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1. Validation of the measurement system 

The measurement system was validated by comparing its readings with those of the tremor simulator in the 

laboratory. The coefficient of determination, R2 of the linear regression relating the RMS of angular 

displacement of the two systems, is 1.0000 (p < 0.001).1 In measuring PD tremors, during resting, outstretching, 

and wing actions for clinical validation, the regression analysis shows that the reading of the measurement 

system can explain more than 80% of the variability of the doctor’s observational rating (R2 > 0.80) in our 

previous study.1  

 

2. Participation of the study subjects 

Based on the previous study, the Parkinson’s disease (PD) can occur as early as age 30–39 years 2 and 

the incidence rates for the 40–49-year age group for females and males are 3.26 and 3.57 per 100,000 

person-years 3. Therefore, healthy subjects in the 40–80-year age range were appropriate to be the 

controls for the study. Referring to Supplementary Fig. 1, 82 patients recruited in previous study were 

assessed for eligibility. One patient was with dyskinesia and 18 more patients with predicted rating of 

more than 0.50 were excluded from the study. The reason for excluding patients with dyskinesia is 

that the measurement system has not tested under the condition with dyskinesia. The data of a total of 

63 patients were available for the study. Apart from this, 62 normal subjects recruited in previous 

study were all included in this study.  

 

Since some of the subjects did not perform all the rest, outstretching and wing actions, less than 63 

sets of data per action are available. The number of missing of data is as tabulated in Supplementary 

Table 1. Manipulation was not done to replace the missing data. 

 

3. Clinical characteristics of the subjects 

The characteristics of the subjects involved in the study are reported in Supplementary Table 2. The 

mean ages of the 63 PD and 62 normal subjects are 70 and 55, respectively. The percentage values of 

the male subjects in PD and control groups are 66.7% and 50.0% respectively. The durations from the 

last intake of medication to the first measurement differ among subjects. An estimated medication 

wear-off period of three hours was used as a reference to characterize the patients recruited. More 

subjects took the medicine for three or more hours (n = 45; 71.4%). Five (7.9%) subjects who could 

not report that duration were categorized as unknown for that criterion, and one subject was not on 

medication.  
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SUPPLEMENTARY FIG. 1.  Participation of PD patients (left) and normal subjects (right). 

 

SUPPLEMENTARY TABLE 1. Number of available and missing data for the study. 

 

Subject  Rest Outstretching Wing Total 

PD Data set 

available 

54 46 46 146 

Data with 

predicted rating 

> 0.50 

9 16 9 

Data set missing 0 1 8 

Total 63 63 63 

Normal Data set 

available 

61 61 61 183 

Data set missing 0 0 0 

Total 62 62 62  

 

SUPPLEMENTARY TABLE 2. Clinical characteristics of all the subjects. 

  PD Normal  

  Resting, 

outstretching, 

wing 

(n = 63) 

Resting, 

outstretching, 

wing 

(n = 62) 

Mean age, year 

(SD; range) 

 70 

(7.8; 52–86) 

55 

(10.8; 40–80) 

Male, number (%)  42 (66.7) 31 (50.0) 

Duration since last 

medication intake, 

number of patient (%) 

<3 hours 13 (20.6) – 

 ≥3 hours 45 (71.4) – 

 unknown 5 (7.9) – 

No medication intake, number of patient (%) 1 (1.6)  

 

Total available for study: 

63 PD 

 

Assessed for eligibility: 

82 PD  

 

Excluded 

dyskinesia: 1 PD  

predicted rating > 0.50: 

18 PD  

 
Available for study 

62 normal  

 

Recruited 

62 normal  
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4. Generalizability and limitation 

Seventy percent of the patients recruited took medication more than three hours before measurements. The 

recruited PD patients may have tremor that is affected by the effect of the medication, though the effect may 

have partially or fully worn off in some of the patients. The attenuation of the tremor severity at each motion 

due to medical treatment is possible. Though the PD tremor is still found to be significantly greater than the 

controls and the dominance of particular tremor motions unique to PD tremor is noticed, the interpretation of the 

clinical findings should be based on the characteristics of patients and measurement conditions reported. 

 

The clinical findings are applicable to tremors of the subject group with similar characteristics. Specifically, the 

reported features of PD tremors are of rating less than 0.5. The patients recruited are of Hoehn and Yahr stages I 

to IV, with 31% of stage I, 37% of stage II, 22% of stage III, and 10% of stage IV. Based on a previous study, 

the disease stage did not correlate with the severity of tremor.4 This is because the criteria of the stages are based 

mainly on the number of sides with symptoms, the ability to balance, mobility, and other symptoms. This 

explains the wide spectrum of disease stage among the patients with subclinical tremor. 

 

5. Bootstrap method 

The 95% confidence interval (CI) of the median of all parameters was estimated by the non-parametric 

bootstrap method because the data were not normally distributed.5 In this method, 10,000 bootstrap samples 

were generated from the readings of each case of measurement (i.e., in resting and posture maintaining 

conditions). Each bootstrap sample has the same sample size as the original sample, and all the tremor 

parameters (peak frequency and RMS of ∆θjoint in all motions) were made sure to be associated with the same 

sets of subjects.  

 

6. Holm’s sequential Bonferroni correction 

When performing multiple comparisons, some statistical tests may result in p values of less than 0.05 by 

chance, so Holm’s sequential Bonferroni correction is one way to resolve the problem by adjusting the p 

values. Six sets of within-group comparisons are possible. The first to sixth most significant p values must be 

less than 0.008, 0.010, 0.013, 0.017, 0.025, and 0.050, respectively, to be considered to have significant 

difference.  

The adjusted p values used sequentially for the n pair of comparisons are:  

 
𝛼

𝑛
, 

𝛼

𝑛−1
,

𝛼

𝑛−2
,……,

𝛼

1
 

Where 𝛼 is the alpha level. 

In this study, six comparisons, namely EFE vs EPS, EPS vs WFE, EPS vs WAA, WAA vs WFE, 

EFE vs WFE and EFE vs WAA to evaluate the statistical significant difference between the readings 

in each comparison pair were performed. By using 𝛼  of 0.05, the first to sixth most significant p 

values has to be less than 0.008, 0.010, 0.013, 0.017, 0.025 and 0.050 respectively to be considered 

to have significant difference.  
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7. Effect size 

Variability with statistical significance may not reflect the practical importance. The effect size is a 

means for assessing the practical importance of an effect. For the within- and between-group 

comparisons, the effect is the difference between the compared parameters. 

 

Based on the guidelines provided by Cohen (1988), the following interpretation of the effect size can 

be made: small effect η2 = 0.01; medium effect η2 = 0.06; large effect η2 = 0.14.6  

 

8. Estimation of sample size based on previous literature 

Since no previous study pertaining to the comparison of tremor motion among PD and normal 

subjects, the sample size of previous study was used as the reference. A clinical work published by 

Sternberg et al., 2013,7 reported the difference in the tremors of PD and essential tremor by observing 

the motions flexion-extension, abduction-adduction and pronation-supination of upper limb. Fifty PD 

and 50 ET patients were determined as the sufficient number of subjects for the data to be statistically 

valid. The number of subject is determined based on the pre-study sample size calculation to achieve 

more than 90% confidence for the comparison. Since our work involves subject group comparison in 

tremor motion as well, 50 subjects per subject group was taken the approximated sample size in the 

clinical study. 

 

9. Baseline values and median of PD tremor 

Supplementary Table 3 shows the median of the PD and normal tremors. The baseline values of 

amplitudes in RMS ∆θjoint and peak frequency were established upon attaining significant difference 

between PD and normal tremors. The baseline RMS ∆θjoint  values range from 0.006˚ (95% CI = 

0.006˚, 0.007˚) to 0.014˚ (95% CI = 0.012 ˚, 0.016˚) in resting, 0.008˚ (95% CI = 0.008˚, 0.020˚) to 

0.020˚(95% CI = 0.017˚, 0.023˚) in outstretching and 0.007˚ (95% CI = 0.007˚, 0.008˚) to 0.018˚(95% 

CI = 0.017˚, 0.021˚). The baseline peak frequency values range from 3.8Hz (95% CI = 3.7Hz, 3.9Hz) 

to 5.3Hz (4.2Hz, 6.1Hz). The median of relative tremor severity between pair motions of the control 

and PD tremors are tabulated in Supplementary Table 4.  
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SUPPLEMENTARY TABLE 3. Median of the tremor of PD (score < 0.5) and normal subjects. 

 Action 
Normal 

Action 
PD 

EPS EFE WFE WAA EPS EFE WFE WAA 

R
M

S
∆

θ
jo

in
t 

Resting 

(n = 62) 

0.014 

(0.012, 

0.015) 

0.009 

(0.008, 

0.010) 

0.006 

(0.006, 

0.007) 

0.007 

(0.006, 

0.008) 

Resting 

(n = 54) 

0.019 

(0.016, 

0.022) 

0.011 

(0.010, 

0.013) 

0.009 

(0.008, 

0.011) 

0.008 

(0.007,0.009) 

Outstretching 

(n = 62) 

0.020 

(0.018, 

0.023) 

0.015 

(0.012, 

0.018) 

0.009 

(0.009, 

0.010) 

0.008 

(0.008, 

0.010) 

Outstretching 

(n = 46) 

0.030 

(0.024, 

0.034) 

0.018 

(0.017, 

0.025) 

0.014 

(0.013, 

0.016) 

0.010 

(0.009, 

0.011) 

Wing 

(n = 62) 

0.018 

(0.017, 

0.021) 

0.013 

(0.011, 

0.014) 

0.009 

(0.008, 

0.010) 

0.007 

(0.007, 

0.008) 

Wing 

(n = 49) 

0.023 

(0.021, 

0.029) 

0.016 

(0.015, 

0.018) 

0.014 

(0.011, 

0.016) 

0.011 

(0.009, 

0.013) 

P
ea

k
 f

re
q

u
en

cy
 

Resting 

(n = 62) 

5.2 

(4.5, 5.5) 

4.6 

(4.3, 5.1) 

4.1 

(3.8, 4.7) 

5.1 

(4.2, 5.5) 

Resting 

(n = 54) 

4.9 

(4.4, 5.3) 

4.9 

(4.5, 5.3) 

4.8 

(4.3, 5.2) 

4.8 

(4.4, 5.2) 

Outstretching 

(n = 62) 

5.3 

(4.2, 6.1) 

3.9  

(3.5, 4.3) 

5.1 

(4.7, 5.8) 

4.6 

(3.9, 5.3) 

Outstretching 

(n = 46) 

5.7 

(4.9, 6.8) 

4.8 

(4.2, 5.3) 

6.6 

(5.8, 7.4) 

5.1 

(4.6, 6.1) 

Wing 

(n = 62) 

4.0 

(3.8, 4.3) 

3.8 

(3.7, 3.9) 

4.1 

(3.8, 4.5) 

4.0 

(3.8, 4.1) 

Wing 

(n = 49) 

4.4 

(4.1, 4.8) 

3.9 

(3.6, 4.0) 

4.1 

(3.8, 4.7) 

4.1 

(3.8, 4.8) 

The median values are in ˚. n = number of sample. 
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SUPPLEMENTARY TABLE 4. Median of the relative tremor severity between pair motions of PD (score < 0.5) and normal subjects. 

Parameter 
Action 

Normal Action PD 

EPS – EFE EPS – WFE EPS –WAA EPS – EFE EPS –WFE EPS – WAA 

RMS∆θjoint 
Resting  

(n = 62) 

0.004 

(0.004, 

0.005) 

0.007 (0.006, 

0.008) 

0.006 (0.005, 

0.008) 

Resting  

(n = 54) 

0.007 (0.006, 

0.009) 

0.010 (0.007, 

0.010) 

0.009 (0.009, 

0.012) 

Outstretching 

 (n = 62) 

0.007, 

(0.004, 

0.007) 

0.011 (0.008, 

0.013) 

0.011 (0.009, 

0.014) 

Outstretching 

 (n = 46) 

0.008 (0.005, 

0.014) 

0.014 (0.011, 

0.019) 

0.020 (0.015, 

0.022) 

Wing  

(n = 62) 

0.007 

(0.004, 

0.008) 

0.010 (0.008, 

0.011) 

0.011 (0.009, 

0.013) 

Wing  

(n = 49) 

0.008 (0.006, 

0.011) 

0.012 (0.010, 

0.015) 

0.013 (0.012, 

0.019) 

The median values are in ˚. n = number of sample. 

 

10. Within-group comparison  

The statistical results for within-group comparison using RMS ∆θjoint and peak frequency are tabulated in Supplementary Table 5 and 6 respectively. The 

explanation and discussions of the results are presented in the main manuscript.  
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a) RMS ∆θjoint of four tremor motions 

SUPPLEMENTARY TABLE 5. Within-group comparison based on RMS ∆θjoint. 

Subject type Action  EFE vs EPS EPS vs WFE EPS vs WAA WAA vs WFE EFE vs WFE EFE vs WAA 

PD (score < 

0.50) 

Resting 

(n = 54) 

Z -6.3 -6.1 -6.4 -2.2 -3.3 -4.9 

p <0.0001*** <0.0001*** <0.0001*** 0.025* 0.001* <0.0001*** 

η2 0.74 0.70 0.77 0.09 0.20 0.46 

Outstretching 

(n = 46) 

Z -5.2 -5.1 -5.9 -4.8 -4.0 -5.8 

p <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** <0.0001*** 

η2 0.60 0.57 0.76 0.51 0.35 0.75 

Wing 

(n = 49) 

Z -5.5 -5.6 -6.1 -4.3 -1.9 -5.3 

p <0.0001*** <0.0001*** <0.0001*** <0.0001*** 0.058 <0.0001*** 

η2 0.64 0.66 0.77 0.38 0.07 0.59 

Normal 

Resting 

(n = 62) 

Z -6.48 -6.54 -6.83 -1.00 -5.28 -4.55 

p < 0.0001*** < 0.0001*** < 0.0001*** 0.32 < 0.0001*** < 0.0001*** 

η2 0.69 0.70 0.77 0.02 0.46 0.34 

Outstretching 

(n = 62) 

Z -6.17 -6.84 -6.85 -3.25 -5.84 -6.24 

p < 0.0001*** < 0.0001*** < 0.0001*** 0.001* < 0.0001*** < 0.0001*** 

η2 0.62 0.77 0.77 0.17 0.56 0.64 

Wing Z -6.8 -6.8 -6.8 -4.2 -5.6 -6.4 
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(n = 62) p < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** < 0.0001*** 

η2 0.75 0.51 0.68 0.29 0.51 0.68 

 

WFE = wrist flexion-extension; WAA = wrist abduction-adduction; EPS = elbow pronation-supination; EFE = elbow flexion-extension. The critical value for 

Z is 1.96 (two-tailed). The adjusted alpha levels for the first to sixth most significant p values of the Wilcoxon signed-rank tests with Holm’s sequential 

Bonferroni correction are 0.008, 0.010, 0.013, 0.017, 0.025 and 0.050 respectively. The levels of significant difference are reported at *P<Bonferroni adjusted 

alpha levels, **P<0.001 and ***P<0.0001. 

 

b) Peak frequency of four tremor motions 

SUPPLEMENTARY TABLE 6. Within-group comparison based on peak frequency. 

Subject type Action  EFE vs EPS EPS vs WFE EPS vs WAA WAA vs WFE EFE vs WFE EFE vs WAA 

PD (score < 

0.50) 

Resting 

(n = 54) 

Z 0.0 -1.0 -0.9 0.0 -1.0 -1.2 

p 0.962 0.324 0.373 0.962 0.299 0.230 

η2 <0.01 0.02 0.01 <0.01 0.02 0.03 

Outstretching 

(n = 46) 

Z -4.0 -1.3 -1.2 -2.2 -4.1 -2.0 

p <0.0001*** 0.177 0.227 0.027 <0.0001*** 0.042 

η2 0.35 0.04 0.03 0.11 0.37 0.09 

Wing 

(n = 49) 

Z -3.2 -1.3 -0.9 -0.1 -1.8 -2.4 

p 0.001* 0.205 0.347 0.917 0.077 0.016 

η2 0.21 0.03 0.02 <0.01 0.06 0.12 
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Normal 

Resting 

(n = 62) 

Z -1.7 -2.7 -0.4 -2.1 -1.2 -1.2 

p 0.081 0.007* 0.723 0.035 0.219 0.213 

η2 0.05 0.12 <0.01 0.07 0.02 0.03 

Outstretching 

(n = 62) 

Z -5.2 -0.1 -1.3 -1.6 -5.1 -3.5 

p  <0.0001*** 0.958 0.198 0.102 <0.0001*** 0.0004** 

η2 0.44 0.00 0.03 0.04 0.42 0.21 

Wing 

(n = 62) 

Z -2.4 -0.7 -0.3 -0.7 -2.8 -1.9 

p 0.015 0.460 0.782 0.508 0.005* 0.063 

η2 0.10 0.01 <0.01 0.01 0.13 0.06 

WFE = wrist flexion-extension; WAA = wrist abduction-adduction; EPS = elbow pronation-supination; EFE = elbow flexion-extension. The critical value for 

Z is 1.96 (two-tailed). The adjusted alpha levels for the first to sixth most significant p values of the Wilcoxon signed-rank tests with Holm’s sequential 

Bonferroni correction are 0.008, 0.010, 0.013, 0.017, 0.025 and 0.050 respectively. The significance of the difference is reported at *P<Bonferroni adjusted 

alpha levels, **P<0.001 and ***P<0.0001. 
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11. Between-group comparison 

Supplementary Tables 7 and 8 show the statistical results of comparing subclinical PD and normal tremors based on the RMS ∆θjoint of individual motion and 

pair motions respectively. The statistical analysis results of the between-group comparison using peak frequency are tabulated in Supplementary Table 9. The 

explanation and discussions of the results are presented in the main manuscript.  

 

a) Individual motion in RMS ∆θjoint  

SUPPLEMENTARY TABLE 7. Between-group comparison based on individual motion in RMS ∆θjoint. 

 WFE  WAA  EPS  EFE  

 χ2 (P value) η2 χ2 (P value) η2 χ2 (P value) η2 χ2 (P value) η2 

Resting (54 PD vs 62 normal) 
20.4  

< 0.0001*** 
0.18 

6.9  

0.009* 
0.06 

21.5  

< 0.0001*** 
0.19 

17.1  

< 0.0001*** 
0.15 

Outstretching (46 PD vs 62 normal) 
23.1  

< 0.0001*** 
0.22 

6.8  

0.009* 
0.06 

17.4  

< 0.0001*** 
0.16 

12.1  

0.0004** 
0.11 

Wing (49 PD 62 vs normal) 
16.0  

< 0.0001***  
0.15 

16.4  

< 0.0001***  
0.15 

15.4  

< 0.0001*** 
0.14 

16.3 

< 0.0001*** 
0.15 

WFE = wrist flexion-extension; WAA = wrist abduction-adduction; EPS = elbow pronation-supination; EFE = elbow flexion-extension. The χ2 (p values) are 

the results from Kruskal-Wallis. The critical χ2 value for degrees of freedom, d.f. = 1 is 3.841 (one-tailed). The Eta-squared, η2 indicates the effect size.  The 

significance of the difference is reported at * p < 0.05, ** p < 0.001 and *** p < 0.0001. 



 

 

b) Pair motion in RMS ∆θjoint 

SUPPLEMENTARY TABLE 8. Between-group significant difference of the relative tremor severity between pair motions. 

Subject type Action  EPS – EFE EPS – WFE EPS –WAA 

PD 

Score < 0.5 

versus normal 

 

Resting (54 PD vs 62 normal) 

χ2 10.2 3.5 15.7 

p 0.001** 0.060 < 0.0001*** 

η2 0.09 0.03 0.14 

Outstretching (46 PD vs 62 normal) 

χ2 1.3 2.4 10.2 

p 0.248 0.120 0.001** 

η2 0.01 0.02 0.10 

Wing (49 PD vs 62 normal) 

χ2 3.5 2.6 5.7 

p 0.060 0.104 0.017* 

η2 0.03 0.02 0.05 

WFE = wrist flexion-extension; WAA = wrist abduction-adduction; EPS = elbow pronation-supination; EFE = elbow flexion-extension. The χ2 (p 

values) are the results from Kruskal-Wallis. The critical χ2 value for degrees of freedom, d.f. = 1 is 3.841 (one-tailed). The Eta-squared, η2 

indicates the effect size. The significance of the difference is reported at * p < 0.05, ** p < 0.001 and *** p < 0.0001. 

 

 

 

 

 

 



 

 

c) Individual motion in peak frequency 

SUPPLEMENTARY TABLE 9. Significant difference between the peak frequency of PD and normal subject tremors in different motions. 

 

WFE = wrist flexion-extension; WAA = wrist abduction-adduction; EPS = elbow pronation-supination; EFE = elbow flexion-extension. The χ2 (p 

values) are the results from Kruskal-Wallis. The critical χ2 value for degrees of freedom, d.f. = 1 is 3.841 (one-tailed). The Eta-squared, η2 

indicates the effect size. The significance of the difference is reported at * p < 0.05, ** p < 0.001 and *** p < 0.0001. 

 WFE  WAA  EPS  EFE  

 χ2 (P value) η2 χ2 (P value) η2 χ2 (P value) η2 χ2 (P value) η2 

Resting (54 PD vs 62 normal) 
1.6 (0.21) 

 
0.01 

1.0 (0.31) 

 
0.01 

0.5 (0.47) 

 
<0.01 

0.5 (0.50) 

 
<0.01 

Outstretching (46 PD vs 62 normal) 5.6 (0.02)* 0.05 2.2 (0.14) 0.02 2.2 (0.14) 0.02 11.7 (0.0006)** 0.11 

Wing (49 PD vs 62 normal) <0.1 (0.84) <0.01 0.7 (0.40) <0.01 0.5 (0.48) <0.01 <0.1 (0.92) <0.01 



 

 

12. Summary of the tremor motion characteristics 

Though all the tremors had no clinical sign, the characteristics that are unique to PD and normal tremors are found in 

the analysis (see Supplementary Table 10). In between-group comparison especially, PD tremors are significantly 

different from normal tremors. The median values of the rest and postural conditions of baseline and PD tremors 

having no clinical sign based on predicted rating are reported for the first time.  

 

The severity ranking of the PD and normal tremors in increasing order is WAA, WFE, EFE, and EPS. This order is 

found in all actions except for the WFE and EFE in wing posture of PD tremors and the wrist motions in rest 

condition of normal tremor. The rank order indicates that the tremor about the elbow has larger amplitude compared 

to tremor about the wrist joint in most of the tremor cases.  

 

PD and normal tremor share the common characteristics of having EPS as the most predominant tremor motion and 

WAA as the least predominant tremor motion. Nevertheless, such predominance in PD tremor is significantly 

greater than that of normal tremor, as supported by a significantly larger EPS–WAA value in the former tremor. 

This suggests that the relative severity of the two motions in PD tremor is not a mere manifestation of physiological 

tremor.  

 

Peak frequencies of all three actions are not significantly distinguishable by all tremor motions except for EFE and 

WFE in outstretching posture that PD tremor is of higher peak frequency compared to normal tremor. This makes 

EFE and WFE in outstretching posture the only motions that give distinct difference between PD and normal 

tremors based on both amplitude and frequency. The findings of rank order and distinct peak frequency of PD 

tremor in specific motion are new. 

 

 

 

 

 

 

 

 



 

 

SUPPLEMENTARY TABLE 10. Summary of the tremor motion characteristics of subclinical PD and 

normal tremors 

Within-group comparison 

parameter Posture/action Subclinical PD normal 

RMS ∆θjoint 
Rest WAA < WFE 

No significant difference 

between WFE and WAA 

Wing 
No significant difference 
between EFE and WFE 

WFE < EFE 
 

Peak frequency 

Rest 
No significant difference in all 

comparisons 
WFE < EPS 

Outstretched EFE < EPS and WFE EFE < EPS, WFE and WAA 

Wing EFE < EPS EFE < WFE 

Between-group comparison 

RMS ∆θjoint 

Rest EPS - EFE 

PD > normal 

Rest, outstretched 

and wing 
EPS - WAA 

Outstretched 

Wing 

Outstretched WAA < WFE < EFE < EPS 

Peak frequency Outstretched EFE, WFE 
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