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CHAPTER 2 
Wavelet coherence analysis:  
A new approach to distinguish organic  
and functional tremor types 

G. Kramer, A.M.M. Van der Stouwe, N.M. Maurits, M.A.J. Tijssen, J.W.J. Elting

Clinical Neurophysiology 129 (2018) 13–20



542345-L-bw-Kramer542345-L-bw-Kramer542345-L-bw-Kramer542345-L-bw-Kramer
Processed on: 24-3-2020Processed on: 24-3-2020Processed on: 24-3-2020Processed on: 24-3-2020 PDF page: 20PDF page: 20PDF page: 20PDF page: 20

20

ABSTRACT

Objective: To distinguish tremor subtypes using wavelet coherence analysis (WCA). WCA enables 

to detect variations in coherence and phase difference between two signals over time and might 

be especially useful in distinguishing functional from organic tremor.

Methods: In this pilot study, polymyography recordings were studied retrospectively of 26 

Parkinsonian (PT), 26 functional (FT), 26 essential (ET), and 20 enhanced physiological (EPT) 

tremor patients. Per patient one segment of 20 seconds in duration, in which tremor was present 

continuously in the same posture, was selected. We studied several coherence and phase related 

parameters, and analysed all possible muscle combinations of the flexor and extensor muscles of 

the upper and fore arm. The area under the receiver operating characteristic curve (AUC-ROC) was 

applied to compare WCA and standard coherence analysis  to distinguish tremor subtypes. 

Results: The percentage of time with significant coherence (PTSC) and the number of periods 

without significant coherence (NOV) proved the most discriminative parameters. FT could be 

discriminated from organic (PT, ET, EPT) tremor by high NOV (31.88 vs 21.58, 23.12 and 10.20 

respectively) with an AUC-ROC of 0.809, while standard coherence analysis resulted in an AUC-

ROC of 0.552. 

Conclusions: EMG-EMG WCA analysis might provide additional variables to distinguish functional 

from organic tremor. 

Significance: WCA might prove to be of additional value to discriminate between tremor types.

Abbreviations
NOV Number of Valleys; the number of periods with coherence below the significance level

PTSC Percentage of time that significant tremor existed

WCA Wavelet coherence analysis

Keywords
Wavelet coherence analysis

Parkinsonian tremor

Functional tremor

Essential tremor

Enhanced physiological tremor

Electromyography

Highlights
- In this pilot study, wavelet coherence analysis was used to discriminate between four tremor 

types. 

- Wavelet coherence analysis proved to be superior to standard coherence analysis in this study.

- A simple decision tree may aid in discriminating between functional and organic tremor.
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1. INTRODUCTION

Tremor is the most common neurological movement disorder[1], with Parkinsonian tremor (PT), 

functional tremor (FT), essential tremor (ET), and enhanced physiological tremor (EPT) as the most 

common types. Distinguishing tremor types is important as it determines treatment options and 

prognosis[2].

The history and clinical examination enables to determine the type of tremor in most patients. 

However, not all patients have a typical presentation. For example, FT can mimic any other form 

of tremor[3]. EMG-polymyography can be of additional diagnostic value[4], by evaluating basic 

tremor characteristics such as tremor frequency and amplitude. Although the additional value of 

polymyography is clear, it does not always provide a definitive diagnosis[5]. Features of different 

tremor types can overlap or the tests/tasks may not be carried out appropriately by the patient. 

For example, distraction is seen as a typical sign of FT, but can also be found in ET patients[6]. 

Therefore, methods that analyse tremor independent from tasks performed by patients would be 

advantageous. 

To improve the discriminative value of EMG-polymyography, methods like coherence analysis 

have been applied[7,8]. This is a method that examines the relation between two signals in the 

frequency domain. Applied to polymyography, coherence measures the dependency between 

two EMG signals for each frequency[7]. Values range from 0 to 1, where 1 reflects high coherence 

suggesting a common drive and generator mechanism[9]. Not all tremor types have a stable 

generator: for example. it is known that functional tremor tends to be less stable than organic 

tremor. Although it can be stable for some time, there are frequent interruptions, irregularities 

and frequency changes. This has also been reported previously using time frequency analysis 

of tremors[10]. A previous study from our group, with standard coherence analysis applied in 

groups of PT, FT, ET, and EPT patients[11] showed that intermuscular coherence was highest in 

PT, intermediate in FT and ET, and lowest in EPT. The study revealed significant differences in 

coherence between tremor types, which were especially useful for distinguishing EPT from the 

other tremor types.

Despite the positive additional value of coherence analysis, the detected differences in our 

previous study were small with only limited applicability for the clinical setting. For example, we 

were not able to discriminate between PT and FT patient groups. We hypothesised that this was 

due to the single coherence estimate for the total time interval under investigation as produced 

by standard coherence analysis. A better method for taking variation in coherence over time into 

account is wavelet coherence analysis (WCA)[12]. 

The aim of this pilot study is to use WCA of EMG polymyography to calculate and visualize 

coherence between two muscles as a function of time. To test the discriminative value of WCA 

across tremor types and more specifically to discriminate FT from organic tremor (PT, ET and 

EPT). Furthermore, the additional discriminative value of WCA compared to standard coherence 

analysis is studied. Finally, we will illustrate the discriminative value of WCA by providing a decision 

tree based on WCA parameters.
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2. MATERIALS & METHODS

2.1 Patient population
Ninety-eight datasets were analysed retrospectively, for 26 PT, 26 FT, 26 ET and 20 EPT patients. 

Datasets were retrieved from the database of the department of clinical neurophysiology of the 

University Medical Center Groningen. This database contains the reports of all standardized tremor 

registrations that were performed as part of a standard diagnostic workup. Selection of a dataset 

was based on consensus between (1) the report of the tremor registration, (2) the final diagnosis 

of the physician involved, and (3) clinical follow up for at least one year (see for the criteria Table 

1) to make the final diagnosis as reliable as possible.

Table 1. Criteria for the diagnosis of tremor as used in the department of neurology of the University 
Medical Center Groningen

Diagnosis Criteria

Essential tremor

Bilateral postural or kinetic tremor 
Developed before the age of 65
Absence of other neurological signs
Positive response to propranolol and/or alcohol

Parkinsonian tremor
Unilateral or asymmetrical tremor
Peak frequency between 4 and 6 Hz
Clinical diagnosis of Parkinson’s Disease

Functional tremor
Postural and/or rest and/or action tremor
Frequency variability >1Hz
Distraction and/or entrainment

Enhanced physiological tremor Peak frequency > 7Hz 
Frequency variability >1Hz

2.2 EMG recordings
The method for EMG recording is described in a previous paper[11]. Briefly, electrodes were 

placed over the flexor and extensor muscles of the fore- and upper arm. All six possible muscle 

combinations were studied: (1) wrist flexor and extensor, (2) elbow flexor and extensor, (3) wrist 

flexor and elbow flexor, (4) wrist flexor and elbow extensor, (5) wrist extensor and elbow flexor, and 

(6) wrist extensor and elbow extensor. Accelerometers (ACC) were placed on the dorsum of the 

hand bilaterally, just distal from the wrist.

Data segments were selected manually using the program BrainRT (OSG BVBA, Rumst, 

Belgium). One 20 second segment was selected per patient. The following selection criteria per 

segment were applied: (1) tremor had to be present continuously on the video recording and 

(2) patients did not change their position during the 20 seconds recording. Patients were free to 

move and the limbs were not restricted. We chose these criteria to approximate signal stationarity 

as closely as possible, as this is a prerequisite for coherence analysis.

2.3 Wavelet coherence analysis
The implementation of WCA was based on earlier publications[13,14]. Data segments were 

exported in ASCII format to be analysed by a LabView (Labview 2014, National Instruments, Austin, 

USA) script we created for this purpose.
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Briefly, the selected EMG segments were converted to zero mean signals by mean subtraction, 

high pass filtered at 10 Hz with a 4th order zero phase shift filter and rectified. Pairs of EMG channels 

were analysed, although wavelet analysis was first applied to each EMG signal separately. The 

mother wavelet was a Complex Morlet Wavelet with an FS ratio of 4, i.e. it contains 4 complete 

cycles of the scale that is under analysis. Wavelet coefficients were calculated every 25 ms. The 

wavelet spectrum consisted of 500 scales, with scale frequencies ranging from 0 to 500 Hz. 

The wavelet coherence value at each time point was calculated as the absolute value squared 

of the smoothed cross-wavelet spectrum, normalized by the product of the smoothed wavelet 

autospectra, for each scale [13]. Smoothing was performed in both time and frequency domains. 

In the time domain, the smoothing was implemented as a weighted moving average function, 

with weights defined by a Gaussian function, and a width equal to the wavelet size in the time 

domain. In the frequency domain, a boxcar filter with a width equal to the scale decorrelation 

length was used; for the Morlet wavelet this is 0.6 [13]. Monte Carlo simulations based on two 

uniform white noise time series determined the significance level for the wavelet coherence. 

Epochs of 20 seconds of white noise were used. Wavelet coherence was calculated at each time 

point and this process was repeated for 10.000 randomly generated white noise epochs. Mean 

Wavelet coherence was subsequently calculated over all 10.000 epochs. The 95% confidence limit 

was determined by adding two SD to the mean. Finally, the mean of the 95% confidence level over 

all time points within the 20 second epoch was calculated, and this was used as the significance 

limit for wavelet coherence. Based on these simulations, the significance level was set at 0.502 

(mean +2 SD).

We derived several parameters from the polymyography recordings for further analysis and 

comparison between standard coherence analysis and WCA. Parameters were calculated per 

muscle pair (section 2.2) and an overview of the analysis structure is provided in Table 2. Below, 

each of these parameters is described in more detail.

1. The percentage of time that tremor activity was present in both EMG signals . To determine the 

presence or absence of tremor activity in the EMG signals, wavelet autospectra were examined 

for each time point. Tremor was considered present if there was a significant peak in the 

wavelet autospectrum between 2 and 15 Hz, as determined by a peak detection algorithm 

(LabView VI: peak detection). The ratio between this peak amplitude and the mean wavelet 

power of the entire spectrum had to exceed 0.1 for both EMG channels to classify the time 

point as falling within a tremor period; this ratio was determined empirically employing 100 

unrelated EMG data sets. The percentage of time that tremor activity was present in the EMG 

signal was subsequently determined as the number of time points falling within a tremor 

period in both EMG channels divided by the total number of time points (*100).   

2. The percentage of time that significant coherence existed (PTSC) between both EMG channels. This 

parameter was calculated as the number of time points with significant coherence divided by 

the total number of time points (*100). Therefore, PTSC is a measure of the proportion of time 

with significant coherence. Significant coherence was defined as any coherence value that 

exceeded the significance value.
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3. The number of uninterrupted periods with coherence below the significance level (number of valleys: 

NOV) was determined as the total number of upward crossings through the line of significant 

coherence. We hypothesized that FT is more irregular than organic tremor and therefore 

should have more valleys. Therefore, NOV is a measure of stability of coherence, which counts 

the number of periods without significant coherence regardless of their duration.

4. The mean coherence was calculated over all time points. 

5. The circular mean phase difference was calculated over all time points. This parameter was 

calculated to detect the mean degree of phase synchronicity between two muscles.

6. The circular standard deviation of the phase difference was calculated over all time points. This 

parameter was added to detect a slow phase change that might not be detected with PTSC. 

We hypothesized that this might be relevant for detecting a slowly occurring shift from a 

synchronous to an asynchronous activation pattern as can be seen sometimes during clinical 

tremor registration.

Table 2. WCA Results

Parameter Analysis 1
Most stable 

Analysis 1
Mean 

Analysis 2
Most stable 

Analysis 2
Mean 

1. PTST

PT
FT
ET
EPT

89 ± 11#^~
66 ± 23*~
58 ± 29*~
12 ± 15*#^

51 ± 24^~
36 ± 20~
31 ± 20*~
5 ± 6*#^

100
100
100
100

100
100
100
100

2. PTSC

PT
FT
ET
EPT

98 ± 5#^~
79 ± 22*~
77 ± 23*~
42 ± 16*#^

63 ± 19^~
49 ± 20~
45 ± 20*~
23 ± 8*#^

99 ± 4#^~
88 ± 15*
89 ± 18*
87 ± 15*

73 ± 20~
64 ± 22
66 ± 21~
43 ± 20*̂

3. NOV

PT
FT
ET
EPT

1.08 ± 1.79#^~
6.08 ± 3.78*~
4.92 ± 3.02*~
12.65 ± 4.97*#^

8.05 ± 3.34#~
12.55 ± 3.59*~
12.05 ± 3.68~
20.08 ± 5.91*#^

0.38 ± 0.75#
2.03 ± 1.90*~
1.11 ± 1.27~
0.15 ± 0.37#^

3.60 ± 2.68#~
5.31 ± 1.75*~
3.85 ± 2.02~
1.70 ± 1.44*#^

4. MC

PT
FT
ET
EPT

0,80 ± 0,07#^~
0,66 ± 0,14*~
0,65 ± 0,15*~
0,44 ± 0,09*#^

0,57 ± 0,12^~
0,47 ± 0,12~
0,46 ± 0,13*~
0,32 ± 0,05*#^

0,81 ± 0,07#~
0,71 ± 0,12*
0,74 ± 0,11~
0,64 ± 0,11*̂

0,61 ± 0,13~
0,55 ± 0,12~
0,54 ± 0,15~
0,40 ± 0,12*#^

5. CMP

PT
FT
ET
EPT

-148.9 ± 37.4^
-122.5 ± 53.3
-110.8 ± 57.3*
-109.4 ± 64.1

2.5 ± 41.3
-0.1 ± 45.5
-0.1 ± 37.7
4.9 ± 31.7

-152.2 ± 36.7^~
-117.4 ± 53.8
-96.4 ± 61.3*
-81.1 ± 60.4*

-6.4 ± 34.8
-4.4 ± 50.3
-7.6 ± 47.0
20.8 ± 31.5

6. CSD

PT
FT
ET
EPT

0.29 ± 0.35#^~
0.70 ± 0.59*
0.81 ± 0.58*
1.75 ± 0.70*

0.82 ± 0.35^~
0.98 ± 0.39~
1.21 ± 0.43*~
1.56 ± 0.26*#^

0.13 ± 0.10~
0.19 ± 0.11~
0.14 ± 0.13~
0.01 ± 0.12*#^

0.35 ± 0.12
0.43 ± 0.20
0.47 ± 0.21
0.39 ± 0.25

Table 2. WCA (wavelet coherence analysis) summary parameter values (mean ± SD) for all groups and comparisons between 
groups. EMG = Electromyogram,  PT = Parkinsonian tremor, FT = functional tremor, ET = essential tremor, EPT = enhanced 
physiological tremor, analysis 1 = all data used, analysis 2 = after tremor detector application. See text for detailed definition 
of summary measures. Significant (p<0,05) difference vs PD: *,  vs FT: #,  vs ET: ^,  vs EPT: ~. PTST percentage of time that tremor 
activity was present in both EMG signals, PTSC The percentage of time that significant coherence existed, NOV Number of 
valleys, that is, the number of uninterrupted periods with coherence below the significance level, MC Mean coherence, CMP 
Circular mean phase difference, CSD Circular standard deviation of the phase difference.
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The parameters that were extracted from the wavelet analysis were based on data points within 

the cone of influence to prevent edge effects. Parameters 2-6 were calculated for the dominant 

frequency, which was determined as the instantaneous frequency with the highest wavelet 

power within the spectrum. The mean and standard deviation of all dominant frequencies over 

the analysis epoch were also calculated. 

Parameters 2-6 were extracted twice in two separate analyses. The first analysis used all 

available time points. The second analysis only used time points where tremor was present 

in both EMG channels, that is, parameter 1 was used as a filter to detect tremor. The second 

analysis was added because we observed that typical tremor bursts could be absent in some EMG 

channels, while patients still had tremor on the video recording. In this manner we could measure 

the stability of muscle activation during periods of clear tremulous muscle activation on the EMG 

channels, without any influence of periods of temporary cessation of muscle activation.

In addition, two summary measures were determined for each parameter: 

(1) the value of the parameter for the muscle pair with the highest tremor stability; i.e. the pair with 

the highest PTSC, and

(2) the mean value of the parameter over all muscle pairs.  

2.4 Standard coherence analysis
For standard coherence analysis, data pre-processing was similar as for WCA. Auto-spectra and cross-

spectra were estimated using the Welch method (with 50% overlap) on one second segments, after 

application of a Hanning window. Coherence significance was calculated according to Halliday et 

al.[15]. The number of segments in the coherence calculation was 39. This resulted in a significance 

level of 0.084 (adjusted for overlapping segments). The same muscle pairs were considered for 

standard coherence analysis as for WCA to allow comparison between both methods.

2.5 Statistical analysis
The summary measures were used for statistical comparisons between groups. In SPSS (version 

22, IBM, North Castle, USA). To test for normality, the Kolmogorov-Smirnov test was used. Analysis 

of variance (ANOVA) was applied to compare all normally distributed parameters between groups 

with Bonferroni corrected post hoc comparisons in case of significant main effects. The Kruskall-

Wallis ANOVA with multiple pairwise comparisons was applied to compare all non-normally 

distributed parameters between groups. The Chi-Square test was applied to compare dichotomous 

variables between groups. ROC-curves were generated to determine the discriminative value of all 

parameters and compare them between WCA and standard coherence analysis in STATA (version 

14, StataCorp LP, College Station, USA). 

A decision tree was created to determine the best cut-off values to distinguish between 

FT and organic tremor. The decision tree was made using the CHAID (CHi-squared Automatic 

Interaction Detection) function in SPSS. Only WCA parameters were used, and no other clinical 

variables were added. To prevent overfitting and to make the decision tree comprehensible, we 

opted for a minimum of ten parent nodes and four child nodes.
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3. RESULTS

3.1 Patient population
Table 3 shows the postures in which patients exhibited their tremor during the recording, age, 

sex ratio, and disease duration for the four tremor groups. The PT group had the highest number 

of resting tremor recordings, the FT group an intermediate number, and the ET and EPT group the 

lowest number. There were no major differences in sex ratio between the groups. The ET group 

was older compared to the FT and EPT groups and the ET group had a longer disease duration 

than the PT and FT groups (all p<0.05).

Table 3. Participant characteristics

Tremor type 
Posture 
(rest/ wrist or 
arms extended) 

Age (years) 
mean (SD) Sex (M/F) N

Disease duration 
(years) median (IQR)

Parkinsonian (PT) 27/1#^~ 58 (12.9) 14/12 2.8 (2.5)^

Functional (FT) 13/15*̂ ~ 55 (12.8)^ 16/10 8.3 (9.0)^

Essential (ET) 4/24*# 67 (13.8)#~ 15/11 14.8 (15.0)*#

Enhanced physiological (EPT) 1/19*# 48 (18.6)^ 10/10 10.6 (18.0)

Table 3. Characteristics of 98 included patients, including the postures in which patients showed their tremor during the 
recording. SD = standard deviation, M = male, F= female, N = number, IQR = interquartile range. Significant (p<0,05) difference 
vs PD: *,  vs FT: #,  vs ET: ^,  vs EPT: ~

3.2 Wavelet coherence analysis 
An example of the EMG and accelerometer recordings and the wavelet coherence curve is shown 

in Figure 1. It illustrates a sudden drop in coherence in an FT patient while the coherence curve 

of the PT patient remains stable.. Despite this difference, tremor is continuously present in both 

conditions, according to the accelerometer signal. In the FT patient, the drop in coherence is likely 

due to a sudden change in the phase difference between both EMG signals, which is caused by a 

shift from a synchronous to an alternating burst firing pattern. 
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Figure 1. Example data and results of WCA for a patient with a functional tremor (FT, left) and for a patient with a Parkinsonian 
tremor (PT, right). From top to bottom: electromyography (EMG) recordings of the flexor (EMG1) and extensor (EMG2) muscles 
of the fore arm, accelerometer (ACC) recordings of the wrist, wavelet coherence for the dominant frequency over time, phase 
difference between EMG1 and EMG2 over time, and the scalogram that displays wavelet coherence over time for frequencies 
from 0-20 Hz. For the patient with FT wavelet coherence at the dominant frequency drops suddenly, even though the 
accelerometer still records tremor. Careful analysis of the EMG recording of this patient reveals a shift from a synchronous to an 
alternating and subsequently back to a synchronous activation pattern. The EMG recording of the PT patient shows a constantly 
alternating activation pattern, with a constant phase difference, and high coherence throughout.

Table 2 shows the results of the WCA summary measures for all parameters. First, the results of 

parameters 1-7 without application of parameter 1 as a filter (the tremor detector) will be discussed. 

The percentage of time with significant tremor in both EMG channels (parameter 1) was 

different between the tremor groups. For the most stable muscle pair, PT had a significantly higher 

percentage of tremor (89%) than FT and ET (66% and 58%, respectively). EPT had a significantly 

lower percentage of tremor (12%) than all other tremor types (F=55.52, p=<0.0005). Apparently, 

despite a visible tremor during the tremor registration, typical tremor bursts on the EMG may be 

absent, especially in the FT, ET, and EPT groups. For the mean value of parameter 1, similar results 

were found, except that the differences between PT and FT disappeared. 

The differences between groups in percentage of time with significant coherence (PTSC, 

parameter 2) were similar as for parameter 1: for the most stable muscle pair, PTSC was high 

in PT (98%), intermediate in FT and ET (79 and 77%, respectively), and low in EPT (42%)(F=39.12, 

P=<0.0005)). Again, for the mean value of PTSC, the differences between PT and FT disappeared. 

Comparison of the number of valleys (NOV, parameter 3) indicating more interruptions of 

significant coherence, yielded similar results as for parameters 1 and 2. Here, lower NOV indicates 

a more stable tremor. For the most stable muscle pair, NOV was lowest in PT (1.08), intermediate 

in FT and ET (6.08 and 4.92, respectively), and highest in EPT (12.65)(F=37.93, P=<0.0005). For the 

mean value of NOV, the differences between PT and ET were not significant. 

Analysis of mean coherence (parameter 4) also led to comparable results as for parameters 1-2 

(Table 2). (F=49.48, P=<0.0005)

The parameter circular mean phase (CPH, parameter 5) only rarely differed significantly 
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between groups (F=8.93, P=0.030), which indicates that the mean phase relation between tremor 

bursts in two muscles is not a helpful feature for discriminating between tremor types. 

The circular standard deviation of the phase (parameter 6) showed significant differences 

between groups(F=38.77, P<0.0005); for the most stable muscle pair, PT had a smaller SD than 

other tremor types. The mean value of parameter 6 was significantly higher for  EPT compared 

with other tremor types.

Because of similar results for some parameters, we determined which parameters were highly 

correlated to percentage of time with significant tremor. Using all cases, correlation coefficients 

with percentage of time with significant tremor were 0.86 for PTSC (p<0.001), -0.66 for NOV 

(p<0.001), 0.86 for mean coherence(p<0.001), -0.000 for CPH (p=1.0), and -0.71 for the circular 

standard deviation of the phase (p<0.001).

When parameter 1 was applied as a filter to detect tremor in  the second analysis, the 

differences between tremor groups for parameters 2-6 were altered. For most parameters, the 

differences were less prominent, and were more often non-significant, especially for the mean 

values of the parameters (for details, we refer to Table 2). The exception is NOV (parameter 3). 

Differences between tremor groups remained significant for the mean value of NOV across all 

muscle pairs (F=33.37, P=<0.0005). FT had significantly higher NOV (31.88) compared to PT (21.58) 

and EPT (10.20), however, there was no significant difference with ET (23.12; p=0.11).

The dominant frequency was 5.3 Hz (SD 0.9) in PT, 5.4 Hz (SD 1.1) in FT, 5.0 Hz (SD 1.1) in ET and 

6.4 Hz (SD 1.8) in EPT. A higher frequency was found in EPT compared to PT, FT, and ET (F=6.93, all 

p<0.005). 

3.3 Standard coherence analysis
The most stable muscle pair as calculated with WCA, was compared with standard coherence 

analysis. Coherence was 0,87 (IQR 0,14) in PT, 0,72 (IQR 0,29) in FT, 0,63 (IQR 0,31) in ET and 0,42 (IQR 

0.33) in EPT. Coherence was significantly higher in PT than in ET and EPT (F=40.68,P<0.0005)). Also, 

coherence was significantly higher in FT than in EPT (P<0.05).

3.4 ROC and decision tree analysis
Table 4 shows the AUC-ROC values for standard coherence analysis and WCA for discriminating 

tremor types. The results for WCA were calculated with the two parameters that provided most 

differences between groups: PTSC without tremor detector and NOV with tremor detector. We 

found that PT and EPT could be discriminated from other tremor types with high accuracy. PT: 

AUCs range from 0.874 till 0.998; and EPT: AUCs range from 0.883 till 0.998. Second, the AUC 

generally increased when WCA was applied instead of standard coherence analysis, except when 

discriminating FT and ET. Third, NOV can distinguish between FT and organic tremor (PT, ET and 

EPT) with an AUC of 0.809.
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Table 4. AUC-ROC values

SCA WCA (PTSC) WCA (NOV)

PT vs FT 0.728
(0.588-0.868)

0.874*
(0.770-0.977)

0.809
(0.691-0.928)

PT vs ET 0.843^
(0.737-0.949)

0.885^
(0.790-0.979)

0.598
(0.442-0.754)

PT vs EPT 0.975^
(0.931-1.000)

0.998^
(0.992-1.000)

0.773
(0.636-0.910)

FT vs ET 0.599
(0.444-0.754)

0.512
(0.349-0.675)

0.705
(0.562-0.848)

FT vs EPT 0.856
(0.747-0.965)

0.883
(0.771-0.994)

0.944
(0.873-1.000)

ET vs EPT 0.760
(0.615-0.904)

0.885*
(0.777-0.992)

0.816
(0.691-0.941)

FT vs organic tremor 0.552
(0.429-0.676)

0.524
(0.405-0.643)

0.809*#
(0.721-0.897)

Table 4. AUC-ROC values (95% confidence interval) for comparisons between tremor groups for SCA and WCA (for the 
parameters PTSC and NOV). AUC = area under the curve ROC = receiver operating characteristic, SCA = standard coherence 
analysis, WCA = wavelet coherence analysis, PTSC = Percentage of time that significant coherence existed, NOV = number of 
valleys, PT = Parkinsonian tremor, FT = functional tremor, ET = essential tremor, EPT = enhanced physiological tremor, organic 
tremor = Parkinsonian, essential and enhanced physiological tremor. Significant (p<0,05) difference vs SCA: *,  vs WCA(PTSC) #,  
vs WCA(NOV) ^

As an example of the discriminatory power of these parameters and to demonstrate the difference 

between WCA and standard coherence analysis in discriminating functional and organic tremor, 

two ROC curves are displayed in Figure 2. One curve is the result of WCA with the parameter NOV 

resulting in an AUC of 0.809. The other curve is the result of standard coherence analysis and has 

an AUC of 0.552, which is significantly lower compared to NOV (chi=12.23, p=0.002).

Figure 2. ROC curves for discriminating functional and organic tremor (Parkinsonian, essential and enhanced physiological 
tremor). The upper curve uses the WCA parameter NOV resulting in an AUC-ROC of 0.809. The lower curve uses standard 
coherence analysis resulting in an AUC-ROC of 0.552. The ROC areas are significantly different (p=0.002)  In both cases, the most 
stable muscle pair was used. ROC = receiver operating characteristic, WCA = wavelet coherence analysis, NOV = number of 
valleys, AUC = area under the curve, SCA = standard coherence analysis. 
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Figure 3 shows a decision tree for distinguishing between FT and organic tremor. All parameters 

were included and the CHAID function selected two parameters: the sum score of NOV with 

tremor detector and PTSC with tremor detector. It correctly classified 83.7% of all cases: 76.9% of 

the FT cases and 86.1% of the organic tremor cases. A tremor was classified as functional if total 

NOV > 1/second and PTSC (with tremor detector) < 97%. It thus appears that small coherence dips, 

as detected by NOV, are important for diagnostic classification.

Figure 3. Decision tree for discriminating between functional and organic (Parkinsonian, essential, and enhanced physiological) 
tremor using WCA on segments of 20 seconds. This decision tree correctly classified 83.7% of all cases. In the first step, the mean 
score across all muscle pairs was used. In the second step, the most stable muscle pair was selected (see text). NOV = number 
of valleys. With tremor detector = only using time points where tremor was present in both EMG channels, that is, using the 
percentage of time with significant tremor (see text) as a filter to detect tremor. PTSC = Percentage of time that significant 
coherence existed.

4. DISCUSSION

In this tremor study, we demonstrated that (1) WCA could be a useful additional tool to discriminate 

between four common tremor types and more specifically to discriminate FT from organic tremor, 

(2) WCA was superior to standard coherence analysis and (3) using WCA, a simple decision tree 

based on NOV and PTSC enabled to discriminate FT from organic tremor with high accuracy. In 

clinical practice, WCA could be of additional value in cases where the result of the polymyography 

is indecisive or when patients are unable to perform a specific task during polymyography  

In the first analysis without tremor detector, the percentage of time that significant coherence 

existed (PTSC) could be used to distinguish PT from FT, ET, and EPT with high AUC-ROC values. 
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Similarly, it was possible to distinguish EPT from PT, FT, and ET. A large proportion of the difference 

in PTSC  between the groups can be explained simply by the presence or absence of  EMG 

bursts during the tremor, i.e. percentage of time with significant tremor.  Apparently, PT has 

the highest tendency to produce regular EMG bursts, FT and ET are intermediate, and for EPT 

this tendency is low. This is consistent with known tremor physiology, with PT having a stable 

central generator[9,16], without a major contribution of mechanical components. In other tremor 

syndromes, especially in EPT, mechanical components can account for moments of visible tremor 

without clear EMG bursts. Alternatively, muscles that were not measured may contribute to the 

tremor, or superposition of tonic contraction may obscure some of the EMG bursts. FT and ET were 

more difficult to distinguish as both tremor groups presented great variation in coherence. This 

variation may be explained by the fact that both tremor types are heterogeneous disorders[17], 

possibly with different neurophysiological correlates. The low coherence in EPT can be explained 

by the mechanical and mechanical-reflex components of EPT[9,16], in which clear tremor bursts 

in the EMG may absent or minimal. 

In the second analysis, we wanted to focus more on possible stable components of the tremor, 

and decided to filter out moments without clear EMG bursts. Using parameter 1 (percentage of 

time with significant tremor) as a filter, WCA can be used to distinguish FT from other tremor 

types by analysing the stability of coherence over time. This was reflected in the parameter NOV, 

indicating the number of intervals without significant coherence. Having eliminated all ‘obvious’ 

tremor irregularity as a consequence of temporary cessation of tremulous muscle activation, NOV 

focusses on irregularity in the firing pattern of the EMG bursts themselves. The finding that high 

NOV is characteristic of FT is particularly interesting as other parameters indicate generally high 

coherence in FT (PTSC, percentage of tremor, and standard coherence analysis in this study and 

earlier publications[11]). Apparently, FT is characterized by high average coherence with frequent 

short interruptions and irregularity over time.

In contrast to FT, EPT could be distinguished from other tremor types by a very low NOV, 

indicating a very stable tremor process. This result is quite opposite to the results without using 

the percentage of time with significant tremor as a filter. Probably, the main 8-12 Hz oscillatory 

component of EPT that  is hypothesised to be of central origin [9] is selected by using the percentage 

of time with significant tremor as a filter, resulting in high PTSC and low NOV. In this case, the 

tremor detector might filter out the other, mechanical and mechanical-reflex components of EPT.

A major finding of this study was that WCA proved to be superior in differentiating tremor 

subtypes compared to standard coherence analysis. Differences were most notable for the 

discrimination between FT and organic tremor. The difference between both analysis techniques 

can be explained as follows: in standard coherence analysis, the analysis period is broken 

down into several (overlapping) time epochs and a single coherence estimate is produced by 

using averaging over epochs. Any short period of irregular muscle activation will decrease the 

coherence somewhat, but will not have a major impact on the mean estimate. In WCA, averaging 

is performed locally over short periods of time with a relatively high threshold for significance 

(0.502 in this study). Short periods with irregularity have a high chance of producing coherence 
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below threshold, and will be detected with either NOV or PTSC. Therefore, WCA is much more 

stringent with regard to irregularity.

We could determine a simple decision tree that discriminates between functional and organic 

tremor with high accuracy in our pilot study. Initially, all WCA parameters were used as input 

for the decision tree analysis of which two were selected. Both parameters were obtained after 

filtering with the tremor detector,  indicating that differences between tremor groups, as found 

in this study, rely on irregularities in coherence and not merely on the presence of tremor bursts. 

A future study should replicate these results in a prospective cohort and could aim to create 

a clinical decision tree that may incorporate other features derived from EMG-polymyography 

and/or clinical items. At present, it is not clear if adding WCA to the diagnostic approach will 

result in a higher diagnostic yield compared to clinical evaluation in combination with standard 

polymyography.

When comparing WCA with standard polymyography and accelerometry, a clear advantage 

is that the analysed segments were only 20 seconds in duration and patients did not have to 

perform specific tasks, or change their posture. During a tremor polymyography recording, 

patients perform different tasks and change posture to allow distinction between tremor types. 

However, observation of these tests alone can sometimes yield false positive results. For example, 

distraction is typically a feature of FT, but can sometimes be seen in other tremor types[18]. 

There are limitations to this study. Firstly, ET is more difficult to distinguish from other tremor 

types. From a theoretical point of view, ET would be expected to have high coherence since ET 

is thought to be of central origin[19]. Possibly, coherence is somewhat lower in ET due to periods 

of superposition of tonic EMG contraction, which can interfere with EMG bursts. Since ET occurs 

predominantly during posture, such interference is possible. In line with this reasoning, when 

limiting the analysis to periods with clear EMG bursts by applying the tremor detector, ET showed 

higher coherence, albeit still not as high as PT. Another possibility is that in ET short lasting shifts in 

the EMG burst firing pattern from alternating to synchronous do occur. However, in accordance with 

previous studies[20], we did not observe this phenomenon in ET during the same position, rather 

it occurs while changing the posture. Secondly, a consideration is that the postures, in which the 

patients showed tremor, were different between tremor groups. PT was usually a resting tremor, 

while ET and EPT were usually a postural tremor. There were no  differences in the aforementioned 

parameters between different postures in the same group. Thirdly, we acknowledge that manual 

selection of the data segments for analysis can potentially create selection bias. We minimized 

selection bias in two ways, by (I) analysing all possible muscle pairs, and by (II) correcting the 

results for the presence of tremor activity using a tremor detector, thereby only including those 

segments that exhibited tremor burst-activity in the muscles (analysis 2). Another consideration is 

that this was a retrospective study of well selected patients. The results need further confirmation 

in a prospective trial, including evaluation of test-retest variability and analysis of longer segments, 

before definitive conclusions regarding clinical applicability can be made.

We conclude that wavelet coherence analysis, in addition to standard polymyography, may be 

useful to differentiate FT from organic tremor and differentiate PT or EPT from other tremor types. 
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This technique will most likely be useful in more difficult tremor cases in which there remains 

some doubt after initial standard polymyography evaluation, or when tasks cannot be carried out 

appropriately by the patient. Future research should use a prospective design and examine the 

test-retest reliability. Preferably it should combine clinical information, standard polymyograpy 

and WCA to determine whether the diagnostic yield can be increased. Furthermore, it would be 

interesting to apply WCA in patients with a mixed presentation, e.g. patients with Parkinsons’s 

disease and functional tremor. 
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