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Introduction: Previous studies have shown that subthalamic nucleus (STN) and unilateral globus pallidus interna (GPi) are similarly effective in the deep brain stimulation (DBS) treatment of motor symptoms. However, the counterintuitively more common clinical application of STN DBS makes us hypothesize that STN is superior to GPi in the treatment of motor symptoms.

Methods: In this prospective, double-blind, randomized crossover study, idiopathic PD patients treated with combined unilateral STN and contralateral GPi DBS (STN in one brain hemisphere and GPi in the other) for 2 to 3 years were enrolled. The MDS UPDRS-III total score and subscale scores for axial and bilateral limb symptoms were assessed preoperatively and at 2- to 3-year follow-up in four randomized, double-blinded conditions: (1) Med–STN+GPi–, (2) Med–STN–GPi+, (3) Med+STN+GPi–, and (4) Med+STN–GPi+.

Results: Eight patients had completed 30 trials of assessment. Compared with the preoperative Med– state, in the Med–STN+GPi– condition, the cardinal symptoms in both sides of the body were all improved. In the Med–STN–GPi+ condition, symptoms of the GPi-stim limb were improved, while only tremor was improved on the ipsilateral side, although all axial symptoms showed aggravation. Compared with the preoperative Med+ state, in the Med+STN+GPi– state, cardinal symptoms were improved on both sides, except that tremor was worsened on the STN-stim side. In the Med+STN–GPi+ state, the overall motor symptoms were aggravated compared with the preoperative Med+ state. Most axial symptoms worsened at acute unilateral STN or GPi DBS onset, compared to both preoperative Med– and Med+ states. No side effects associated with this study were seen.

Conclusions: Improvement in motor symptoms was greater in all sub-scores favoring STN. The effects of STN+ were seen on both sides of the body, while GPi+ mainly acted on the contralateral side.
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INTRODUCTION

Deep brain stimulation (DBS) is a well-established surgical intervention for patients with advanced Parkinson's disease (PD), especially those with medication-resistant motor symptoms, motor fluctuations, or levodopa-induced dyskinesia (1, 2). However, choosing a suitable stimulation target to maximize clinical outcomes while minimizing side effects remains a challenge.

The subthalamic nucleus (STN) and globus pallidus interna (GPi) are the two main targets in large randomized controlled trials in which patients with comparable clinical and demographic characteristics are randomized to receive either GPi DBS or STN DBS. Studies have demonstrated similar effects for both targets on motor symptom improvement (3). Unfortunately, for highly heterogeneous diseases, such as PD, these randomized controlled trials, designed to be conducted among different patients yielded inconsistent results, even when sufficient numbers of patients were included.

Most studies have investigated the differences between STN and GPi DBS either unilaterally or bilaterally in different patients and presented evidence for similar effectiveness of STN and GPi on motor symptoms (4). However, significantly more STN DBS were performed clinically, which made us wonder whether STN is more trusted than GPi with respect to its treatment effect. Therefore, we hypothesized that STN is superior to GPi in the treatment of motor symptoms.

In this study, we aimed to elucidate the nuances between STN and GPi DBS in PD patients. We conducted an intra-patient comparison by investigating the acute turning-on effects of unilateral STN stimulation vs. unilateral GPi stimulation on motor symptoms within each patient who had received a treatment comprising combined unilateral STN and contralateral GPi DBS. The asymmetrically targeted DBS treatment was first applied in our previous study to address the assumption of different therapeutic effects with unilateral STN and contralateral GPi DBS. Our previous research (5) showed that at the 1-year follow-up, this approach represented an effective and well-tolerated DBS treatment option for selected patients with advanced PD, incurring no significant increase in side effects.



METHODS


Standard Protocol Approvals, Registrations, and Patient Consents

This study was conducted under the supervision of the ethical committee in Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. All patient's consent was collected according to the Declaration of Helsinki. This study is registered on clinicaltrial.gov (clinicaltrial.gov NCT04255719).



Trial Design

This was a prospective double-blind randomized crossover study designed to compare the acute effect of unilateral STN and GPi stimulation on motor symptoms in several patients with PD. Participants with advanced PD who had previously undergone combined unilateral STN and contralateral GPi DBS were screened based on the inclusion and exclusion criteria. Following recruitment, participants were comprehensively evaluated under four randomized, double-blind conditions: (1) Med–STN+GPi–, (2) Med–STN–GPi+, (3) Med+STN+GPi–, and (4) Med+STN–GPi+. The symbol + means on, while – means off. The intervention section explains the details of these conditions. All participants and trained assessors were blinded to the conditions, and patients were randomly assessed over the course of two continuous days (Figure 1).
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FIGURE 1. Randomized, double-blind, crossover design of the study. This study involved two time periods, before and 2 to 3 years after surgery. Some patients (n = 10) were assessed for motor symptoms in Med– and Med+ states preoperatively and underwent asymmetric target (unilateral STN, contralateral GPi) DBS treatment. After parameter optimization, the patients were treated with medication and bilateral DBS. We recruited and screened patients 2 to 3 years after surgery (n = 8) and randomized them into two groups. One group of patients was evaluated first in the STN+GPi– state and then the next day in the STN–GPi+ state; the other group was the opposite, STN–GPi+ then STN+GPi–. Patients stopped intaking antiparkinsonian drugs the night before the assessment, ensuring that they were off medication for more than 12 h. Bilateral DBS was turned off and washed out for 1 h before assessment. Afterwards, the unilateral DBS was turned on and motor symptoms were assessed in the Med– condition. Following the Med– condition assessment, the patient took the medication and was assessed 1 h later in the Med+ condition. After completion of the first day's assessment, the patient's bilateral DBS was turned on, although medication withdrawal continued for more than 12 h. Assessment of the contralateral DBS on state was performed on the second day. Patients were blinded for all assessment procedures and resumed prior bilateral DBS and medication treatment after the four-state assessments. DBS, deep brain stimulation; GPi, globus pallidus interna; STN, subthalamic nucleus.




Patients

Participants were recruited from the Department of Functional Neurosurgery at Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China). A total of 10 patients with PD underwent combined unilateral STN and contralateral GPi DBS from September 2017 to September 2018. Following recruitment in April 2020 and screening, eight patients who had received the surgery for 2 to 3 years were included in this study. Supplementary Material 1 explains the surgical procedure. The inclusion criteria were: (1) diagnosis of idiopathic PD; (2) age between 55 and 75 years, both male and female; (3) treatment with combined unilateral STN and contralateral GPi DBS for 2 to 3 years with optimal parameters for 3 months; and (4) a Hoehn-Yahr (H-Y) stage of less than 4 in the medication-off state. The exclusion criteria were: (1) history of serious psychosis; (2) history of intractable epilepsy (i.e., seizures); (3) diagnosis of severe cardiac, liver or kidney diseases, or other serious health conditions; (4) dementia (A Mini-Mental State Examination score of <24), inability to comprehend the experimental protocol or voluntarily provide informed consent; (5) lack of cooperation; (6) poorly controlled depression or anxiety. The patients in this study overlapped partly with those in our previous study published in 2020; (5) those were patients 3, 7 and 8. Additionally, according to the asymmetry index, patients were divided into a symmetric group (asymmetry index <0.15, both Med– and Med+ conditions before surgery) and an asymmetric group (asymmetry index ≥ 0.15, either Med– or Med+ conditions before surgery), and the corresponding subgroup analysis was performed. The asymmetry index was a left-extremity to right-extremity ratio in the MDS UPDRS-III, which was calculated using the formula (left extremity – right extremity) / (left extremity + right extremity) (6, 7). A team of experienced multidisciplinary DBS specialists made the clinical decision regarding the specific DBS target to be used in each patient. That was, unilateral STN DBS was applied to treat the more severe side since we hypothesized that STN is more effective than GPi. We highlighted three cases here. Patient 4 underwent DBS surgery because of the adverse effect of postural hypotension after taking the medication. Patient 7 had opposite asymmetry indices in the Med+ and Med– states, so STN was applied to the left hemisphere due to higher severity of the right limb in the Med– state (3). Patient 3 had the same scores on bilateral limbs in the Med+ and Med– states, and we applied unilateral STN DBS to the left hemisphere because there is evidence of a left-hemispheric dominance for appendicular movements and a right-hemispheric dominance for axial motor control (8, 9).



Interventions
 
Unilateral DBS of STN

Bilateral stimulation was turned off for an hour (10), and unilateral STN DBS was turned on afterwards. Participants were asked to complete a comprehensive set of assessments under unilateral STN stimulation in the Med– state. Participants were further required to complete the second set of assessments in the Med+ state 1 h after taking regular medications,.



Unilateral DBS of GPi

Unilateral GPi DBS was delivered after bilateral stimulation was turned off for an hour. The study protocol was identical to that used in the unilateral STN DBS intervention but was performed on a different day. After all these assessments, bilateral DBS will be turned on again and returned to normal treatment status.



Concomitant Interventions

Participants were asked to stop taking antiparkinsonian drugs for 12 h to stay in the Med– state until they completed the first set of assessments. Regular medication was taken 1 h before the second set of assessments to maintain a Med+ state. All processes were repeated for the contralateral target on the next day.




Randomization and Blinding

The testing sequence of the treatment conditions was randomly assigned in a counterbalanced manner on the scheduled days. The order of the DBS conditions was determined by the clinician who randomly picked up one of the eight folded sheets with different conditions written on them (half of the first day GPi; half of the first day STN) but was not allowed to participate in any rating or evaluation. Throughout the study, all participants, raters, and statisticians were blinded to treatment conditions. A movement disorder specialist was responsible for programming. In addition, motor symptom evaluation in this experiment was performed by an experimenter who was blinded to the study protocol and did not participate in data analysis or interpretation. Two raters who were blinded to the conditions conducted the video assessments independently, after which the average rating scores were calculated. For subscores with large deviancy, the final scores were determined after re-evaluation.



Trial Outcomes

Acute turning-on effects of unilateral STN stimulation vs. unilateral GPi stimulation on motor symptoms in each patient were compared as the primary outcome. Motor symptoms were defined by the MDS UPDRS-III scores which ranged from 0 to 132, with higher scores indicating more severe motor symptoms (11). To gain insight into the specific effects of each target, we classified the MDS UPDRS-III subscales into three categories: (1) axial signs, as measured by scores on speech, facial expression, arising from a chair, posture, gait, freezing of gait, and posture stability; scores could range from 0 (no axial signs) to 28 (severe axial signs); (2) STN-stimulated contralateral limb symptoms; and (3) GPi-stimulated contralateral limb symptoms. Limb symptom severity was measured using the subscale scores of the corresponding limb on rigidity, finger tapping, hand movements, hand pronation supination, toe-tapping, leg agility, posture tremor, kinetic tremor, and resting tremor amplitude; scores could range from 0 (no limb symptoms) to 52 (severe limb symptoms). The Berg Balance Scale (BBS) was also compared as a second outcome at the 2- to 3-year follow-up. The patient's daily dose of antiparkinsonian medication was converted into a levodopa equivalent daily dose (LEDD).



Data Analysis

There were two types of comparisons conducted in this study. The first was the comparison between unilateral STN+ and GPi+ within the same patient group in Med– and Med+ conditions, and the second was the comparison between asymmetric and symmetric groups for the different patient groups in the same condition. Before the comparisons, the Shapiro-Wilk test was used to test the normality of data in each group, yielding the W statistic and P-value reflecting the evaluation criteria of distribution. For normally distributed data, a parametric test of the Student's t-test was used to assess the difference between groups. For the non-normally distributed data, the non-parametric Wilcoxon test was applied to compare the differences. The first comparison mentioned was based on the paired Student's t-test and Wilcoxon signed-rank test. The second comparison was based on the independent Student's t-test and Wilcoxon rank-sum test. All three tests mentioned were two-tailed tests with a P-value <0.05 reflective of statistical significance. Bonferroni correction was applied for adjustment of multiple testing. Statistical calculations and techniques were performed using R-4.0.2.



Data Availability

Original data is available upon reasonable request.




RESULTS


Patients

Eight patients completed 30 trials of assessment at 2 to 3 years after DBS operation, of which 16 met the Med–STN+GPi–/ Med–STN–GPi+ conditions and 14 met the Med+STN+GPi–/ Med+STN–GPi+ conditions. The main demographics and clinical characteristics of the patients are presented in Table 1. All the actual postoperative lead locations were in accordance with the preoperative plan. The stereotactic coordinates and programming parameters of each patient are shown in Supplementary Table 1.


Table 1. Demographic and clinical characteristics of each patient.
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Acute Effects of Unilateral STN+/Med– vs. GPi+/Med–

We first analyzed the difference in treatment outcomes between unilateral STN+ and GPi+ in the Med– state compared to the preoperative Med– state. The mean total MDS UPDRS-III score was reduced by 26% in STN+/Med– but showed almost no change in GPi+/Med–. STN+ improved motor symptoms on both sides of the body, while GPi+ mainly on the GPi-stim side. Axial symptoms worsened in both STN+/Med– and GPi+/Med– states, but the deterioration was more pronounced in the GPi+/Med– state, especially with differences in symptoms of postural stability, posture, and global spontaneity of movement (Table 2).


Table 2. Motor symptoms in Med–STN+GPi– and Med–STN–GPi+ conditions before and 2 to 3 years after surgery (n = 8).
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Acute Effects of Unilateral STN+/Med+ vs. GPi+/Med+

We then compared the therapeutic effects of STN+/Med+ and GPi+/Med+ after antiparkinsonian medicines were administered. The mean total MDS UPDRS-III score was almost identical to that in the preoperative Med+ condition in the STN+/Med+ state, while there was a worsening in the GPi+/Med+ state. Symptoms dramatically improved on both sides of the body in the STN+/Med+ state, except for the tremor symptoms on the STN-stim side, which showed worsening instead. The improvement of the limbs in the GPi+/Med+ state was more expressive on tremor and rigidity on the GPi-stim side. Similar to that in the Med- state, compared to the preoperative Med+ state, axial symptoms were aggravated in both STN+/Med+ and GPi+/Med+ states (Table 3).


Table 3. Motor symptoms in Med+STN+GPi– and Med+STN–GPi+ conditions before and 2 to 3 years after surgery (n = 7).
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Comparison of Unilateral STN vs. GPi DBS on Balance Function (BBS)

We directly compared unilateral STN vs. GPi stimulation on BBS scores in the Med– and Med+ states. In the Med–STN+GPi– condition, the mean score of BBS was 41.25, while it was 37.38 in the Med–STN–GPi+ condition. In the Med+ state, the mean score was 44.43 in the STN+ condition, and 43.14 in the GPi+ conditions (Tables 1, 2).



Comparison of Patient Groups With Symmetric and Asymmetric Symptoms

In the preoperative Med– and Med+ states, the symmetric group had more severe motor symptoms compared to the asymmetric group. In contrast, in all four postoperative assessment states, the symmetric group showed better improvement in overall motor symptoms for both unilateral STN+ and GPi+ states. In addition, the treatment outcomes on both body sides of the symmetric group outperformed those of the asymmetric group (Supplementary Tables 2, 3).



Effects of Asymmetric Target DBS on Medication (LEDD)

We also compared medication consumptions before and at the 2- to 3-year follow-up. Compared to the preoperative period, a significant decrease of medication intake was observed at the 2- to 3-year follow-up (26.6%). Six patients had reduced drug use, while two had a slight increase in medication intake (Supplementary Table 4).



Side Effects

After surgery, some patients experienced transient localized tingling and numbness that got resolved after parameter adjustment. This study focused on the acute effects of unilateral STN and unilateral GPi DBS on motor function in individual PD. When the DBS was turned off either bilaterally or unilaterally, or drug intake was stopped overnight, some patients experienced uncomfortable exacerbations of motor symptoms, including intense tremors, rigidity, and exacerbations of axial symptoms. However, these exacerbations served as observations in this study, which were not recorded as adverse side effects. Moreover, all patients resumed bilateral DBS and medication administration at the end of the trial, and these exacerbations disappeared subsequently. No significant worsening other than motor symptoms was noted after DBS was turned off. No other side effects were observed throughout the study.




DISCUSSION

In this study, we found that unilateral STN stimulation had a better effect than did unilateral GPi stimulation on improving most cardinal motor symptoms and axial symptoms in both Med– and Med+ states. STN stimulation acted on both sides of the body, whereas GPi stimulation mainly affected the contralateral side. The effects on balance function of STN+ and GPi+ were not significantly different between the Med+ and Med– conditions.

We also found that the improvement in motor symptoms in the Med– state before and after surgery was greater than that in the Med+ state before and after surgery, which was consistent with previous studies (12, 13). Most relevantly, our results suggest that STN is more advantageous than GPi in the treatment in all cardinal symptoms, which conflicts with the previous reports indicating that the two have similar effects (14–19). This may be because we compare the effects of two targets within one patient, reducing bias caused by differences before different cohorts.

Additionally, we found that STN had a effect on both body sides. In contrast, GPi had a treatment effect mainly on the GPi-stim side, while the effects on the STN-stim side were subtle. Previous studies have reported the phenomenon of “dominant STN,” whereby, in some patients, unilateral STN stimulation improved motor symptoms in ipsilateral side, comparable to the effects of bilateral STN stimulation (20–25). However, no similar reportsof dominant GPi have been documented before, although there is a study claiming that the improvement in ipsilateral motor scores from unilateral STN- and GPi-DBS does not differ (26).

Our study also revealed an advantage of STN stimulation in axial symptoms. Previous studies on the therapeutic effects of DBS on axial symptoms have inconsistent results. In general, STN DBS might provide greater alleviation of axial symptoms than GPi DBS; rather, GPi DBS might be associated with a milder long-term decline with regard to these symptoms (3, 27). However, at the 2- to 3-year follow-up, our study indicated less worsening of STN on axial symptoms compared to GPi, which was partly consistent with the findings of previous studies. However, at the same time, the worsening of axial symptoms in both unilateral STN and GPi on conditions may imply that the deterioration mainly come from the disease progression itself. Balance has often been related to postural stability in previous studies (27). In our study, there was little difference in the balance function between STN and GPi stimulation.

Combined unilateral STN and contralateral GPi DBS was originally designed for patients with asymmetric symptoms (5). However, in the subgroup analysis of this study, we found that under unilateral DBS stimulation, patients with symmetric symptoms showed better treatment effects than those with asymmetric symptoms. This may be because the preoperative symptoms in patients in the symmetric group were worse than those in the asymmetric group, leaving more room for improvement. But this may indicate that asymmetric targets can be used equally well in the treatment of patients with symmetric symptoms.

The present results are in line with our previous findings (5) that medication reduction can be achieved by this approach, which may be particularly relevant to target selection for patients who have a pressing need for medication reduction and suffer from contralateral dyskinesia, mood disorders, or worsening cognition.

This study has some limitations. The presence of a biased patient sample and confounding variables cannot be excluded because the study involved a small number of patients. The small sample size implies that the statistical power was sufficient to detect relatively large clinical effects but was insufficient to distinguish between small and subtle effects. Furthermore, we did not conduct studies on STN–GPi– conditions because patients were unable to cooperate with the evaluation due to the sudden worsening of symptoms, which made us obtain the corresponding results indirectly. Nevertheless, this study adopted a new method to compare between different targets within the same patient, namely the “N-of-1” design, which can reduce the interference of PD heterogeneity among different patients. In the future, the synergy of asymmetric targets needs to be assessed in greater depth. Furthermore, the influence of different targets on cognition and neuropsychology can also be researched using the methods described in this article.
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