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Abstract
Objectives: We have shown that neuronal activity in the subthalamic nucleus (STN) 
in patients with Parkinson’s disease can be accurately recorded during deep brain 
stimulation (DBS) with general anesthesia (GA). However, a vigorous passive range 
of motion (PROM) test might exert awakening effects on patients who are lightly 
anesthetized. We will explore the effects of PROM on the heart rate (HR) and mean arterial 
pressure (MAP) during microelectrode recording (MER) and confirm whether it facilitates 
identifying the sensory motor portion of the STN under GA. Materials and Methods: 3T 
magnetic resonance image targeting of the STN was done to guide MER during frame-based 
stereotactic procedures for DBS. Regular induction and endotracheal intubation for GA 
were performed and then maintained with a volatile anesthetic agent and muscle relaxant 
only. The depth of anesthesia was monitored by the bispectral index (BIS). Results: 
A total of ten patients were enrolled in this study. Their mean age was 48.5 ± 10.8 years 
old with a disease duration 8.6 ± 2.4 years at the time of surgery. During MER, PROM 
significantly decreased recording tract numbers and still reached the STN at a recorded 
length at 5.5 ± 0.8 mm. Compared with baseline, PROM increased HR by a mean 0.5 
beats/min and MAP by a mean 1.4 mmHg (P = 0.1178 and 0.0525). The change in BIS 
was −0.7 (P = 0.4941), and the mean alveolar concentration of the anesthetic agent changed 
little throughout surgery. Conclusions: PROM was effective in triggering and magnifying 
neuronal firing signal without influencing patient awareness during MER for STN-DBS 
under GA.

Keywords: Deep brain stimulation, General anesthesia, Microelectrode recording, 
Passive range of movement, Subthalamic nucleus

sensory motor region of the STN. In our previous research, 
we proved that MER can be adequately performed while the 
patient receives desflurane under general anesthesia (GA), and 
the improvement in PD motor function was comparable to 
patients who underwent local anesthesia [6,7]. Nevertheless, 
more vigorous PROM may be needed to trigger neuronal 
signals effectively during GA than during an awake procedure. 
During GA for DBS, the end-tidal anesthetic concentration is 
usually maintained between 0.5 and 1.0 minimal alveolar con-
centration (MAC), and the anesthetic state is monitored by the 
patient heart rate (HR) and blood pressure [8]. Nevertheless, 
unresponsiveness in motor activity is not equal to uncon-
sciousness of an anesthetized patient [9,10]. A combination 

Introduction

Conventional deep brain stimulation (DBS) surgery for 
Parkinson’s disease (PD) requires a patient to be awake to 

obtain proper neuronal signals during microelectrode record-
ing (MER) and to perform test stimulation [1-3]. Nevertheless, 
patients with intractable medication off symptoms may not 
tolerate a prolonged awake surgical procedure. These off 
symptoms may include tremor, rigidity, and choking by drool-
ing in the advanced stage. Thirty years after the first DBS 
procedure in a PD patient, changes are occurring in the para-
digm in approaching DBS surgery, especially in the choice of 
anesthesia regimen, to improve the comfort of patients without 
jeopardizing outcomes [4,5].

Identifying the sensory motor portion of the subthalamic 
nucleus (STN) is crucial during MER for optimal final elec-
trode implantation. Passive range of motion (PROM) of the 
patient’s limbs enhances neuronal firing during MER of the 
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of electroencephalography, electromyography, and standard 
vital sign measurement could be more realistic in monitor-
ing the depth of anesthesia to ensure the quality and safety of 
GA [11-13].

In this study, through continuous monitoring of the depth 
of anesthesia through the HR, mean arterial pressure (MAP), 
bispectral index (BIS), and minimal alveolar concentra-
tion (MAC) of the volatile anesthetic agent, we tried to clarify 
if vigorous PROM exerts awakening effects on patients who 
are lightly anesthetized. The goal is to find the most effective 
way to identify the sensory motor portion of the STN without 
influencing the depth of anesthesia during MER.

Materials and methods
This was a prospective cohort study of ten PD patients who 

underwent STN-DBS surgery. This work was approved by 
the Institutional Review Board of Tzu Chi General Hospital, 
Hualien, Taiwan (TCRD 104-35, IRB 103-122-A).

Patient selection
Ten patients who received GA during STN-DBS for PD 

were enrolled in this prospective study.

Imaging and targeting
The image fusion technique was applied in all cases. On 

the day of surgery, computed tomography (CT) of the brain 
was performed axially, in 1.25 mm intervals, with a stereo-
tactic localizer. The standard 3T magnetic resonance (MR) 
images’ (GE, 3.0 Tesla, USA) settings were T1 three-dimen-
sional fast spoiled gradient echo (FSPGR) axial images of 
1.0 mm thickness, with and without contrast enhancement 
and T2 FSPGR (T2W FSE) axial images at a 2 mm thick-
ness. Each of these sequences was performed in contiguous 
slices. All images were transferred in a DICOM database 
through the PACS system to an S7 workstation (Medtronic, 
Minneapolis, MN, USA). Image fusion software was used to 
fuse all sets of MR images to CT scan images. The tentative 
surgical target coordinates for the tip of the permanently 
implantable electrode were set at the central lowest border 
of the STN through direct visualization on MR images and 
adjusted with indirect coordinates.

Stereotactic procedures
A Leksell G-frame (Elekta Instrument, Inc., Atlanta, GA, 

USA) was used for the stereotactic procedure. The patients 
rested comfortably on the operating table in a supine position 
with the head ring secured on a Mayfield adaptor. The target 
coordinates were applied to the stereotactic frame and the 
working stage. After MER procedures, the permanent elec-
trodes were implanted.

Anesthetic procedures
Regular induction and endotracheal intubation for GA 

were performed and then maintained with a volatile anes-
thetic agent (desflurane or sevoflurane) and muscle relaxant 
only. The depth of anesthesia was monitored by the BIS. HR 
and MAP were recorded before and after each PROM.

Microelectrode recording procedures
Each microelectrode had a 10 mm bare tungsten tip and was 

10 to 40 µm in diameter; the recording impedance was 0.5–1.5 
MΩ (FHC, USA). The microelectrode was mounted on a micr-
odriver. The signal recorded from the tip of the microelectrode 
was magnified and displayed by a Leadpoint intraoperative 
microrecording system (Medtronic).

PROM was performed on both the upper and lower limbs 
to see if there was movement-related neuronal firing. Raw 
spike firings in the STN were transmitted through a Power 
1401 High-Performance Data Acquisition Interface (CED, 
England) for off-line analysis by Spike 2. The microelectrode 
was advanced from a distance of 200 to 500 µm to detect the 
robust firing of neurons. After electrode implantation, intra-
operative fluoroscopy was used to record the position of the 
microelectrode tip, which served as a reference for final elec-
trode implantation. A macrostimulation test was not performed. 
The length of the recorded STN had to be at least 4.5 mm to 
be considered adequate for a good clinical outcome.

Protocol for data collection
Ten seconds of STN neuronal firings were recorded by 

MER before (baseline) and after PROM [Figure 1]. At the 
same time, the BIS, HR, and blood pressure were collected 
through Biopac amplifiers then through an AD converter (CED 
Micro 1401) to be stored for off-line analysis.

Postoperative course
Brain CT in 1.25 mm consecutive slices was performed 

before the patient was sent to the ward, to exclude intracranial 

Figure 1: Microelectrode recordings of the subthalamic nucleus show a remarkable 
difference between raw neuronal firings under general anesthesia ([a] mean firing 
rate: 0), and firings under general anesthesia with passive movement ([b] mean 
firing rate: 47)
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a
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complications and to evaluate the initial postoperative electrode 
coordinates through image fusion with the preoperative MRI. 
Another MRI was done to confirm the final electrode coordi-
nates within 3 months postoperatively.

Statistical analysis
Paired t-tests were used to compare the pre- and post-PROM 

changes in the HR, MAP, BIS, and MAC of the volatile anes-
thetic agent. P < 0.05 was considered statistically significant.

Results
A total of 10 patients (female/male: 3/7) were enrolled in 

this study. Their mean age at surgery was 48.5 ± 10.8 years 
and mean disease duration was 8.6 ± 2.4 years [Table 1]. 
The average MER trajectory tract was 1.1 ± 0.2 for each 
side and recorded depth of the STN was 5.5 ± 0.8 mm. 
A total of 103 MER neuronal firings were recorded with and 
without PROM [mean = 5.2 ± 2.9, Table 2]. When com-
pared to baseline (without the PROM test), PROM increased 
the HR by a mean 0.5 beats/min and MAP by a mean 
1.4 mmHg (P = 0.1178 and 0.0525). The associated change in 
the BIS was − 0.7 (P = 0.4941) and the MAC of the anesthetic 
agent changed little throughout surgery (P = 0.1825) [Table 3]. 
No patient was awakened during any PROM test.

Discussion
This was the first report showing the effect of PROM on 

the level of anesthesia during MER under GA. We proved 
that, under light anesthetic conditions such as between 0.5 
and 0.7 MAC, we could obtain effective provoked neuro-
nal firings to identify the somatosensory STN. In addition, 
PROM did not alter the stable anesthetic status of the 
patient, as measured by the BIS, HR, and MAP. Our results 
also answered skepticism on whether the depth of anesthesia 
would be so light that the patient might awaken during suc-
cessful MER under GA [6].The depth of anesthesia is defined 
as the degree of central nervous system depression by an 
anesthetic agent. The BIS was introduced in 1992 to monitor 
the depth of anesthesia. This index is an arbitrary number 
from 0 (isoelectric) to 100 (awake). Our patients were main-
tained between a BIS reading of 33–62 during PROM, which 
might indicate that those patients were in a properly hypnotic 
state [11]. Since the BIS is a measurement comprising elec-
tromyography and electroencephalography, it might sometimes 
be misrepresented. For example, using medications for neuro-
muscular block would lead to declines in the BIS in awake 
persons [14]. Concomitant monitoring with HR and MAP 
could be a convenient and effective alternative to the BIS, 
and it has been suggested that standard clinical monitoring 
may have effects similar to electrical monitoring in prevent-
ing the risk of awareness during surgery [15,16]. In this study, 
there were no significant changes in HR and MAP before or 
after PROM during MER. These patients reported no aware-
ness during surgery. However, there is still controversy in 
the literature regarding the efficacy of the BIS in monitor-
ing awareness under general anesthesia. The score may not 
truly represent the level of consciousness [17]. Rare cases of 
contradictory scores versus level of consciousness have been 
reported [18]. Despite the aid of HR and MAP, the reliability 

of BIS monitoring in assisting measurement of awareness or 
an asleep state requires further verification.

It is well documented that, during awake MER procedures, 
active or passive movement-related changes in neuronal firing 
within the STN can be indicated as a typical neuronal firing 
originating from the sensorimotor portion of the STN [2,3]. 
We proved in our earlier report that, under volatile inhalation 
general anesthesia, typical STN firing patterns could be prop-
erly observed and triggered by PROM, with clinical outcomes 
comparable to STN-DBS under awake procedures [6,7].

Table 2: Data from microelectrode recording
Case 
number

Brain MER trajectory STN recording 
length (mm)

PROM (n)

1 Right 1 5.626 6
Left 1 5.100 4

2 Right 1 4.943 4
Left 1 5.496 5

3 Right 1 6.581 2
Left 1 6.397 2

4 Right 1 5.094 1
Left 1 5.720 1

5 Right 1 4.742 5
Left 1 4.824 5

6 Right 1 6.200 4
Left 1 6.265 7

7 Right 2 4.759 12
Left 1 5.315 7

8 Right 1 3.876 6
Left 1 6.004 9

9 Right 1 4.971 10
Left 1 4.927 4

10 Right 1 6.797 3
Left 1 6.087 6

Mean±SD 1.1±0.2 5.5±0.8 5.2±2.9
STN: Subthalamic nucleus, PROM: Passive range of motion, 
MER: Microelectrode recording, SD: Standard deviation, n: Recorded 
neuronal firings

Table 1: Characteristics of the ten Parkinson’s disease patients
Mean±SD Range

Sex (female/male) 3/7
Age at onset (years) 48.5±10.8 32-65
Disease duration (years) 8.6±2.4 6-14
Age at surgery (years) 57.1±9.5 40-72
SD: Standard deviation

Table 3: Comparisons between baseline (no passive range of motion) 
and passive range of motion during microelectrode recording

Baseline PROM P
Mean±SD Range Mean±SD Range

HR (beats/min) 69.3±8.9 61-89 69.8±9.0 60-90 0.1178
MAP (mmHg) 76.1±9.5 60-90 77.5±9.2 62-92 0.0525
MAC 0.7±0.0 0.6-0.7 0.7±0.0 0.6-0.7 0.1825
BIS 49.0±9.5 32-62 48.3±8.7 33-62 0.4941
PROM: Passive range of motion, HR: Heart rate, MAP: Mean arterial 
pressure, MAC: Minimum alveolar concentration, BIS: Bispectral index, 
SD: Standard deviation
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Thirty years after the first DBS paper was published at 
1987, issues about patient comfort have elicited concern 
about whether an “awake’ surgical technique is still neces-
sary to obtain reliable and accurate MER signals followed by 
test stimulation. A recent meta-analysis by Ho et al. revealed 
that only 16 of 145 validated studies between the years 2004 
and 2015 were related to GA. They concluded that DBS under 
GA may lead to a lower complication rate and there were no 
significant differences in clinical motor outcomes between 
awake DBS and DBS under GA [4]. DBS should be recog-
nized as a minimally invasive procedure only if patients can 
accept the surgery without fear and discomfort. We hope the 
evolution from awake STN-DBS procedures to surgeries under 
general anesthesia will become a trend and help provide the 
benefits of DBS to neuropsychiatric patients who are not suit-
able for awake DBS. This study had some limitations. First, we 
designed this study to record both clinical and neurophysiologi-
cal data, which resulted in a small group of patients. Second, 
we followed this small cohort without including a control 
group. Both caveats might explain the insignificant statistical 
results.

Conclusion
PROM was effective in triggering and magnifying neuro-

nal firing signals without influencing patient awareness during 
MER for STN-DBS under GA. GA is suggested as an alter-
native choice for the comfort of patients and still ensures 
uncompromised clinical outcomes.
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