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Background and purpose: Subthalamic nucleus deep brain stimulation (STN DBS) is well established for the treatment of advanced Parkinson’s disease (PD), substantially improving motor symptoms, quality of life, and reducing the long-term need for dopaminergic medication. However, whether chronic STN DBS produces different effects on PD motor subtypes is unknown. This retrospective study aimed to evaluate the long-term effects of STN DBS on the PD motor subtypes.

Methods: Eighty patients undergoing STN DBS were included. The Unified Parkinson’s Disease Rating Scale (UPDRS) analysis was performed in “On” and “Off” medication/“On” and “Off” stimulation conditions. The patients were classified as akinetic-rigid type (ART), tremor-dominant type (TDT), and mixed type (MT) based on the preoperative UPDRS III subscores in the “Off” medication state. Preoperative and postoperative comparisons were performed.

Results: After 4.9 years, STN DBS produced significant improvement in the UPDRS III total scores and subscores of tremor, rigidity, and bradykinesia in the “Off” medication state in the ART group, less improvement in the MT group, and the least improvement in the TDT group. The UPDRS II and III total scores and other subscores failed to improve during the “On” medication state. However, all groups improved substantially, and the improvement in tremor was sustained for both the “On” and “Off” medication states after years. Long-term STN DBS failed to improve swallowing and speech in all the subtypes.

Conclusion: The data confirms that PD is heterogeneous. Long-term STN DBS produced the best effects on bradykinesia/rigidity in the “Off” medication state and on tremor in the “On” and “Off” medication states. There were differences in the response by each group, but some of the differences could be explained by the fact that more severe symptoms at baseline tend to have greater improvement. The findings support the idea that ART mainly involves the basal ganglia-thalamo-cortical pathway, whereas TDT involves a different circuit, likely the cerebellar-thalamo-cortical pathway.
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INTRODUCTION

Subthalamic nucleus deep brain stimulation (STN DBS) is well established for the treatment of advanced Parkinson’s disease (PD), substantially improving motor symptoms, quality of life, and reducing the long-term requirement of dopaminergic medication (Krack et al., 2003; Deuschl et al., 2006; Benabid et al., 2009; Gervais-Bernard et al., 2009; Volkmann et al., 2009; Aviles-Olmos et al., 2014).

Parkinson’s disease is heterogeneous and can be classified into different subtypes (Hughes et al., 1992; Zaidel et al., 2009). Clinical and experimental data have indicated that patients with predominant akinesia/rigidity that is akinetic-rigid type (ART) versus those with predominant tremor that is tremor-dominant type (TDT) reflect different pathophysiologies (Hughes et al., 1992; Zaidel et al., 2009) and clinical courses (Paulus and Jellinger, 1991; Jankovic and Kapadia, 2001; Rajput et al., 2008). Patients with ART PD present more rapid progression and greater cognitive impairment than those with TDT PD (Jankovic et al., 1990). Long-term follow-up studies have demonstrated that parkinsonian symptoms respond variably to STN stimulation, showing improvement for some symptoms and deterioration for others (Rizzone et al., 2014). These studies mainly focused on the effects of STN DBS for PD motor symptoms, medication consumption, or other complications. Whether long-term STN DBS produces different clinical outcome on PD motor subtypes is unknown. In this study, we aimed to investigate the long-term effects of STN DBS on patients with TDT, ART, and mixed type (MT) PD subtypes. We hypothesized that patients with different subtypes would have different outcomes with long-term STN DBS.

MATERIALS AND METHODS

Patients

Eighty-five consecutive patients (52 males, 33 females) with PD who were undergoing bilateral (n = 51) or unilateral (n = 34) implantation of STN DBS were studied. Of these, eighty were patients who had follow-up visits for more than 3 years. Five patients could not complete the 3-year follow-up visits owing to the fact that they were bed bound after stroke (n = 2) and had diabetes with severe peripheral neuropathy (n = 3) and were, therefore, not included in the present retrospective study.

All patients were diagnosed with PD according to the criteria of the UK Parkinson’s Disease Society Brain Bank (Hughes et al., 1992). Their mean age was 57.9 ± 9.6 years (range 31.0–75.6 years); mean disease duration was 8.3 ± 3.7 years (range 2–20 years); and mean L-dopa equivalent daily dose (LEDD) was 639.6 ± 314.0 mg/day. They were evaluated using the Unified Parkinson’s disease Rating Scale (UPDRS) (Fahn et al., 1987) and the Hoehn and Yahr scale (Hoehn and Yahr, 1967), while they were off their medications. Their mean UPDRS III score was 39.0 ± 17.2 and the Hoehn and Yahr scale score was 2.8 ± 0.7 at the time of surgery.

The subgroups of PD that include TDT, ART, and MT were classified by means of the UPDRS III using a method similar to that used by Lewis et al. (2005). First, a “tremor score” and a “non-tremor score” were calculated for each patient: the tremor score was derived from the sum of UPDRS item 20 (tremor at rest) and 21 (action and postural tremor of hands) divided by 7 (the number of single subitems included). The non-tremor score was derived from the sum of UPDRS item 18 (speech), 19 (facial expression), 22 (rigidity), 27 (arising from chair), 28 (posture), 29 (gait), 30 (postural stability), and 31 (body bradykinesia and hypokinesia) divided by 12 (the number of single subitems included). Patients were classified as TDT, if the tremor score was at least twice the non-tremor score. On the contrary, patients were classified as ART, if the non-tremor score was at least twice the tremor score. The remaining patients, in whom the tremor and non-tremor scores differed by less than a factor of 2, were classified as MT. In the three subtype groups, there were patients taking dopamine agonists such as Piribedil (50 mg/dosage) and Pramipexole (0.25 mg/dosage). However, there were no significant differences in the doses of dopamine agonist between the subtype groups either preoperatively or postoperatively during the “Off” and “On” states (ANOVA, p = 0.07–0.08).

The study was approved by the Ethics Committee of Xuanwu Hospital, Capital Medical University, China, according to the Declaration of Helsinki. Written informed consent was obtained from all patients.

Surgical Procedure and Stimulation Programming

Details of surgical procedure have been previously described (Guo et al., 2013). Briefly, a standard stereotactic surgical procedure was performed using the CRW frame (Radionics, Burlington, MA, United States). The coordinates of anterior and posterior commissures were measured by using sagittal magnetic resonance imaging (MRI, Siemens 1.5 T, Sonata, Germany). Location of the STN was determined based on the stereotactic atlas of Schaltenbrand and Wahren (1977). The coordinates were as follows: 12 mm lateral, 1 mm posterior, and 4 mm inferior to the midcommissural point. Microelectrode recording was performed to determine the target of the STN. After the dorsal and ventral margins were determined, the longest and the most lateral segment of the STN was chosen to maximize the number of contacts within the STN as the ultimate DBS lead target. A quadripolar electrode (model 3389; Medtronic, Inc., Minneapolis, MN, United States) was implanted instead of a microelectrode. Efficacy and side effects were assessed using a test stimulator external control (mode 3625, Medtronic, Inc., Minneapolis, MN, United States). The internal pulse generators (Medtronic, Inc., Minneapolis, MN, United States) were implanted under general anesthesia on the day of surgery. The postoperative MRI was obtained 3–5 days after surgery to examine electrode position. Postoperatively, the contact with the best effect and the least adverse effect was chosen for stimulation (Guo et al., 2013).

All patients were off medications for at least 12 h (mean 13.3 ± 1.0 h, at range of 12–15 h) before surgery. They were requested to stay awake throughout the procedure to ensure their cooperation with neurosurgeons.

Stimulation was initiated within the first postoperative week, and optimal settings were selected. Later, stimulation and medication were further titrated based on clinical response over subsequent visits.

Clinical Assessments

All patients were assessed preoperatively and postoperatively, which included assessments of motor function, speech, as well as quality of life that were carried out on the same day or within two consecutive days for each patient.

Motor function was evaluated using the UPDRS III. Patients were assessed in the “Off” state after overnight withdrawal of antiparkinsonian drugs and 2 h after the administration of levodopa in the “On” state.

After STN DBS, motor assessments were sequentially performed in the following conditions: “Off” medication/“On” stimulation (with stimulation switched on after 12 h medication withdrawal); and “On” medication/“On” stimulation (1 h after the administration of a suprathreshold dose of levodopa while stimulation was reintroduced). Subscores for individual cardinal features of PD were derived by the summation of the relevant items from the UPDRS III as follows: tremor (items 20–21), rigidity (items 22), bradykinesia (items 23–26, 31), and axial rigidity (18–19 and 27–30). The on state post-surgery assessment that was performed 1 h after the administration of medication was mainly according to the self-report of the patients. After 4–5 years, the patients were more advanced and the motor response was generally shorter.

Activities of daily living (ADL) was evaluated using the UPDRS II, and motor complications were evaluated using the UPDRS IV by including items 32–39 to assess dyskinesias and motor fluctuation. Functional performance was evaluated using the Schwab and England scale.

Since all patients kept their stimulation on continuously, postoperative data of the ADL and Schwab and England scales were only collected in the stimulation on condition, in the best on state and the practically defined “Off” medication state.

Clinical Outcome Evaluation

The primary outcome measures were the scores of ADL scale and UPDRS III at baseline and at the clinical end points of 3–6 years. The secondary outcome measures were the subscores of UPDRS II (swallowing, writing, and freezing) and UPDRS III (tremor, rigidity, bradykinesia, speech, axial rigidity, postural stability, and gait), the scores on the Schwab and England scale of global ADL, and the dose of dopaminergic treatment at the last follow-up.

The motor improvement was calculated as follows: [(baseline “Off” or “On” medication score minus postoperative “Off” or “On” medication/“On” stimulation score)/baseline “Off” medication score] × 100 (positive scores denote improvement).

The change in score of motor response to DBS was calculated as follows: baseline “Off” or “On” medication score minus postoperative “Off” or “On” medication/“On” stimulation score (positive scores denote improvement).

Medication

Each patient’s medication dose was recorded both preoperatively and postoperatively (at each time point), and LEDD was derived using a standard formula (Tomlinson et al., 2010). A stable level of medication was maintained for at least 2 months prior to surgery.

Stimulation Parameters

Stimulation settings including the average voltage, pulse width, and frequency were calculated for all active contacts of each patient. The best contact was determined when it showed the best alleviation of the cardinal symptoms with the lowest voltage and without any side effects.

Statistical Analysis

All data were expressed as mean ± standard deviation (SD). One-way ANOVA was used for clinical data of the three subtype groups. Furthermore, Bonferroni test was used for a two group comparison. For comparison between the baseline data and the data at the last follow-up after STN DBS, Student’s t-test was used. The X2 test was used for the comparison of non-parametric data in the three subgroups. All data were analyzed using SPSS version 19.0 (SPSS Inc., Chicago, IL, United States). Significance was set at p < 0.05.

RESULTS

The clinical characteristics and comparisons of three groups are demonstrated in Table 1. Patients with TDT, ART, and MT PD were not significantly different with respect to age, duration of disease, age at disease onset, dyskinesia, and LEDD (p > 0.05). Significant differences among the three groups were seen in scores of the Schwab and England scale and in the medication “On” and “Off” UPDRS II-III scores and subscores (all p < 0.01). The ART group presented the highest scores among the three groups.

TABLE 1. The demographic and baseline assessment of clinical characteristics of patients with three motor subtypes.
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Motor Outcome

“Off” Medication

Treatment with STN DBS significantly improved the UPDRS III scores for all patients with respect to baseline scores. Further analysis of the UPDRS scores and subscores showed that STN DBS produced significant and persistent effects on the ART and MT groups as compared with the TDT group. For the ART group, improvements were seen in the UPDRS III: total score = 46.6%; tremor = 80.6%; rigidity = 47.4%; bradykinesia = 45.3%; axial rigidity = 44.6%; gait = 44.8%; and postural stability = 56.0% (p < 0.001–0.007). For the MT group, improvements were seen in the UPDRS III: total score = 41.9%; tremor = 78.2%; rigidity = 46.8%; bradykinesia = 37.0%, axial rigidity = 10.3%; gait = 21.1%; and postural stability = 30.8% (p < 0.001–0.033, except for axial rigidity: p = 0.48; gait: p = 0.1). For the TDT group, a minor improvement was seen in the UPDRS III, total score = 5.0% (p = 0.45) and bradykinesia = 4.4% (p = 0.84), except for the significant improvement in tremor with 73.6% (p < 0.001). The other subscores of rigidity, speech, axial rigidity, gait, and postural stability deteriorated. Evidently, STN DBS produced a significantly positive effect on tremor but a negative effect on speech in all three subtypes of the PD patients.

Figure 1 demonstrates the changes in UPDRS II and III scores and subscores of the three groups and the significant differences that were observed within the groups (p < 0.003). Bonferroni test indicated that the ART group showed significantly higher improvement of UPDRS II and III scores and subscores than those of the MT and TDT groups.
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FIGURE 1. The changes in the UPDRS scores of TDT, ART, and MT patients during the “Off” medication state in response to long-term STN DBS. ∗compared with TDT, ∗p < 0.05; ∗∗p < 0.01; &compared with ART, &p < 0.05; &&p < 0.01; #compared with MT, #p < 0.05; ##p < 0.01.



Figure 2 demonstrates the comparisons of the improvements in the UPDRS III subscores of tremor, rigidity, and bradykinesia across the three subtype groups. The ANOVA indicated that there were significant differences in the UPDRS III scores of rigidity and bradykinesia across the TDT, ART, and MT groups (p < 0.02–0.002). Bonferroni test showed that there were significant differences in the improvements in the UPDRS III scores of rigidity and bradykinesia in the TDT group when compared with those of the ART and MT groups. However, there were no significant differences in these score improvements between the ART and MT groups. In particular, there were no significant differences in tremor scores across the subtype groups (p = 0.79). The results suggested that the improvements of some subscores were likely independent of baseline assessment across the subtype groups.
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FIGURE 2. Comparisons of improvements in the UPDRS III scores and subscores across TDT, ART, and MT subtype groups during the “Off” medication state. ∗indicates TDT group compared with ART or MT groups (all p < 0.05, Bonferroni test).



Overall, greater improvement was associated with more severe symptoms at baseline. Figure 3 demonstrates the correlation data for the UPDRS III total scores across subtypes, suggesting that greater improvement is correlated with more severe symptoms at preoperative evaluation.
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FIGURE 3. Correlation of the preoperative UPDRS III total score with the postoperative UPDRS III total score improvement (change score) across all groups during the “Off” medication state.



“On” Medication

Similar to recent findings of STN DBS studies, the UPDRS III total scores of the three subtype patient groups during stimulation on and medication on state did not change, but it deteriorated 4.9 years after surgery in comparison with the baseline clinical data. In addition to the significant improvement in tremor (80.8, 90.0, and 64.0%, p < 0.001–0.002) for the three groups and a minor improvement in rigidity for the ART and MT groups (8.7 and 11.1%, p = 0.48, 0.45), the subscores of bradykinesia, speech, axial rigidity, gait, and postural stability also deteriorated (Table 2).

TABLE 2. The UPDRS scores of three motor subtypes of patients evaluated pre- and post-surgery with a 4.9-year follow-up.
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Compared with the UPDRS III subscores of rigidity and bradykinesia, long-term STN DBS produced sustained effects on tremor (all p < 0.001) in all subtype patients not only during the medication “Off” state but also during the “On” state (Figure 4).
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FIGURE 4. Comparisons of improvements in the UPDRS subscores of tremor, rigidity, and bradykinesia of TDT, ART, and MT groups during the “On” and “Off” medication states in response to long-term STN DBS. ∗∗indicates p < 0.01.



ADL

Compared with baseline, for ADL scores in the “Off” medication state, the ART group showed an improvement in the UPDRS II, total score = 23.9% (p < 0.02); writing = 23.8% (p = 0.098); and freezing = 15.0% (p = 0.30), but it deteriorated in the case of swallowing.

The TDT and MT groups showed improvements only in writing with 57.1% (p < 0.01) and 11.8% (p = 0.45), respectively.

The ADL score in the “On” medication state failed to improve except for a minor improvement in writing: 22.2% in the TDT group (Table 2).

Drug-Related Motor Complications

For the three subgroups, significant improvements in L-dopa related motor complications were sustained over time with 4.9 years of stimulation as measured by the UPDRS IV subscores. Dyskinesia duration and dyskinesia disability was reduced by 60% (all p < 0.020) in the ART group. Off period duration was reduced by 34.6% (p < 0.001) in the ART group, by 22.7% (p < 0.014) in the MT group, and by 26.3% in the TDT group (Table 2).

Medication Dosage

Postoperatively, the mean requirement for levodopa decreased. Percentages of LEDD decrease in the TDT, ART, and MT groups were 10.5, 6.0, and 15.9%, respectively.

At the last follow-up visit, 48 patients took only levodopa, 30 patients took a combined treatment, and 2 patients took benzhexol hydrochloride.

Stimulation Parameters

Monopolar stimulation with the use of a single contact from the quadripolar electrode was applied in 68.8% of the patients. There were no significant differences between subgroups in voltage (TDT: 2.9 ± 0.5V; ART: 2.9 ± 0.4V; MT: 3.1 ± 0.4V; p = 0.092), frequency (TDT: 163.0 ± 20.9 Hz; ART: 174.2 ± 9.4 Hz; MT: 168.5 ± 13.4 Hz; p = 0.092); or pulse width (TDT: 86.0 ± 10.6 μs; ART: 87.9 ± 12.1 μs; MT: 87.2 ± 12.0 μs; p = 0.872).

Active Contact Position

Of the 129 electrodes, 96 electrodes used monopolar stimulation and 33 electrodes used bipolar stimulation. In the 96 electrodes, the most active contacts were contacts 2/6.

Adverse Effects

All patients received MRI after lead implantation. There were no hemorrhagic events, hardware infections in the primary procedure, or impulse generator replacements. There were no DBS malfunctions, lead fractures, or lead migrations.

Two patients had impulse control disorders in the first year post-surgery. One patient developed eyelid-opening apraxia 3 years post-surgery and was treated with botulinum toxin injections.

Five patients developed depression; three patients suffered moderate depression; one patient presented suicidal tendency; and one patient attempted self-mutilation. All patients with depression required antidepressant medication.

DISCUSSION

This study reported the long-term outcome of STN DBS for PD motor subtypes. The first important finding was that long-term STN DBS in the “Off” medication condition produced the best effects on bradykinesia/rigidity. Another important finding is that long-term STN DBS produces sustained effects on tremor score in all subtypes not only during the “Off” medication state but also during the “On” medication state. These findings strongly support the view that PD is a heterogeneous disease. ART likely involves the basal ganglia-thalamo-cortical pathway, whereas TDT likely involves other circuits, possibly the cerebello-thalamo-cortical pathway (Lewis et al., 2011).

Consistent with previous findings, our findings confirmed the beneficial anti-parkinsonian effects of long-term STN DBS on the UPDRS total scores and subscores of rigidity and tremor during the “Off” medication state. Improvement in dyskinesia was also maintained with long-term stimulation.

The UPDRS II and III total scores and subscores of rigidity, bradykinesia, axial rigidity, and gait motor symptoms during the medication “On” state remained unchanged initially but deteriorated after 4.9 years. Improvement in ADL was seen in ART patients during the “Off” medication state, but it worsened during the medication “On” state in all patients (Lang and Obeso, 2004). These findings suggest that STN DBS failed to improve swallowing and speech but led to their deterioration in all patients during the “On” and “Off” medication states. The worsening might be due to the natural progression of disease, most likely non-dopaminergic deficits.

In the current study, age, disease duration, age at disease onset, dyskinesia, and LEDD matched groups of ART, TDT, and MT PD patients did not differ significantly at baseline. However, significant differences were seen between subgroups in scores on the Hoehn and Yahr scale, Schwab and England scale, and UPDRS II and III subscores during the medication “On” and “Off” states. The ART group presented the highest scores among the three groups. After chronic STN stimulation, however, the greatest improvement in UPDRS II and III total scores and subscores of rigidity and bradykinesia were maintained in the ART group among the three groups during the “Off” medication state besides tremor. In contrast, STN DBS produced a sustained effect on tremor subscore during the “On” medication state. These findings strongly suggested that ART patients differed from TDT patients.

In this study, we also examined the possible impaction of the significant differences at baseline for certain measures between groups for the results. The analysis does show some results in accordance with the assumption that more severe symptoms improve in a clinical outcome. This is true for all measures in the MT group. However, for the TDT and ART groups, this factor influences only the tremor score and not the important manifestations of rigidity and bradykinesia. We believe that the subtype has influence on outcome.

In addition to the TDT and ART subtype groups, the present study had a large number of patients characterized into a mixed subgroup with equally shared features of the two symptom complexes. The presence of a mixed subgroup is not surprising in view of the progressive and degenerative nature of the disease and the selection bias in the current sample. These PD patients were surgical candidates, individuals who were by definition medically refractory and well into the course of their disease. Although there is no consensus, the recent reports suggest that approximately one-third of the total population of PD patients show predominant features of akinetic-rigid syndrome. Early in the disease, the breakdown process favors a tremor dominant majority over the akinetic-rigid or non-tremor dominant types. However, with the progression of the disease, many tremor-dominant individuals begin to emerge with more features of rigidity and bradykinesia, constituting a “mixed group.” The long-term STN DBS also showed a significant effect based on the subtype.

There is evidence that tremor is pathophysiologically disconnected from bradykinesia and rigidity (Hallett, 2012). Clinically, the manifestations are separate, and response of tremor to dopaminergic agents is less certain than bradykinesia (Hallett, 2014). Hoehn and Yahr (1967) first demonstrated that marked clinical diversity exists in PD, and later studies (Paulus and Jellinger, 1991; Mariama-Lyons and Koller, 2000; Spiegel et al., 2007; Rajput et al., 2008) provided experimental and clinical support for the PD subgroup differences. Further factor analysis of PD signs showed that rest tremor was relatively independent of other cardinal signs of PD, was less reliably responsive to dopaminergic modulation (Mariama-Lyons and Koller, 2000), and did not worsen at the same rate as bradykinesia and rigidity (Jankovic and Kapadia, 2001; Zaidel et al., 2009). ART patients present a faster clinical progression with more severe cognitive decline and worse prognosis, whereas TDT patients show a slower disease progression with less cognitive decline and better prognosis (Jankovic and Kapadia, 2001; Zaidel et al., 2009). Imaging studies demonstrate that the outcome is more favorable in TDT patients than in ART patients (Rajput et al., 2008). The ART PD patients have a distinct reduction in dopaminergic uptake associated with symptom progression (Vingerhoets et al., 1997; Eggers et al., 2012). Altogether, these findings support the view that dopamine depletion in the basal ganglia is more important in akinesia/rigidity (Zaidel et al., 2009) than in tremor (Spiegel et al., 2007; Hallett, 2014).

Currently, there is a strong hypothesis that parkinsonian tremor is mediated by linking two distinct circuits: the basal ganglia, which are primarily affected by dopamine depletion in PD, and the cerebello-thalamo-cortical circuit, which is also involved in many other tremors (Hutchison et al., 1997; Helmich et al., 2011; Milosevic et al., 2018). Specifically, the “dimmer-switch model” explains tremor as resulting from the combined action of the basal ganglia to trigger tremor episodes and the cerebello-thalamo-cortical circuit to produce tremor (Helmich et al., 2012). Contrastingly, it appears that bradykinesia and rigidity are related only to the basal ganglia pathways (without the cerebellar circuits).

There are several limitations to this study. Major limitations include the small sample size and the retrospective nature of the study. Another limitation is that we only focused on motor functions and failed to evaluate the cognitive functions. Common long-term adverse events after STN DBS comprise depression and progressive cognitive decline, which may lead to dementia. No doubt, further investigation will be carried out.

AUTHOR CONTRIBUTIONS

PZ and CX contributed to collect data, analysis and interpretation of the data, and drafting and revising the manuscript. MH contributed to the design, conceptualization of the study, and revising the manuscript. YZ, JL, and YL contributed to data collection and conceptualization of the study.

FUNDING

The work was supported by the National Natural Science Foundation of China (Nos. 81171061, 81371256, and 81361128012). MH was supported by the Intramural Program of the National Institute of Neurological Disorders and Stroke, National Institutes of Health, United States.

ACKNOWLEDGMENTS

We thank Dr. Xianzeng Tong for editing the manuscript.

REFERENCES

Aviles-Olmos, I., Kefalopoulou, Z., Tripoliti, E., Candelario, J., Akram, H., Martinez-Torres, I., et al. (2014). Long-term outcome of subthalamic nucleus deep brain stimulation for Parkinson’s disease using an MRI-guided and MRI-verified approach. J. Neurol. Neurosurg. Psychiatry 85, 1419–1425. doi: 10.1136/jnnp-2013-306907

Benabid, A. L., Chabardes, S., Mitrofanis, J., and Pollak, P. (2009). Deep brain stimulation of the subthalamic nucleus for the treatment of Parkinson’s disease. Lancet Neurol. 8, 67–81. doi: 10.1016/S1474-4422(08)70291-6

Deuschl, G., Schade-Brittinger, C., Krack, P., Volkmann, J., Schäfer, H., Bötzel, K., et al. (2006). A randomized trial of deep-brain stimulation for Parkinson’s disease. N. Engl. J. Med. 355, 896–908. doi: 10.1056/NEJMoa060281

Eggers, C., Pedrosa, D. J., Kahraman, D., Maier, F., Lewis, C. J., Fink, G. R., et al. (2012). Parkinson subtypes progress differently in clinical course and imaging pattern. PLoS One 7:e46813. doi: 10.1371/journal.pone.0046813

Fahn, S., Elton, R. L., and Members of the Updrs Development Committee. (1987). “Unified Parkinson’s disease rating scale,” in Recent Developments in Parkinson’s Disease, eds S. Fahn, C. D. Marsden, and D. B. Calne (Florham Park, NJ: Macmillan Health Care Information), 153–164.

Gervais-Bernard, H., Xie-Brustolin, J., Mertens, P., Polo, G., Klinger, H., Adamec, D., et al. (2009). Bilateral subthalamic nucleus stimulation in advanced Parkinson’s disease: five year follow-up. J. Neurol. 256, 225–233. doi: 10.1007/s00415-009-0076-2

Guo, S., Zhuang, P., Hallett, M., Zheng, Z., Zhang, Y., Li, J., et al. (2013). Subthalamic deep brain stimulation for Parkinson’s disease: correlation between locations of oscillatory activity and optimal site of stimulation. Parkinsonism Relat. Disord. 19, 109–114. doi: 10.1016/j.parkreldis.2012.08.005

Hallett, M. (2012). Parkinson’s disease tremor: pathophysiology. Parkinsonism Relat. Disord. 1, S85–S86. doi: 10.1016/S1353-8020(11)70027-X

Hallett, M. (2014). Tremor: pathophysiology. Parkinsonism Relat. Disord. 1, S118–S122. doi: 10.1016/S1353-8020(13)70029-4

Helmich, R. C., Hallett, M., Deuschl, G., Toni, I., and Bloem, B. R. (2012). Cerebral causes and consequences of parkinsonian resting tremor: a tale of two circuits? Brain 135, 3206–3226. doi: 10.1093/brain/aws023

Helmich, R. C., Janssen, M. J., Oyen W. J., Bloem, B. R., and Toni, I. (2011). Pallidal dysfunction drives a cerebellothalamic circuit into Parkinson tremor. Ann. Neurol. 69, 269–281. doi: 10.1002/ana.22361

Hoehn, M. M., and Yahr, M. D. (1967). Parkinsonism: onset, progression and mortality. Neurology 17, 427–442. doi: 10.1212/WNL.17.5.427

Hughes, A. J., Daniel, S. E., Kilford, L., and Lees, A. J. (1992). Accuracy of clinical diagnosis of idiopathic Parkinson’s disease: a clinico-pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry 55, 181–184. doi: 10.1136/jnnp.55.3.181

Hutchison, W. D., Lozano, A. M., Tasker, R. R., Lang, A. E., and Dostrovsky J. O. (1997). Identification and characterization of neurons with tremor-frequency activity in human globus pallidus. Exp. Brain Res. 113, 557–563. doi: 10.1007/PL00005606

Jankovic, J., and Kapadia, A. S. (2001). Functional decline in Parkinson disease. Arch. Neurol. 56, 1611–1615. doi: 10.1001/archneur.58.10.1611

Jankovic, J., McDermott, M., Carter, J., Gauthier, S., Goetz, C., Golbe, L., et al. (1990). Variable expression of Parkinson’s disease: a base-line analysis of the DATATOP cohort. The Parkinson Study Group. Neurology 40, 1529–1534. doi: 10.1212/WNL.40.10.1529

Krack, P., Batir, A., Van Blercom, N., Chabardes, S., Fraix, V., and Ardouin, C. (2003). Five-year follow-up of bilateral stimulation of the subthalamic nucleus in advanced Parkinson’s disease. N. Engl. J. Med. 349, 1925–1934. doi: 10.1056/NEJMoa035275

Lang, A. E., and Obeso, J. A. (2004). Challenges in Parkinson’s disease: restoration of the nigrostriatal dopamine system is not enough. Lancet Neurol. 3, 309–316. doi: 10.1016/S1474-4422(04)00740-9

Lewis, M. M., Du, G., Sen, S., Kawaguchi, A., Truong, Y., Lee, S., et al. (2011). Differential involvement of striato- and cerebello-thalamocortical pathways in tremor- and akineitc/rigid-predominant Parkinson’s disease. Neuroscience 177, 230–239. doi: 10.1016/j.neuroscience.2010.12.060

Lewis, S. J., Foltynie, T., Blackwell, A. D., Robbins, T. W., Owen, A. M., and Barker, R. A. (2005). Heterogeneity of Parkinson’s disease in the early clinical stages using a data driven approach. J. Neurol. Neurosurg. Psychiatry 76, 343–348. doi: 10.1136/jnnp.2003.033530

Mariama-Lyons, J., and Koller, W. (2000). Tremor-predominant Parkinson’s disease. Approaches to treatment. Drugs Aging 16, 273–278. doi: 10.2165/00002512-200016040-00003

Milosevic, L., Kalia, S. K., Hodaie, M., Lozano, A. M., Popovic, M. R., and Hutchison, W. D. (2018). Physiological mechanisms of thalamic ventral intermediate nucleus stimulation for tremor suppression. Brain 141, 2142–2155. doi: 10.1093/brain/awy139

Paulus, W., and Jellinger, K. (1991). The neuropathologic basis of different clinical subgroups of Parkinson’s disease. J. Neuropathol. Exp. Neurol. 50, 743–755. doi: 10.1097/00005072-199111000-00006

Rajput, A. H., Sitte, H. H., Rajput, A., Fenton, M. E., Pifl, C., and Hornykiewicz, O. (2008). Globus pallidus dopamine and Parkinson motor subtypes: clinical and brain biochemical correlation. Neurology 70, 1403–1410. doi: 10.1212/01.wnl.0000285082.18969.3a

Rizzone, M. G., Fasano, A., Daniele, A., Zibetti, M., Merola, A., Rizzi, L., et al. (2014). Long-term outcome of subthalamic nucleus DBS in Parkinson’s disease: from the advanced phase towards the late stage of the disease? Parkinsonism Relat. Disord. 20, 376–381. doi: 10.1016/j.parkreldis.2014.01.012

Schaltenbrand, G., and Wahren, W. (1977). Atlas for Stereotaxy of the Human Brain, 2nd Edn. Stuttgart: Thieme, 3–8.

Spiegel, J., Hellwig, D., Samnick, S., Jost, W., Möllers, M. O., Fassbender, K., et al. (2007). Striatal FP-CIT uptake differs in the subtypes of early Parkinson’s disease. J. Neural. Transm. 114, 331–335. doi: 10.1007/s00702-006-0518-2

Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R., and Clarke, C. E. (2010). Systematic review of levodopa dose equivalency reporting in Parkinson’s disease. Mov. Disord. 25, 2649–2653. doi: 10.1002/mds.23429

Vingerhoets, F. J., Schulzer, M., Calne, D. B., and Snow, B. J. (1997). Which clinical sign of Parkinson’s disease best reflects the nigrostriatal lesion? Ann Neurol. 41, 58–64. doi: 10.1002/ana.410410111

Volkmann, J., Albanese, A., Kulisevsky, J., Tornqvist, A. L., Houeto, J. L., Pidoux, B., et al. (2009). Long-term effects of pallidal or subthalamic deep brain stimulation on quality of life in Parkinson’s disease. Mov. Disord. 24, 1154–1161. doi: 10.1002/mds.22496

Zaidel, A., Arkadir, D., Israel, Z., and Bergman, H. (2009). Akineto-rigid vs. tremor syndromes in Parkinsonism. Curr. Opin. Neurol. 22, 387–393. doi: 10.1097/WCO.0b013e32832d9d67

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Xu, Zhuang, Hallett, Zhang, Li and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-12-00365-t001.jpg
Number

Gender (M/F)

Age at operation (y)

Age at disease onset (y)
Duration of disease (y)
Follow-up (y)

Hoehn and Yahr (Off)
Hoehn and Yahr (On)
Schwab and England (Off)
Schwab and England (On)
UPDRS Il (Off)

UPDRS Il (On)

UPDRS il (Off)

UPDRS il (Or)

Dyskinesia

L-Dopa response UPDRS Ill (%)

Rate of progression
LEDD (mg)

T

14
6/8
60.5+6.4
52255
83+4.7
50+1.2
22408
1.4+07
71.4%156%
850+ 12.2%
132479
46+48
21.8+98
85+86
09+1.9
66.1+26.2
6165

646.4 + 217.0

ART

2

16/10
555+9.8
466+ 10.2

89+46

49+ 14

40+1.1

21209
415+ 26.0%
765+ 16.2%
21881

8.4+68
483+148
18.6 £ 10.9

g 1B 3
623+ 14.9

98+54

699.6 + 429.4

MT

40
26/14
58.6 +10.3
50.7 £10.0
80+26
49+£13
3312
18+05

58.5+22.1%
84.8 +5.5%

16.7 £ 8.5
60+26
39.1 +16.2
139+£6.3
05+13
62.8 +13.1
7947

598.3 + 248.2

0.246
0.129
0.589
0.994

<0.001
0.004

<0001
0011
0.006
0.035
<0.001
0.002
0316
0.764
0.008
0.444

<0.001**
0.018*

<0.001**
0.036*
0.001**
0.018*

<0.001**
0.001**

0.002**

0.004**
0.0583
0.04*
0.473
0.001**
0.368
<0.001**
0.042*

0.024*

0.028*
0.097
0.01*
0.006**
0.016*
0.042%
0.016*
0.031*

0.160

Off, Medcation Off: On, Medication On; LEDD, L-dopa equivalent daily dose. ®indicates the interaction effect of the three groups (ANOVA); Bonferroni test indicates:
ball compared to TDT group, **p < 0.01; Sall compared to ART group, *p < 0.05. UPDRS, Unified Parkinson's Disease Rating Scale; TOT, tremor-dominant type; ART,

akinetic-rigid type; MT, mixed type.





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Human Neuroscience

Parkinson’s Disease Motor

Subtypes Show Different

Responses to Long-Term
Subthalamic Nucleus Stimulation









OPS/images/fnhum-12-00365-t002.jpg
“Off” medication
UPDRS-I

Swallowing (item 7)

Writing (tem 8)

Freezing (item 14)

UPDRSI

Tremor (tems 20,21)

Rigidity (item 22)

Bradykinesia (tems 23-26,31)
Speech (item 18)

Other axial (tems 19,27,28)
Gait (tem 29)

Postural stabilty (tem 30)
“On” medication

UPDRS-I

Swallowing (item 7)

Writing (tem 8)

Freezing (tem 14)

UPDRS-II

Tremor (tems 20,21)

Rigidity (item 22)

Bradykinesia (tems 23-26,31)
Speech (item 18)

Other axial (tems 19,27,28)
Gait (tem 29)

Postural stabilty (item 30)
UPDRS-V

Dyskinesias duration (tems 32)
Dyskinesias disabilty (items 33)
Off duration (tem 39)

Baseline Mean 4.9 years + 1.4 years p-value
(range of 3-6 years)
TDT(1=14) ART(n1=26) MT(1=40) TDT(n=14)  ART(n=24) MT (n = 40) TOT  ART  MT

132+£79 21881  167£85 149499 16.6+8.2" 147480 0656 0015 0337
01£03  05+06  01+03 0708 11207 0806 0038 0004 <0001
21+15  21+09 1713 09+0.7 1.6+1.0 15+£09 0013 0008 0447
03+06 20+16  11%13 12414 1712 12+14 0067 0301 0792
218498 483+148 891162 207+127 258+ 159"  227+135" 0812 <0001 <0001
87+45  31+29  87+52 23+32% 06+ 1.2 1.9+£28% <0001 0001 <0001
16+£20 114+43  7.7%41 2125 6.0+39" 41+32" 0445 <0001 <0.001
90+£53 212480 154%63 8664 11685 97+£65" 0844 <0001 <0001
00+£00  06+09  03+06 14£1.0" 1.2+£08" 11+£06" 0004 0007 <0001
13+£12  65+26  39+23 3935 36+2.7" 35+24 0016 <0001 0483
07£10  29%09 19£10 15+1.1 1.6+1.1% 15+£10 0106 <0001  0.100
05+09  25+13 13:£1.4 13+ 1.1 1414 09+09" 0067 <0001 0033
46+48 84168  60+26 9991 11886 102+75" 0084 0020 0001
00+£00  04+06  01+02 05+08" 09:+08" 05+£05" 0038 0010 <0001
09+10  10+06  06+04 0706 1.2£1.0 1.2+£08" 0622 0236 <0001
00£00 07407  05+06 0814 IAESRE 07409 0068 0034 0.141
85+86 186+109 139+£63  144+123 187+ 14.7 151+137 0114 0922 0527
26+24  10+11 25+18 05+0.7" 0.1+03" 09+16" 0002 0001 <0.001
07+£12 46124  27+19 17423 4237 24426 0104 0484 0457
40+51 8155  57+830 6859 87£77 66+£66 0170 0530 0347
00+00  03+05  02+04 0.8+09" 1.1+£09" 08+06" 0006 <0.001 <0.001
08+09 2721 16+1.0 2.8+30 2725 26+23" 0019 0879 0003
03+05 10+06  07+05 0911 1.2+£08 10+£09 0064 0221 0080
01+04  10+08  05+05 0909 08+1.0 07+09 0026 0143 0361
04£09  05+09  02+05 0608 0205 0204 0317 0020 0739
04+09  05+09  03+09 0.7+1.0 0206 04+08 0317 0020 0765
19408  26+09  22+09 14£05 1.7+£1.0" 17410 0089 <0001 0014

* and **indicate a significant difference (p < 0.05) and (p < 0.01), respectively, when compared with baseline. M-, without medication; M+, with medication; S—, without
stimulation; S+, with stimulation; UPDRS, Unified Parkinson’s Disease Rating Scale. TDT, tremor-dominant type; ART, akinetic-rigid type; MT, mixed type.





OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





OPS/images/fnhum-12-00365-g003.jpg
TDT subtype (n=14)

404 1=0.60
p=0.02 °

® 20 ¢
S o LX)
(2]
g 0 T A )
c ® 10 0 30 40 50
2 e o
O -204 ° ®

-40- Pre-operation score

Change score

ART subtype (n=26)

807 =042
=0.03
o © ® o
S
. 3
40 - . »
.. [ 2 &
- c
20 . - §
0 s L, re g
20 40 e 60 8
-20- Pre-operation score

100+

50+

MT subtype (n=40)

r=0.76
p<0.0001

-504

Pre-operation score





OPS/images/fnhum-12-00365-g004.jpg
TDT subtype (n= 14) ART subtype (n=26) MT subtype (n=40)

Tremor
1007 Tremor 1007 <1907 Tremor
o
75 | - Rigidity ~Bradykinesia & | Rigidiity
. . % 75 Bradykinesia
] | 1 g _| —i
_ Rigidity Bradykinesia °° G 50 * — %
X * 3 o
= 251 —*— % 25 1 Q 257
c =
q) —
£ 0 o 1 2 3
3
xéi 251 251
= 50 -50 1 I Dopaminergic medication ON
751 751 B Dopaminergic medication OFF
-100 -1004
-1251 -125
-150" -150-






OPS/images/fnhum-12-00365-g001.jpg
TDT group (n=14)

=20)

group (n

T

4

11

10

-~

vi O v O v QO v, o
3327.11

21008 AR

=5

40)

MT group (n

[T

* %






OPS/images/fnhum-12-00365-g002.jpg
Improvement (%)

100

. TDT (n=14)
- T ART (n=26)
1 MT (n=40)
60
40 -
20
0 -
UPDRS Il Tremor Rigidity Bradykinesia
-20
-40






