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Background: Deep brain stimulation (DBS) is a well-established surgical therapy for Parkinson's disease
(PD). Intraoperative imaging (IMG), intraoperative physiology (PHY) and their combination (COMB) are
the three mainstream DBS guidance methods.
Objective: To comprehensively compare the use of IMG-DBS, PHY-DBS and COMB-DBS in treating PD.
Methods: PubMed, Embase, the Cochrane Library and OpenGrey were searched to identify PD-DBS
studies reporting guidance techniques published between January 1, 2010, and May 1, 2018. We quan-
titatively compared the therapeutic effects, surgical time, target error and complication risk and quali-
tatively compared the patient experience, cost and technical prospects. A meta-regression analysis was
also performed. This study is registered with PROSPERO, number CRD42018105995.
Results: Fifty-nine cohorts were included in the main analysis. The three groups were equivalent in
therapeutic effects and infection risks. IMG-DBS (p < 0.001) and COMB-DBS (p <0.001) had a smaller
target error than PHY-DBS. IMG-DBS had a shorter surgical time (p <0.001 and p = 0.008, respectively)
and a lower intracerebral hemorrhage (ICH) risk (p =0.013 and p = 0.004, respectively) than PHY- and
COMB-DBS. The use of intraoperative imaging and microelectrode recording correlated with a higher
surgical accuracy (p =0.018) and a higher risk of ICH (p = 0.049).
Conclusions: The comparison of COMB-DBS and PHY-DBS showed intraoperative imaging's superiority
(higher surgical accuracy), while the comparison of COMB-DBS and IMG-DBS showed physiological
confirmation’s inferiority (longer surgical time and higher ICH risk). Combined with previous evidence,
the use of intraoperative neuroimaging techniques should become a future trend.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

Deep brain stimulation (DBS) is a well-established surgical

o o ) ) ) therapy for Parkinson's disease (PD) [1,2]. Accurate electrode im-
Abbreviations: DBS, Deep brain stimulation; PD, Parkinson's disease; MER,

Microelectrode recording; STN, Subthalamic nucleus; PHY, Physiology; IMG, Im-
aging; COMB, Combination; ICH, Intracerebral hemorrhage; MRI, Magnetic reso-
nance imaging; CT, Computed tomography; UPDRS, Unified Parkinson’s Disease
Rating Scale; LEDD, Levodopa equivalent dose; QOL, Quality of life; MOOSE, Meta-
analysis of observational studies in epidemiology; ANOVA, Analysis of variance.
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plantation is essential [3]. During the early stage, physiological
(PHY) confirmation, namely, microelectrode recording (MER) and
test stimulation, was routinely performed in almost all centers
because it was considered very helpful in delineating the sub-
thalamic nucleus (STN) boundaries and assessing the surgical effects
[4,5]. Currently, most centers continue to employ this guidance
technique in DBS surgery. However, awake PHY-guided surgery has
some drawbacks, including patient discomfort and a possible higher
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intracerebral hemorrhage (ICH) risk [6,7]. In addition, as neuro-
imaging techniques have advanced remarkably over the past
decade, the high-resolution visualization of neuroanatomy seems to
provide an alternative to awake functional mapping [8]. Thus,
several pioneering centers have started to use intraoperative mag-
netic resonance imaging (MRI)/computed tomography (CT) without
physiological confirmation to guide lead implantation under general
anesthesia [9,10]. Patients receiving intraoperative imaging (IMG)-
guided DBS have also exhibited significant symptom improvement.
In addition to PHY- and IMG-DBS, the surgical method of combining
both guidance techniques is also very common in several centers
[11,12]. Similar to pure PHY-DBS, psychology-imaging (COMB)-
guided DBS is also conducted under local anesthesia. The difference
is that further intraoperative imaging verification is performed after
lead implantation before the pulse generator is implanted.

Some problems have hindered the comparison of the three DBS
methods of PHY, IMG and COMB. First, to the best of our knowledge,
most studies investigating IMG-DBS have used one-arm designs.
Thus, to compare the effects of IMG- and PHY-DBS, the authors of
these studies can compare their results only with data from the
literature or the outcomes of their previous patients [13], which
undoubtedly introduces bias. Second, two-arm studies, or control
studies, are not only few in number but also retrospective in design.
In addition, due to the small sample size in these studies,
comparing the risk of important but rare complications, such as ICH
and infection, is challenging. Third, comparative studies investi-
gating COMB-DBS are scarce in the literature. Whether a combi-
nation of two guidance techniques could cause a change in DBS
outcomes remains unknown.

Intraoperative imaging has been successfully employed in DBS
surgery for the treatment of PD for approximately ten years. Given
that IMG-DBS can be conducted in patients while asleep, some
scholars [14,15] have started to doubt the necessity of awake
physiological confirmation. Thus, to synthesize the direct and in-
direct evidence obtained over the past decade, we conducted this
meta-analysis and systematic review to thoroughly compare the
three DBS methods of IMG, PHY, and COMB.

Methods
Search strategy

A comprehensive literature search for relevant original English-
language human research articles was conducted by two reviewers
(YZX and LYY). The databases included PubMed, Embase, Cochrane
Central Register of Controlled Trials, Cochrane Movement Disorders
Group Trials Register, the System for Information on Grey Literature
in Europe (OpenGrey) and ClinicalTrials.gov. To the best of our
knowledge, the first study reporting the use of IMG-DBS for the
treatment of PD was submitted in 2008 and published in 2010 [9].
Thus, we limited the search time window to between January 1,
2010, and May 1, 2018, to ensure that the studies included in the
three groups were published during the same period. Standard
searches were performed with the following key words: “Parkin-
son's disease”, “deep brain stimulation”, “bilateral/unilateral”,
“MRI/CT”, and “MER”. The titles, abstracts and references of all
identified reports were independently examined by two reviewers.
If any disagreements occurred, in-depth discussions were required
before reaching a consensus. Disagreements that could not be
resolved were ultimately decided by the senior author (LGH).

Inclusion and exclusion criteria

All included studies had to clearly describe the surgical pro-
cedure and guidance method. For the different groups, (1) PHY-DBS

was performed under local anesthesia. MER and stimulation tests
were the only intraoperative guidance techniques used in this
group. Studies using MER but not stimulation tests were thus
excluded, and (2) COMB-DBS was also performed under local
anesthesia. However, an additional intraoperative neuroimaging
verification technique (MRI/CT/fluoroscopy) was performed after
MER and the stimulation test before the pulse generator implan-
tation, and (3) IMG-DBS was conducted under general anesthesia.
Implantation was guided by intraoperative imaging techniques,
including intraoperative CT, intraoperative MRI or interventional
MRI. Preoperative imaging was not considered in the grouping.

Controlled studies that included cohorts using different guid-
ance methods were regarded as studies containing separate co-
horts. For example, if a study included two cohorts to compare PHY-
DBS and IMG-DBS, each PHY and IMG group was added as one
cohort to our study.

Studies were excluded if they (1) did not report the detailed
surgical procedure; (2) used guidance techniques other than
intraoperative imaging or MER and stimulation tests; (3) did not
report the anesthesia method (general or local); (4) did not report
the laterality (bilateral or unilateral) or the number of leads inser-
ted; and (5) had a patient cohort size less than six. Given that most
IMG studies reported only short-term outcomes, to ensure that the
follow-up time was comparable, (6) studies with long-term follow-
up (longer than 12 months) were excluded. In addition, (7)
abstract-only articles, conference articles, editorials, expert opin-
ions, republished articles, non-English-language articles and arti-
cles without complete data were also excluded from our analysis.

Definitions and data extraction

After the eligible articles were searched and reviewed, the data
were extracted using a customized data extraction table. This
process was also conducted independently by two reviewers. The
cohort characteristic data included the patient number, lead
number, patient age, disease duration, follow-up time, preoperative
Unified Parkinson's Disease Rating Scale (UPDRS)-III scores (both
on and off states), preoperative levodopa equivalent dose (LEDD),
anesthesia method and guidance method. The outcome data
included the percentage change in UPDRS-III, LEDD and quality of
life (QOL), risk of ICH and infection, radial error and operative time.
For the continuous outcomes, the mean values, standard deviations
and number of observations were collected. For the dichotomous
outcomes, the event numbers and number of observations were
collected. Specifically, the QOL was evaluated through the UPDRS-II,
Parkinson's Disease Questionnaire-39 and Schwab and England
Activities of Daily Living, all of which are scales that are commonly
used to measure quality of life [13,16,17]. ICH and infection were
analyzed because they were the most frequently reported surgery-
related complications and are of great concern to neurosurgeons
[18,19]. Given that different centers may have different ways of
measuring surgical accuracy, namely, radial error, scalar error, and
vector error, we extracted the radial error whenever possible
because this error was the most frequently reported error [20,21].
The radial error was defined as the 2D vector difference between
the intended and actual lead placement measured in the axial plane
used for the anatomical targeting [22]. The operative time was
defined as the time from skin incision to skin closure [10].

Quality assessment

We performed a quality assessment of the included studies
using the Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) tool for observation studies [23,24]. Each of the following
criteria was given a score of one point, for a maximum score of six
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points: (I) clear definition of the study population and a sufficient
patient number (n> 10); (II) clear definition of outcomes and
outcome assessment; (IlI) independent assessment of outcome
parameters; (IV) clear description of follow-up; (V) no selective loss
during follow-up (<10%); and (VI) identification of important
confounders and prognostic factors. A study with a score > 5 was
considered methodologically sound. Only these studies were
included in the main analysis. We included the methodologically
unsatisfactory studies in the sensitivity analysis. This strategy can
prevent the main analysis from being affected by small-sample and
unclear studies while fully using all data in the sensitivity analysis.

Meta-regression and sensitivity analysis

We performed a regression analysis to identify the possible
predictors of surgical accuracy and complication risk, including age,
disease duration, preoperative UPDRS-III scores, surgery time, use
of intraoperative imaging and use of intraoperative MER. We also
investigated the correlation between the surgical accuracy and
motor symptom improvement. A sensitivity analysis was per-
formed by considering all studies, including studies with less clear
methodologies (score < 4 in the quality assessment).

Statistical analysis

Heterogeneity was assessed using the Standard Cochrane Q and
12 statistics. If p <0.10 or I? > 50%, a random effect analysis model
using generic-inverse variance was employed to pool the data.
Otherwise, a fixed effects model was used. The pooled data are
presented as the means + standard error. To detect any differences
in the baseline characteristics between the three groups, an anal-
ysis of variance (ANOVA) was conducted. A p < 0.05 indicated the
need to perform pairwise comparisons of the pooled data. To
analyze the main outcomes, including the therapeutic effects, sur-
gical time, surgical accuracy and complication risks, pairwise
comparisons of the three groups were performed directly. The p-
values were determined based on Student's t-tests using a Bon-
ferroni multiple comparisons correction [25]; p <0.0167 (0.05/3)
was considered statistically significant. A simple linear meta-
regression was performed as the study variance was estimated by
an unrestricted maximum likelihood model, and p < 0.05 indicated
a significant correlation. All analyses were performed using
Comprehensive Meta-Analysis 2.2 (Biostat, Englewood, NJ). The
data management complied with the guidelines of the Cochrane
Handbook for Systematic Reviews of Interventions and the Meta-
analysis of Observational Studies in Epidemiology Group [24,26].
This study is registered with PROSPERO under number
CRD42018105995.

Results
Search results

In total, we identified 3382 articles according to the keyword
search. After removing duplicated articles and screening the titles
and abstracts, 2814 articles were eliminated. The main reasons for
elimination were that the studies were not related to PD, non-
clinic-based studies, and articles reporting low-quality evidence
(abstract-only articles, conference articles, editorials, and expert
opinions). The remaining 568 articles were subjected to a second-
ary full-text screening based on the inclusion and exclusion criteria.
We also screened the references of these articles. Finally, 70 studies
from 51 centers met all the criteria and were included in the sub-
sequent quality assessment. The specific filtering process is
described in Fig. 1.
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Fig. 1. PRISMA flow chart of the included studies.

Quality assessment of the studies eligible for the main analysis

According to the MOOSE quality assessment tool, 33.3% of the
IMG studies lost points for failing to identify important con-
founders or prognostic factors, 23.1% of the PHY studies did not
independently assess the outcome parameters and 25% of the
COMB studies did not fully describe their follow-up
(Supplementary Table 1). Thus, 11 of the 70 cohorts, including
285 patients and 535 leads, were considered methodologically less
clear. Thus, these cohorts (2 in the IMG group, 6 in the PHY group
and 3 in the COMB group) were excluded from the main analysis.
The detailed information of all 70 cohorts is shown in
Supplementary Table 2.

Of the remaining 59 cohorts (n = 3467, leads = 6371), 13 cohorts
(n=424, leads =819) underwent IMG-guided DBS, 33 cohorts
(n= 2510, leads = 4543) underwent PHY-guided DBS, and 13 co-
horts (n =533, leads = 1009) underwent COMB-guided DBS.

Baseline characteristics and treatment efficacy

The baseline characteristics did not significantly differ in terms
of age, disease duration, length of follow-up, preoperative UPDRS
"On" scores or LEDD between the three groups. However, the pre-
operative UPDRS "Off" scores in the COMB group were lower than
those in the IMG group (Table 1).

DBS therapeutic effects and surgery-related outcomes

The three groups were equivalent in motor symptom improve-
ment, LEDD decrease and QOL enhancement (Table 2). Notably,
only the outcomes of STN-DBS were included in the LEDD synthesis
because DBS targeting other nuclei, such as the globus pallidus
interna, may not result in the same level of LEDD decrease as STN-
DBS.
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Table 1
Pooled value of patient characteristics®.

Z. Yin et al. / Brain Stimulation 12 (2019) 893—900

IMG-DBS

Age

Disease duration (years)

Length of follow-up (months)
Pre-operative UPDRS-III ON med

62.4+0.93 (412)
11.1+0.38 (122)
8.35 + 0.98 (404)
20.6+1.29 (111)

Pre-operative UPDRS-III OFF med 45.4 +1.39 (249)
LEDD 1173.5+88.9 (142)

PHY-DBS COMB-DBS ANOVA (p value)
60.1+0.60 (2282) 60.9 +1.18 (290) 0.267

12.1 +0.75 (1480) 11.5 +0.78 (268) 0.879

8.62 +0.59 (2042) 8.69 +0.91 (533) 0.976

19.3 +2.01 (546) 18.2 + 1.62 (140) 0.895

42.9+1.78 (669) 37.8 +1.56 (341) 0.039"

1177.1 + 86.8 (869) 988.3+116.0 (307) 0.462

ANOVA: analysis of variance; UPDRS: Unified Parkinson's Disease Rating Scale; LEDD: Levodopa equivalent doses.
2 The data are represented by “mean =+ standard error (observation numbers)” and the significant comparisons are highlighted.
b p-value of pairwise comparison of “Pre-operative UPDRS-III OFF med”: IMG vs PHY = 0.268; IMG vs COMB < 0.001; PHY vs COMB = 0.031.

The IMG group had a significantly shorter operative time than
the PHY and COMB groups, while no differences were observed
between the PHY and COMB groups. The target error in the PHY
group was significantly larger than that in the IMG and COMB
groups, while there were no differences between the IMG and
COMB groups. IMG-DBS had the lowest ICH risk among the three
groups. The ICH risk with PHY-DBS was slightly lower than that
with COMB-DBS, but the difference did not reach statistical sig-
nificance. No differences were found in the infection risk.

Meta-regression analysis

The simple linear meta-regression analysis revealed that age
(p=0.376), disease duration (p = 0.741) and preoperative UPDRS-
III (Off) scores (p = 0.362) were not significant predictors of surgi-
cal accuracy, while the use of intraoperative imaging was a signif-
icant predictor (Fig. 2A). The correlation between the percentage
change in the UPDRS-III (Off) score and radial target error was not
significant (Fig. 2B). Age (p = 0.526), disease duration (p =0.723),

and operative time (p =0.930) were not significant predictors of
the ICH risk. The use of MER was a significant predictor (Fig. 2C—1).

Sensitivity analysis

We added the 11 excluded cohorts and re-pooled the data from
all 70 cohorts. Although the statistical values changed (Table 2), the
significance of the data did not change in most outcomes with one
exception. The correlation between the use of MER and the risk of
ICH became non-significant in the sensitivity analysis (Fig. 2C—).

Discussion

By analyzing data from many samples from multiple centers, our
study compared the three mainstream DBS methods of IMG, PHY,
and COMB for the treatment of PD over the past 10 years. There
were no differences in the therapeutic effects and risk of infection
between the three groups. The target errors in the IMG and COMB
groups were significantly smaller than those in the PHY group. The

Table 2
Pooled value of DBS therapeutic effects and surgery-related outcomes in the main and sensitivity analysis®.
IMG-DBS PHY-DBS COMB-DBS IMG vs PHY IMG vs COMB PHY vs COMB
Main analysis
Post UPDRS “On®" 17.5+5.00 (41) 14.8 +1.59 (341) 12.9+1.73 (103) 0.582 0.385 0.533
Post UPDRS “Off®” 23.4+2.74 (208) 20.4 +1.30 (369) 18.9 +1.60 (301) 0.323 0.156 0.462
Post LEDD (mg/d) 526.7 +121.6 (82) 607.2 +97.6 (483) 498.7 +46.5 (233) 0.606 0.830 0316
PI UPDRS “On” 16.8 +7.33 (62) 28.3+10.5(389) 25.6 +3.43 (103) 0.369 0.277 0.807
PI UPDRS “Off” 47.2 +4.54 (228) 49.2 +8.49 (1122) 52.4+2.43 (323) 0.835 0.313 0.717
PI LEDD 47.3 +4.39 (139) 48.9 +1.63 (720) 54.9 +2.90 (233) 0.733 0.149 0.070
PI QOL 32.6 +6.54 (187) 43.1 +5.38 (226) 40.7 +7.53 (83) 0.211 0417 0.810
Surgical time (mins) 232.1+17.9 (258) 361.4+31.7 (278) 347.1 +42.9 (57) <0.001 0.008 0.789
Target error (mm) 0.902 + 0.094 (350) 1.297 +0.043 (663) 0.674 + 0.081 (106) <0.001 0.066 <0.001
ICH (%) 1.3+0.4 (524) 2.7+ 0.4 (2905) 3.9+0.8 (406) 0.013 0.004 0.179
Infection (%) 2.6+0.5(796) 1.9+0.4 (2503) 2.2+0.6 (236) 0.274 0.608 0.677
Sensitivity analysis
Post UPDRS “On” 17.5+5.00 (41) 14.8 +1.59 (341) 14.3 +1.46 (128) 0.582 0.539 0.817
Post UPDRS “Off” 23.4+2.74 (208) 229+1.51(341) 19.7 +1.71 (344) 0.873 0.252 0.161
Post LEDD (mg/d) 526.7 +121.6 (82) 607.2 +97.6 (483) 552.1 +57.8 (258) 0.606 0.850 0.627
PI UPDRS “On” 16.8 +7.33 (62) 28.3+10.5(389) 24.5+2.23(128) 0.369 0.315 0.723
PI UPDRS “Off” 47.2 +4.54 (228) 47.4+7.48 (1189) 51.9+2.27 (366) 0.982 0.355 0.565
PI LEDD 47.3+4.39 (139) 49.0 +1.58 (732) 54.9 +2.90 (233) 0.716 0.149 0.285
PI QOL 32.6 +6.54 (187) 41.9 +4.70 (256) 40.7 +7.53 (83) 0.249 0.417 0.897
Surgical time (mins) 232.1+17.9(258) 361.2 +27.8 (310) 347.1+42.9 (57) <0.001 0.008 0.783
Target error (mm) 0.860 + 0.091 (380) 1.297 +0.043 (663) 0.711 + 0.077 (168) <0.001 0.211 <0.001
ICH (%) 1.7 +0.4 (580) 34+0.2(3104) 3.9+0.8 (406) <0.001 0.014 0.544
Infection (%) 2.5+0.5(852) 3.0+0.3(2702) 2.2+0.6 (236) 0.391 0.701 0.233

DBS: deep brain stimulation; Post: postoperative scores; PI: percentage improvement postoperatively; UPDRS: Unified Parkinson's Disease Rating Scale; LEDD: Levodopa

equivalent doses; QOL: quality of life; ICH: intracerebral hemorrhage.

? The data are represented by “mean =+ standard error (observation numbers)”. The outcomes of pairwise comparison are demonstrated by p value and the significant

comparisons are highlighted.
b “0On” indicates DBS on and medication on.
¢ “Off” indicates DBS on and medication off.
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IMG group had a shorter operative time and a lower risk of ICH than
the PHY and COMB groups.

Target error, therapeutic effects and stimulation-related side effects

Our results of the DBS efficacy as assessed by UPDRS-III
improvement, LEDD decrease and QOL enhancement were consis-
tent with most previous studies and suggested that PHY-DBS and
IMG-DBS were equally effective in alleviating patients’ motor
symptoms [27,28]. In addition, the combination of the two guid-
ance techniques did not result in a gain of additional efficacy.
Notably, of all 13 COMB-DBS studies included, 12 were conducted in
Asian and European countries. Based on the finding that the pre-
operative UPDRS-III Off score was significantly lower in the COMB
group, we assumed that neurologists in Asia and Europe may be
more cautious and more willing to suggest that PD patients should
receive DBS surgery at an early stage.

Previous studies have provided different opinions regarding the
use of MER [29,30]. As reported by the most recent study, compared
with preoperative imaging alone, MER can reduce the dislocation
rate by 20% [31]. However, some studies have also found that the
number of MER penetrations is positively correlated with intra-
cranial air, brain shift and ICH [32—34], all of which are factors that
can negatively influence target accuracy in DBS surgery [35,36]. Our
study observed a higher target error in the PHY group. Although
MER was also employed in the COMB group, the further neuro-
imaging verification enhanced the surgical accuracy to the same
level as that observed in the IMG group. In summary, we hypoth-
esize that MER can undoubtedly improve target accuracy; however,
compared with intraoperative imaging, MER may be inferior.

Accuracy, as a consensus, is essential for DBS surgery. However,
the significantly higher target error did not translate into a lower
treatment efficacy in our study. Lee et al. [37] also observed this
phenomenon and explained that a small error is unlikely to man-
ifest in global outcome indices. We hypothesize that postoperative
programming may play an important role. The adjustment of the
stimulation parameters can be a buffer zone for DBS efficacy. By
increasing or decreasing the stimulation voltage, DBS efficacy can
maintain stability [31]. Thus, how large must a target error be to
influence the treatment effects? Richardson et al. [38] analyzed 8
patients who underwent lead revision and found that at least a 2-
mm change in the lead position was needed to produce significant
changes in the therapeutic effects. These authors also found a
significantly negative correlation between the target error and
UPDRS-III improvement within the error limits of 2—5 mm. Our
study filled vacancies for a target error of 0—2 mm, which is indeed
a more common error range [39]. The results of our meta-
regression analysis showed that based on existing evidence, a
target error of less than 1.55 mm may not influence motor symptom
improvement. Thus, a lead position revision of < 1.55 mm may not
result in improved motor function compared with that before the
revision. In addition to postoperative programming, the fact that
the lead could slide back to its original trajectory may also be an
explanation.

Although a target error of 0—1.55 mm may not influence motor
symptom improvement, it could possibly induce significant non-
motor symptoms or stimulation-related complications. Lee et al.
[37] found that PHY-DBS resulted in a lower side effect program-
ming threshold than IMG-DBS, suggesting that stimulation-related
complications could start to appear at a much lower voltage in
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patients who underwent PHY-DBS. In addition, Brodsky et al. [40]
reported that PHY-DBS patients had much worse speech function
than IMG-DBS patients postoperatively, which may be due to the
subclinical direct pyramidal tract activation owing to spread cur-
rent [41]. Shamir et al. [42] also found that stimulation of a different
subregion of the STN could induce significantly different nonmotor
outcomes. These studies show that, considering nonmotor symp-
toms or stimulation-related side effects, small target errors should
not be ignored.

Hardware-related side effects

The pooled risk of ICH in our study was 3.3 + 0.3%, which is close
to the results reported in the previous meta-analysis (3.2—5%)
[43—45]. A significant correlation was observed between MER and
the ICH risk in the main analysis, but this correlation disappeared in
the sensitivity analysis, indicating that this correlation is not very
stable. However, most authors agree that the use of MER could be
potentially risky. In their study, Kimmelman et al. [32] found that
the per-trajectory of MER could increase the ICH risk by 1.57%
because each penetration of MER carries a certain degree of risk of
breaking an artery. In addition, the sharp tip used in MER is more
likely to penetrate small arteries than a blunt-tipped permanent
electrode [46]. As hypertension is also considered a high risk factor
for ICH [47], the general anesthesia employed in the IMG group
could better control intraoperative blood pressure. This finding
may also contribute to the lower ICH risk in the IMG group in our
study.

Although some authors have reported that the operative time
may influence the postoperative infection rate [48], no correlation
was observed between the operative time and infection risk in our
study. Kim et al. [48] hypothesized that prophylactic and periop-
erative use of antibiotics may play an important role in reducing the
infection risk. The duration of the prophylactic use of intravenous
antibiotics in patients with infection was 3.7 days, while in those
without infection, the duration was 6.4 days. Properly prolonging
the time of antibiotic use after DBS surgery may reduce the infec-
tion risk.

Operative time and patient experience

As previously reported by Saley et al. [28] in 2015, the operative
time in the IMG group was longer than that in the PHY group.
However, in 2018, Jakobs et al. [34] reported that 8 years of expe-
rience with IMG-DBS surgery could significantly shorten the
operative time by over 2 h. In our study, the IMG group had a
shorter surgical time than the PHY and COMB groups, indicating
that the abandonment of MER and stimulation tests may save time
[49,50]. As previously reported [51], it takes approximately only
20 min to achieve an intraoperative imaging confirmation with an
O-arm. Asleep surgery with a shorter operative time can un-
doubtedly decrease patient discomfort during DBS surgery. LaHue
et al. [52] analyzed the intraoperative experiences of 88 patients
who underwent IMG- or PHY-DBS through customized question-
naires. These authors found that patients were more willing to
choose asleep surgery and were less likely to feel regret after
choosing IMG-DBS. IMG-DBS was also recommended for patients
with a history of claustrophobia, chronic pain and significant off-
medication symptoms [52].

Historically, the influence of general anesthesia on MER elec-
trophysiological signals and stimulation tests hindered attempts of
performing asleep DBS surgery [53]. However, in recent years,
many studies have proven that general anesthesia, with great
control of the depth of anesthesia, does not hamper the adequate
performance of MER [54,55]. Thus, why do most centers still

perform awake DBS surgery? We assume that the key factor is the
stimulation test, the function of which is to facilitate determination
of the optimal stimulation site and determination of a high
threshold for side effects. However, in 2017, Blume et al. [56] found
that the real effects of permanent stimulation are not predictable
by the intraoperative test stimulation. These studies question the
necessity of awake DBS surgery. In 2017, Ho et al. [57] also argued
that asleep DBS surgery may lead to fewer treatment-induced side
effects than awake surgery and can produce equal therapeutic
effects.

Technical prospects

The high purchase cost of intraoperative imaging equipment
was usually considered the major factor restricting the populari-
zation of this technique [7]. However, the shorter operative time
and larger patient population suitable for IMG-DBS may be trans-
lated into higher hospital efficiency. Furthermore, the cost for pa-
tients who underwent IMG-DBS did not seem to increase much. As
reported by Brodsky et al. [40] in 2018, the patient cost for IMG-DBS
was even lower than that for PHY-DBS in their center. Concerning
the technological prospects of the two guidance techniques, in
2018, Shamir et al. [58] developed a neuroimaging method
combining 7-T MRI with machine learning, which can accurately
visualize the STN using standard clinical MRL. Regarding MER, a
software package for automatically estimating the border of the
STN was also developed in 2018 [59]. Undoubtedly, both techniques
are progressing. However, we believe that IMG-DBS is an emerging
technique that may have more room for progress. In addition, as
more tools and algorithms are established to optimize DBS imaging
[60,61], the specific functions of the subregions of the nucleus are
becoming clearer [62,63]. With a better understanding of these
subregions, a personalized targeting plan may well address indi-
vidual patients’ main symptoms in the near future. Intraoperative
neuroimaging, which has a higher surgical accuracy, may perform
better in helping reach the planned target.

Limitations

There were several limitations in our study.

First, given that no studies performed direct comparisons of
these three guidance techniques, most data were collected from
nonrandom and noncontrolled studies. This design had advantages
and disadvantages. The disadvantage was that the heterogeneity
resulting from differences in surgical instruments, imaging mo-
dalities and operation habits was difficult to control, introducing
biases and reducing the level of evidence. The benefits were that we
included a large sample size of patients and collected data from
multiple centers. The large sample size increased the statistical
power and the applicability of our results. Actually, one-arm studies
can also provide valuable clinical information in a meta-analysis if
the results are interpreted cautiously [64,65].

Second, the number of included outcome indices was not suf-
ficient. Data for only two types of complications were extracted,
and nonmotor symptoms were not included in the quantitative
analysis. In fact, inaccurate electrode implantation was more likely
to cause adverse nonmotor effects due to the spread of electrical
currents [66]. Therefore, including nonmotor symptoms as evalu-
ation indicators in future clinical trials is important.

Finally, the follow-up duration (average of 8.5 months) of the
included studies was short. Consequently, the long-term effects and
mortality data could not be considered or compared.
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Conclusions

Considering COMB-DBS as a bridge in the comparison of the
three groups, the comparison of COMB-DBS and PHY-DBS showed
the superiority of intraoperative imaging (higher surgical accu-
racy), while the comparison of COMB-DBS and IMG-DBS showed
the inferiority of physiological confirmation (longer surgical time
and higher ICH risk). Combined with previous evidence, this study
revealed that PHY-DBS was no better or worse than IMG-DBS in
surgical accuracy, UPDRS-III improvement, LEDD decrease, QOL
enhancement, stimulation-related complications (e.g., speech dis-
orders), hardware-related complications (e.g., ICH and infection),
operative time, patient experience and individual technique pros-
pects. Thus, we believe that awake physiological confirmation may
no longer be a necessity in current DBS treatment for PD and that
the use of intraoperative imaging for DBS guidance should be a
future trend.
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