avail-
ability of intraoperative imaging have made verifying 
intraoperative stereotactic accuracy more feasible. Thus, 
performing DBS under general anesthesia has been con-
sidered.8,19,20,24,32 Identifying the optimal DBS target within 
the subthalamic nucleus or globus pallidus pars interna on 
MRI remains controversial. However, this so-called “di-
rect targeting” has not been possible with VIM. Although 
some have reported being able to visualize the VIM using 
available MR images, the VIM31 is generally targeted via 
indirect or atlas-based methods. Variability in consensus 
coordinates for the VIM presents the primary challenge to 
performing asleep DBS for essential tremor.14,27 Osenbach 
and Burchiel suggested targeting the VIM with the follow-
ing coordinates: X, 13–15 mm lateral to the intercommis-
sural line (IC) (11 mm lateral to the third ventricular wall 
if the ventricle width exceeds 6 mm); Y, 25% of the IC 
anterior to the posterior commissure; and Z, in the same 
axial image as the IC.23 Other groups disagree and have 
demonstrated that differences in individual patient anato-
my decrease the reliability of atlas-based targets.7,14,15

We acknowledge this lack of precise definition in our 
VIM targeting criteria, while postulating that accurate 
lead placement to a target selected using indirect methods 
will nonetheless result in expected tremor control. This is 
the first report of performing VIM DBS for essential trem-
or under general anesthesia without intraoperative test 
stimulation. In this analysis of our initial experience with 
asleep VIM DBS, we found that the procedure could be 
performed safely with submillimeter stereotactic accuracy 
(radial error 0.9 mm) and excellent clinical efficacy (Bain 
and Findley Tremor ADL score improvement 48.6%). The 
degree of improvement seen was not statistically differ-
ent from that seen in our patients undergoing traditional 
awake DBS with intraoperative test stimulation. All pa-
tients who responded to the tremor ADL questionnaire 
demonstrated a decrease in tremor ADL scores postop-
eratively, indicating an increased ability to independently 
perform ADLs affected by tremor and a decreased degree 
of tremor-related disability.

table 3. case and operating room time for dbs procedures

Variable
Asleep Awake

p ValueMean ± SD No. of Leads Mean ± SD No. of Leads

Case time (mins)
  Unilateral 93.5 ± 25.2 4 84.1 ± 43.0 15 0.69
  Bilateral 109.5 ± 29.3 11 118.9 ± 44.7 15 0.55
OR time (mins)
  Unilateral 192.5 ± 53.1 4 146.4 ± 50.9 15 0.13
  Bilateral 205.6 ± 51.2 11 188.8 ± 45.4 15 0.39

OR = operating room.
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stereotactic accuracy and lead repositioning
Our accuracy is comparable to traditional DBS place-

ment without general anesthesia, as well as to that in other 
recently published series of image-guided DBS under gen-
eral anesthesia (Burchiel et al.,8 1.2-mm radial error using 
iCT; Starr et al.,32 1.2-mm radial error using iMRI). The 
increased stereotactic error (p = 0.01) and number of lead 
repositionings (p = 0.25) in the awake group may be due 
to a variety of factors.

Lead Repositioning
First, all of our lead repositionings in the awake cohort 

were performed for low thresholds for sensory paresthe-
sias, not for absence of clinical benefit or capsular side 
effects. However, the clinical relevance of intraoperative 
paresthesias occurring immediately after lead placement 
is unclear, and it is possible that, if those leads had not 
been repositioned, clinical benefit and side effect profiles 
may have nonetheless been acceptable. Second, on post-
operative CT, the 2-mm anterior offset had the effect of 
positioning the lead an average of 0.27 mm anterior to the 
intended target, i.e., less distance than expected. In other 
words, the initial trajectory may have had a posterior ste-
reotactic error, and this was brought to our attention and 
corrected for with intraoperative test stimulation. This 
suggests that the offset possibly corrected for stereotactic 
error rather than targeting error. In an analogous situation 
in asleep surgery, it is possible that intraoperative imaging 
would have similarly demonstrated a posteriorly placed 
lead, and repositioning might have been done based on the 
stereotactic error detected rather than test stimulation.

Stereotactic Error
While we did not perform intraoperative fluorosco-

py to detect whether we were targeting the center of the 
frame, we hypothesize that the error in awake surgery 
may have arisen from brain shift from moving the patient 
from a HOB at 0° for CT and MRI to HOB at 30° for 
awake surgery. Alternatively, error could also arise from 
possible micromovements of the frame during transport to 
and from the radiology department for the CT scan, which 
was the workflow for the first 16 awake patients. With the 
asleep cohort, once the patient is positioned with the HOB 
at 0° with the frame on, there is no change in positioning 
from the time of first CT scan to the time of skin closure. 
For both awake and asleep surgery, all scans are now per-
formed in the operating room without moving the patient 
from the operating room table. The one main technical 
difference between awake and asleep surgery is that awake 
surgery is still performed with HOB at 30°. Since we have 
minimized differences in surgical technique between 
awake and asleep surgery, the differences in stereotactic 
error have also decreased.

case and operating room time
Currently there are no significant differences in case or 

operating room times for asleep VIM DBS compared with 
the traditional awake method. However, the ability to com-
pare the actual case and operating room times for both co-
horts is confounded by several factors. Confounding fac-
tors that would reduce the time for awake surgery include 
1) frame placement before coming into the operating room 

(6 patients), 2) registration CT taking place before com-
ing into the operating room (16 patients), and 3) postlead 
placement CT occurring after leaving the operating room 
(12 patients). Confounding factors that would increase the 
time measured for asleep surgery include 1) use of Nex-
Frame in 5 patients (our recent multivariate analysis dem-
onstrated that Nexframe was associated with significantly 
increased case and operating room times compared with 
the Leksell frame by 0.5 and 1.1 hours, respectively18); 2) 
all CT scans taking place in the operating room; and 3) 
time required to induce general anesthesia.

Since January 2013, the protocols have been standard-
ized (frame placement and CT scanning occur in the op-
erating room for both cohorts), and our next prospective 
analysis will reflect more accurate comparisons of case 
and operating room times.

limitations
There are several limitations to our current study, the 

most significant being its retrospective and nonrandom-
ized nature. Comparing functional outcomes between 2 
different surgical techniques for the same procedure in a 
nonrandomized fashion introduces inherent weaknesses. 
For example, patients requesting one method over the 
other may have expectations preoperatively that could bias 
responses to the ADL questionnaires. Given that our data 
were collected retrospectively, a number of patients did not 
respond to the ADL questionnaire (35.3% of asleep pa-
tients and 52% of awake patients).

In addition, the length of follow-up was inconsistent 
and incomplete. For instance, there was a wide range of 
questionnaire follow-up times in the asleep group (4–29 
months postoperatively) and awake group (4–31 months 
postoperatively). Nonstandardized follow-up times could 
affect data accuracy. Furthermore, recall bias is introduced 
from patients completing ADL questionnaires postopera-
tively for both pre- and postoperative time points. All pa-
tients, regardless of response to questionnaire, were seen 
in clinic at both 2 weeks and 3 months postoperatively. At 
the 3-month follow-up, patients who had not responded to 
the questionnaire did report significant tremor control and 
ADL independence improvement.

An additional limitation of this study is the lack of an 
objective tremor measure documented at baseline and 
postoperatively (e.g., the Fahn-Talosa-Marin tremor scale 
or other tremor rating scale).9,10,17 It is only inferred that the 
clinical improvement seen in decreased ADL disability 
scores results from reduced tremor severity.

Future directions
To address the aforementioned limitations, we have 

since modified our clinical protocol to include a standard-
ized preoperative and 3-month postoperative assessment 
for all patients with essential tremor who undergo VIM 
DBS placement under general anesthesia (clinicaltrials.
gov identifier: NCT01909531). Data points collected in-
clude the Fahn-Talosa-Marin tremor scale, Bain and Find-
ley Tremor ADL questionnaire, Quality of life in Essential 
Tremor (QUEST),33 and 2 iPhone accelerometer applica-
tions measuring tremor frequency and intensity (Lift Pulse 
and Parkinson Meter). All asleep and awake VIM DBS 
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patients currently undergo this protocol, and a random-
ized study comparing outcomes between awake and asleep 
VIM DBS patients has been approved by our institutional 
review board and is currently underway (clinicaltrials.gov 
identifier: NCT02418858).

conclusions
VIM DBS for essential tremor can be performed safely 

and effectively under general anesthesia without test stim-
ulation, with excellent patient outcomes and satisfaction. 
We are currently validating the results of this initial expe-
rience in a prospective study.
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