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ABSTRACT
We investigated whether computerised analysis of writing 
and drawing could discriminate essential tremor (ET) 
phenotypes according to the 2018 Consensus Statement 
on the Classification of Tremors. The Consensus scheme 
emphasises soft additional findings, mainly motor, that 
do not suffice to diagnose another tremor syndrome. 
Ten men and nine women were classified by blinded 
assessors according to Consensus Axis 1 definitions of 
ET and ET plus. Blinded scoring of tremor severity and 
alternating limb movement was also conducted. Twenty 
healthy participants acted as controls. Four writing and 
three drawing tasks were performed on a Wacom Intuos 
Pro Large digital tablet with a pressure-sensor mounted 
ink pen. Sixty-seven computerised measurements were 
obtained, comprising static (dimensional and temporal), 
kinematic and pen pressure features. The mean age of 
ET participants was 67.2±13.0 years and mean tremor 
duration was 21.7±19.0 years. Six were classified as 
ET, five had one plus feature and eight had two plus 
features. The computerised analysis could predict the 
presence and number of ET plus features. Measures of 
acceleration and variation of pen pressure performed 
strongly to separate ET phenotypes (p<0.05). Plus features 
were associated with higher scores on the Fahn-Tolosa-
Marin Tremor Rating Scale (p=0.001) and it appeared 
that ET groups were mainly being separated according 
to severity of tremor and by compensatory manoeuvres 
used by participants with more severe tremor. There 
were, in addition, a small number of negative kinematic 
correlations suggesting some slowness with ET plus. 
Abnormal repetitive limb movement was also correlated 
with tremor severity (R=0.57) by clinical grading. Critics 
of the Consensus Statement have drawn attention to 
weaknesses of the ET plus concept in relation to duration 
and severity of ET. This classification of ET may be too 
biased towards tremor severity to assist in distinguishing 
underlying biological differences by clinical measurement.

INTRODUCTION
The concepts of syndrome and disease have 
long traditions as constructs of medical knowl-
edge. Syndromes, delineated by phenome-
nology and pattern recognition, reflect the 
clinical features of a disorder. Disease enti-
ties are more likely to be informed by under-
lying aetiology or pathological mechanism. 
In the recent Consensus Statement on the 

Classification of Tremors, the Task Force on 
Tremor of the International Parkinson and 
Movement Disorder Society approached 
the problem of redefining essential tremor 
(ET) by separating syndromic (Axis 1) and 
disease (Axis 2) characters.1 This recognises 
the possibility that a tremor syndrome such 
as ET has more than one aetiology and that 
a single aetiology produces several tremor 
syndromes. The scheme also attempts to 
address problems with previous classifications 
of ET.2–4 Clinicians vary in their conception 
of ET, particularly as to what minor neurolog-
ical abnormalities in addition to tremor are 
compatible with the diagnosis. The Consensus 
Statement should help to reduce grey areas 
with other disorders such as dystonic tremor5 
and tremor-dominant Parkinson’s disease 
(PD).6

One important feature of the syndromic 
Axis 1 is the subclassification of the disorder 
into ET and ET plus. The additional plus 
criteria encompass patients who meet the 
basic ET definition but have, in addition, soft 
findings such as impaired tandem gait, ques-
tionable dystonic posturing, memory impair-
ment or other mild neurological signs that do 
not suffice to diagnose another syndrome.1 
These distinctions may be relevant to impair-
ments of motor control that seem to be 
present in some cases of ET. There is evidence 
for slowing of movement that, to a degree, 
resembles bradykinesia.7–11 Some ET patients 
have signs of cerebellar dysfunction.12 A chal-
lenge for the clinician is to discriminate soft 
additional motor findings on goal-directed or 
repetitive movement from the effects of the 
tremor itself.

The Consensus classification promotes 
more detailed phenotyping to try to unravel 
the aetiology of ET syndromes. Identifying 
ET plus features and understanding their 
significance to disease character is central to 
this aspiration of the Consensus scheme.
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Writing and drawing are complex ‘overlearned’ activ-
ities that emphasise upper limb action tremor. In the 
clinic, pen and paper tests are useful in the diagnosis and 
monitoring of ET.13 We will analyse a range of comput-
erised measurements of writing and drawing tasks in ET. 
The aim is to look for correlations with the new Consensus 
Axis 1 classifications and with the minor motor accompa-
niments of ET syndromes.

METHODS
Ten men and nine women diagnosed with ET were 
recruited from the movement disorders service at Monash 
Health. Their mean age was 67.2±13.0 years and the 
mean duration of tremor symptoms was 21.7±19.0 years. 
All complied with the Axis 1 definition of ET in the 2018 
Consensus Statement on the Classification of Tremors.1 
No subject met any of the Axis 1 exclusion criteria for ET 
and ET plus. Overall, 20 healthy participants (9 men and 
11 women) acted as controls for the writing and drawing 
tasks. Their mean age was 64.3±12.0 years. A structured 
interview of ET subjects concentrated on clinical aspects 
of the tremor disorder. Scoring on the Fahn-Tolosa-Marin 
Tremor Rating Scale (FTM) was performed.14 Patients 
were scored on items 3.4–3.8 of the Movement Disorder 
Society-Unified Parkinson’s Disease Rating Scale Part III 
(MDS-UPDRS-III) to give a measure of impairment of 
limb repetitive movement.15 A Montreal Cognitive Assess-
ment (MoCA) was also conducted.16

Two movement disorders neurologists who were 
blinded to clinical information scored the FTM and 
MDS-UPDRS-III 3.4–3.8 from videotapes. Mean total 
scores were obtained for each subject. The blinded asses-
sors were also provided with a summary of the structured 
clinical interview, the MoCA results and videotapes of 
goal-directed limb coordination and gait (normal and 
tandem). They then classified the ET disorder as defined 
in Axis 1 of the Consensus Statement. The Statement 
accepts that the identification of ET plus soft signs is 
subjective. Patients were classified as ET plus by the pres-
ence of any of the following features: impaired tandem 
gait, questionable dystonic posturing, memory impair-
ment, mildly impaired goal-directed coordination of 
unknown significance, mildly impaired rapid alternating 
movement of unknown significance and tremor at rest. 
For each participant, a neurologist familiar with the case 
also phenotyped the tremor disorder from the videotape. 
A majority classification was then obtained on the pres-
ence or absence of plus features and on the number of 
plus features documented.

Patient and public involvement
Patients were first involved in this research when recruited 
though their treating neurologist and were not engaged 
in study development or design. Each participant assessed 
the burden of time and inconvenience associated with this 
research from material presented in the participant infor-
mation and consent form. Participants will be informed 

of the outcome of the research, including scientific publi-
cations resulting from it, according to the terms of institu-
tional research ethics committee approvals.

Digital tablet tasks
Participants were recorded while writing and drawing on 
a digital tablet (Wacom Intuos Pro Large, A3 sized) with 
a pressure-sensor mounted ink pen. The tablet was over-
laid with a sheet of paper to normalise the experience as 
much as possible. The tablet was set on a standard height 
desk, positioned as was most comfortable to each partici-
pant. The following tasks were performed:
1.	 Writing the letter ‘e’ in series across a line.
2.	 Writing the letters ‘bd’ in series across a line.
3.	 Writing a standard sentence.
4.	 Usual written signature.
5.	 Drawing an Archimedes spiral

a.	 In clockwise direction.
b.	 In anti-clockwise direction.

6.	 Drawing two horizontal and two vertical lines.
When drawing, participants were asked to avoid 

touching the paper overlying the tablet surface with any 
part of their hand or arm. They were allowed to hold and 
use the ink pen in their customary manner for the writing 
tasks.

Data acquisition
Customised software was developed in c#, which was then 
integrated into the tablet to record the pen trajectories 
(x, y) and pen tip pressure on the tablet surface. The data 
were recorded at a sampling rate of 133 Hz, analysed in 
real-time using the customised software and stored as csv 
files.

Data preprocessing
The data were segmented using the pen tip pressure to 
separate movement on and above the tablet. Pen move-
ments with pressure=0 were labelled as ‘in-air’ strokes; an 
‘on-tablet’ stroke was any movement while pressure was 
>0. The data series for each task began at the start of the 
first on-tablet stroke and finished with the end of the final 
one. To remove the outlying data and noise caused by 
accidental touch of pen or hand on the tablet, two other 
preprocessing steps were conducted:

Step 1. The total length ‍d‍ of each segment was calcu-
lated as follows:

	﻿‍ d =
∑M

i

√(
xi − x0

)2 + (
yi − y0

)2
‍�

where N is the total number of samples in a task; ‍i = 1‍ for 
the starting segment; ‍i = N − 99‍ for the ending segment 
and ‍M = i+ 99‍.

Segments of length d<2 mm were considered as noise 
and discarded. This step was applied only to drawing 
tasks.

Step 2. To address accidental contact of the wrist or 
palm on the tablet, median filtering was applied. If the 
distance between two adjacent points was five times 
greater than the median value of the distances between 
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the previous five adjacent points, this was considered an 
accidental touch and removed from the time series.

Feature extraction from writing and drawing tasks
Sixty-seven features were computed from the handwriting 
and drawing tasks. They are shown in table 1, divided into 
three sets: 18 static features (linear and time measures 
of strokes on and above the tablet surface); 39 kinematic 
features and 10 pen pressure features.

Statistical methods
The Shapiro-Wilk test for normal distribution of data was 
applied. The parametric one-way analysis of variance or 
non-parametric Kruskal-Wallis method was employed, 
as appropriate, to identify statistical significance. All p 
values were calculated using a multivariate model. The 
importance of computed features of writing and drawing 
was ranked based on Spearman correlation coefficient. A 
Pearson correlation coefficient was obtained for the two 
clinical motor rating scales. All computation, including 
statistical analysis, was performed using Matlab 2018b 
(MathWorks).

RESULTS
Thirteen subjects were classified as ET plus. Five had 
one plus feature (ET+1) and eight had two plus features 
(ET+2). Six subjects fulfilled the Consensus Axis 1 defini-
tion of ET, henceforth abbreviated as ET-0. These three 
groupings were used for the analysis of computerised 
features. The most common plus feature was rest tremor, 
in 10 subjects. Others were present as follows: minor 
motor signs (limb movement or gait), four; memory 
impairment, four and questionable dystonic posturing, 
three. All ET+2 subjects had rest tremor. Demographic 
and clinical details according to Axis 1 subtyping appear 
in table 2.

The ET plus groupings were, on average, 6 years older 
than ET-0. While this was not statistically significant, the 
ET+2 group had the highest mean age. Tremor duration 
showed no particular trend. The presence and number of 
ET plus features was associated with significantly higher 
FTM scores. MoCA scores showed similar distribution 
across the groups. Clinical scale results by ET phenotype 
are shown in figure 1.

Table 1  Inventory of 67 computed features for writing and drawing

Feature type
(units) Feature abbreviation Feature description

Feature 
dimension

Static features

 � Dimensional
 � (mm)

avgStrLenAir, medStrLenAir, maxStrLenAir, 
minStrLenAir, stdStrLenAir, iqrStrLenAir, 
avgStrLen, medStrLen, maxStrLen, minStrLen, 
stdStrLen, iqrStrLen

Average, median, maximum, minimum, SD and 
IQR of pen stroke length in air and on tablet 
surface.

6×2=12

 � Temporal
 � (s)

inAirT, onSurT, totalT, ratioAirtoSurT, satPreDur, 
noPause

Time in air; time on tablet surface; total time; ratio 
of air-to-surface time; duration with saturated 
pressure; number of pauses.

6

Kinematic features

 � Velocity
 � (mm⋅s−1)

avgVx, medVx, maxVx, stdVx, avgVy, medVy, 
maxVy, stdVy, ratioVxVy

Average, median, maximum and SD of pen tip 
velocity in x and y directions; ratio of pen tip 
median velocity in x and y.

4×2+1=9

 � Acceleration
 � (mm⋅s−2)

avgAx, medAx, maxAx, stdAx, avgAy, medAy, 
maxAy, stdAy, ratioAxAy

Average, median, maximum and SD of pen tip 
acceleration in x and y directions; ratio of median 
acceleration in x and y.

4×2+1=9

 � Jerkiness
 � (mm⋅s−3)

avgJx, medJx, maxJx, stdJx, avgJy, medJy, 
maxJy, stdJy, ratioJxJy

Average, median, maximum and SD of pen tip jerk 
in x and y directions; ratio of median jerk in x and 
y.

4×2+1=9

 � Linear speed
 � (mm⋅s−1)

avgS, medS, maxS, stdS Average, median, maximum and SD of pen tip 
speed.

4

 � Angular speed
 � (rad⋅s−1)

avgAngS, medAngS, maxAngS, stdAngS Average, median, maximum and SD of pen tip 
angular speed.

4

 � Direction changes Dx, Dy, Dxy, diffDxy Total number of direction changes in x direction, 
y direction and both x and y directions; absolute 
differences in direction changes in either x or y.

4

Pen pressure features

 � Pressure avgP, medP, stdP, skewP, kurtP Average, median and SD of pen tip pressure 
applied on the tablet surface; skewness and 
kurtosis of pressure.

5

 � Pressure 
differences

avgDiffP, medDiffP, stdDiffP, skewDiffP, kurtDiffP Average, median and SD of pen tip pressure 
difference applied on the tablet surface; skewness 
and kurtosis of pressure difference.

5
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Discriminating features for ET phenotype
This analysis is shown in table 3. Data from the 67 comput-
erised measurements were not normally distributed and 
p values were derived by Kruskal-Wallis test. Drawing tasks 
were more effective in discriminating ET subgroups than 
writing. Drawing vertical and horizontal lines (Task 6) 
provided the strongest set of features to differentiate ET 
phenotype, followed by clockwise spiral drawing (Task 
5a).

The analysis for drawing highlighted features related to 
acceleration and, especially with clockwise spirals, to vari-
ation of pen pressure (avgDiffP). For line drawing (Task 
6), maximum angular speed and maximum jerk are only 
capable of differentiating ET+2 from the other ET groups, 
but not ET-0 from ET+1. Maximum angular speed and 

maximum jerk were the only kinematic features that were 
negatively correlated with the presence of plus features.

In general, p values were less significant for the writing 
tasks. Most features for writing listed in table 3 fell into 
either static or acceleration-related kinematic categories.

ET versus controls
The features that best discriminated controls from the ET 
group as a whole concerned direction change and accel-
eration (table  4). Directional change measures ranked 
highest for each of the drawing tasks. Writing Task 3 
showed one kinematic feature—median angular speed—
that was negatively correlated with having ET.

Effect of tremor severity
Analysed by FTM tremor severity without regard to ET 
phenotype, the following patterns were seen (table  5). 
Drawing tasks had stronger correlations than writing 
tasks. Acceleration and direction change measures made 
up the majority of the highly correlated drawing param-
eters. Median acceleration performed best for each 
drawing task. For the writing tasks, static and pressure 
measurements had greater representation.

Effect of impaired repetitive movement
The aggregate MDS-UPDRS-III repetitive limb move-
ment subscores 3.4–3.8 addressed perceived slowness of 
movement in ET. Overall, these motor disability scores 
were modest. A trend towards higher score in ET+2 was 
present (table 2).

Again, drawing had stronger correlation coefficients 
than writing (see table  6). Acceleration and direction 
change measures gave strong positive correlations with 
the MDS-UPDRS-III subscores, particularly for drawing. 
Static and pressure-related measures were well repre-
sented in writing, but with generally weaker correlations. 
Only when writing a standard sentence (Task 3) did MDS-
UPDRS-III subscores correlate negatively with kinematic 
parameters for y direction and angular movement.

Table 2  Demographic and clinical features according to Consensus Axis 1 definitions

Control ET-0 ET+1 ET+2 P value

Number 20 6 5 8 –

M:F 9:11 3:3 1:4 6:2 –

Age 64.3±12.0 62.8±16.5 61.4±11.6 74.0±8.5 0.191*

Age at tremor onset – 37.7±18.5 51.2±13.1 46.3±22.4 0.505*

Tremor duration – 25.2±23.2 10.2±5.8 26.4±19.7 0.300*

FTM score – 16.0±9.2 20.4±3.8 39.8±13.1 0.001*

MDS-UPDRS-III 3.4–3.8 – 1.0±1.6 2.5±4.8 4.4±4.0 0.063†

MoCA – 25.8±4.2 25.2±3.3 24.5±3.6 0.80*

Values shown as mean±SD.
*By one-way analysis of variance.
†By Kruskal-Wallis.
FTM, Fahn-Tolosa-Marin Tremor Rating Scale; MDS-UPDRS-III, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale Part III; 
MoCA, Montreal Cognitive Assessment.

Figure 1  Clinical scale results by ET phenotype. Mean and 
SD shown by column height and error bars. ET, essential 
tremor; FTM, Fahn-Tolosa-Marin; MDS-UPDRS-III, Movement 
Disorder Society-Unified Parkinson’s Disease Rating Scale 
Part III, MoCA, Montreal Cognitive Assessment.
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There was a correlation (R=0.57) between the MDS-
UPDRS-III subscores and FTM tremor severity (figure 2).

DISCUSSION
Our computerised analysis of standard writing and drawing 
activities was able to predict the presence and number of 
ET plus features. The statistical differences varied across 
study tasks. According to both p values and Spearman 
correlation, drawing—both of Archimedes spirals and of 
straight lines—proved more discriminative than writing. 
Kinematic measures reflecting acceleration and velocity 
were increased in the presence of ET plus features, while 
pen pressure was more variable. Compared with drawing, 

the writing tasks emphasised static measures. Most features 
listed in table 3 showed positive correlation with ET plus 
classifications, but two negative kinematic correlations—
maximum angular speed and maximum jerk (the rate of 
acceleration change with respect to time)—provide some 
evidence of ‘slowness’ in ET+2.

The 67 features obtained from the computerised 
writing tablet record dimensional, kinematic and pres-
sure measurements in relation to the pen tip. Virtually 
all facets of this skilled motor activity are captured by the 
technology. The challenge then is to interpret signifi-
cant changes in individual features and in combinations 
of features, to understand how the clinical state of ET 

Table 3  Discriminative features for each task by ET phenotype

Task Feature
Control
(median±SD)

ET-0
(median±SD)

ET+1
(median±SD)

ET+2
(median±SD) P value

Spearman 
correlation 
coefficient

Writing tasks

 � 1 stdStrLen 13.35±26.3 21.01±120 41.15±29.15 70.62±57.71 0.078* 0.51

avgStrLenAir 83.77±35.47 99.18±63.96 76.75±18.41 128.08±37.9 0.077* 0.35

 � 2 totalT 6.2±0.42 6.33±0.24 6.14±0.19 6.58±0.21 0.01* 0.39

ratioAxAy 1±0.21 0.90±0.14 0.66±0.25 1.41±0.62 0.03* 0.46

 � 3 avgDiffP 620.3±274.71 639.4±275.25 686±190.2 440±135.17 0.06* −0.34

ratioAirSurT 0.67±0.37 0.58±0.38 0.78±0.25 0.51±0.17 0.07* −0.25

 � 4 medAx 1±0.62 0.5±0.18 0.5±0.22 1±0.92 0.03* 0.59

avgAx 2.5±4.3 1.39±0.6 1.23±3.7 2.87±7.44 0.053* 0.55

Drawing tasks

 � 5a avgDiffP 93.92±40.71 88.22±35.65 159.32±25.56 171.05±155.51 0.018* 0.60

skewDiffP 18.86±7.23 17.80±4.37 10.35±6.12 8.72±6.57 0.030* −0.56

 � 5b medAx 0.25±0.07 0.25±0.20 0.50±0.11 0.875±1.92 0.042* 0.58

Dxy 33.5±16.49 39±104.11 120±55.41 176.50±206.5 0.068* 0.54

 � 6 medVx 4.75±1.24 3.25±3.80 6±4.07 16.25±15.31 0.013* 0.66

maxAngS 21.17±28.0 21.15±9.44 22.01±8.73 16.76±59.76 0.016* −0.54

minStrLenAir 82.50±41.65 103.50±54.12 9±48.59 7.50±30.45 0.017* −0.65

maxJx 50.08±86.2 50.26±22.0 50.19±19.9 39.29±170.2 0.018* −0.56

All features with p<0.05 are shown, otherwise the two features with lowest p values for each task. The p values and Spearman 
correlation coefficients were calculated for ET-0, ET+1 and ET+2.
*By Kruskal-Wallis.
ET, essential tremor.

Table 4  Most discriminative features by Spearman rank order correlation coefficient (in brackets) to differentiate ET from age-
matched controls

Rank of 
features Task 1 Task 2 Task 3 Task 4 Task 5a Task 5b Task 6

1 stdStrLen
(0.48)

Dx
(0.38)

kurtP
(0.47)

maxStrLenAir
(0.48)

Dxy
(0.60)

Dx
(0.63)

Dxy
(0.64)

2 iqrStrLen
(0.47)

maxStrLen
(0.37)

skewP
(−0.42)

Dxy
(0.45)

Dx
(0.60)

medAx
(0.61)

medAx
(0.63)

3 Dxy
(0.39)

minStrLen
(0.37)

medAngS
(−0.37)

Dx
(0.44)

medAx
(0.58)

Dxy
(0.60)

Dy
(0.62)
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disturbs the fine motor control involved in writing and 
drawing. Three different effects could be in play. First, 
the kinematic measurements record oscillations during 
pen strokes that correspond to the tremor itself. Second, 
individuals with ET adopt compensatory strategies to 
minimise loss of accuracy and legibility. Third, motor 
deficits that are independent of tremor could impair pen 
control. This includes minor degrees of dystonia, though 
questionable dystonic posturing was identified in only 

three subjects. By considering the features that separate 
ET from control pencraft and that correlate with FTM 
tremor severity, some conclusions about the influence of 
ET can be made.

Tremor oscillations consist of cycles of acceleration 
and deceleration with periodic changes in direction. A 
clear-cut finding is the number of positively correlated 
directional change and acceleration features. These 
were prominent in line and spiral drawing, both to 

Table 5  Spearman correlation analysis of raw FTM tremor score: top five computerised features for each task

Writing tasks

Features 
Task 1

Spearman 
correlation 
coefficient

Features 
Task 2

Spearman 
correlation 
coefficient

Features
Task 3

Spearman 
correlation 
coefficient

Features
Task 4

Spearman 
correlation 
coefficient

stdStrLen 0.58 satPreDur 0.50 kurtP 0.46 Dxy 0.55

iqrStrLen 0.56 maxStrLen 0.49 ratioAxAy 0.45 Dx 0.53

maxStrLen 0.52 minStrLen 0.49 medStrLen 0.45 Dy 0.51

minStrLen 0.52 Dx 0.49 skewP −0.44 maxStrLenAir 0.50

medStrLen 0.49 ratioJxJy 0.49 Dx 0.43 inAirTime 0.49

Drawing tasks

Features
Task 5a

Spearman 
correlation 
coefficient

Features
Task 5b

Spearman 
correlation 
coefficient

Features
Task 6 Spearman correlation coefficient

medAx 0.75 medAx 0.75 medAx 0.82

Dxy 0.73 Dxy 0.73 medAy 0.77

Dx 0.72 Dy 0.72 Dxy 0.70

Dy 0.71 Dx 0.71 Dy 0.68

medAy 0.68 medAy 0.65 medJy 0.64

Table 6  Spearman correlation analysis of MDS-UPDRS-III limb bradykinesia score: top five computerised features for each 
task

Writing tasks

Features
Task 1

Spearman 
correlation 
coefficient

Features
Task 2

Spearman 
correlation 
coefficient

Features
Task 3

Spearman 
correlation 
coefficient

Features
Task 4

Spearman 
correlation 
coefficient

iqrStrLen 0.58 satPreDur 0.64 ratioAxAy 0.50 Dxy 0.56

stdStrLen 0.54 ratioJxJy 0.55 Dx 0.44 Dx 0.53

Dxy 0.49 Dx 0.49 medAy −0.40 Dy 0.52

Dy 0.47 maxStrLen 0.48 medAngS −0.40 maxStrLenAir 0.51

Dx 0.45 minStrLen 0.48 Dxy 0.39 totalT 0.49

Drawing tasks

Features
Task 5a

Spearman 
correlation 
coefficient

Features
Task 5b

Spearman 
correlation 
coefficient

Features
Task 6 Spearman correlation coefficient

medAx 0.79 medAx 0.80 medAx 0.80

avgAx 0.66 Dx 0.68 medAy 0.71

medAy 0.64 medAy 0.67 medVx 0.65

Dx 0.63 Dxy 0.65 medVy 0.60

avgJy 0.63 Dy 0.62 Dxy 0.58
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separate ET from control data and as markers of ET 
severity. While the drawing tasks have long, contin-
uous pen strokes, static features give more information 
about the up-and-down pen activity of writing. In ET, 
stroke length on the tablet when writing is somewhat 
higher (maxStrLen, minStrLen) and also more variable 
(stdStrLen, iqrStrLen). The same measurements show 
correlation with FTM score. It is not clear whether this 
represents an intrinsic change in motor control or is 
compensatory. Increased and more variable stroke 
length in the air and time in the air were significant find-
ings in the signature Task 4, which is, for most people, 
their most overlearned writing action. ET patients, 
when they sign their name, spend more time hovering 
above the tablet. Finally, ET participants tended to use 
abnormal pen pressures. This was more apparent with 
writing than drawing tasks and was emphasised by the 
analysis for tremor severity. For Task 2, which required 
repetitive writing of ‘bd’, ET patients with greater FTM 
scores have constant high pressure (satPreDur), while 
findings in other writing tasks suggest that pressure 
may also be more variable. It seems likely that both the 
hovering behaviour with signature and the application 
pen pressures represent compensatory strategies to 
improve the accuracy of penmanship.

It is important to consider clinical differences between 
ET-0 and ET plus participants when interpreting these 
results. Those classified as ET plus were a little older 
than the ET-0 group, though mean tremor duration 
was actually greater for those without plus features. The 
difference in tremor severity between ET-0 and ET+1 
was small, but ET+2 patients had FTM scores almost 
twice as great as either of the other subgroupings. While 
all ET+2 patients had rest tremor as a plus feature, addi-
tional scoring for the rest tremor amounted to less than 
10% of their total FTM score; most of the difference 
was in other aspects of the scale, reflecting severity and 
distribution of non-resting tremor, and tremor-related 
disability. In previous research, the presence of rest 
tremor in ET has been correlated with duration and 

severity of tremor.17 The range of discriminative features 
for ET subtype showed some differences as well as simi-
larities with those that separated ET from controls and 
which correlated with raw tremor severity. Pressure-
related features became more sensitive to subtype in 
drawing. Static features were prominent with writing, 
with a suggestion of ‘hovering’ (more pen in-air time) in 
other writing tasks. The discriminative powers of direc-
tion change and acceleration measures, as discussed 
above, are probably linked to degree of tremor. It 
appeared that ET-0, ET+1 and ET+2 were mainly being 
separated according to the severity of tremor and by 
compensatory manoeuvres used by participants with 
more severe tremor. The question of slowness in ET 
plus, suggested by a small number of negative kinematic 
correlations, needs further examination.

An implication of the Axis 1 Consensus classification 
of ET is that ‘minor motor’ findings, which compose 
most of the list of plus features, may be relevant to 
aetiology and pathophysiology. A kinematic study of 
ballistic movement showed both slowness and overshoot 
in ET.12 The abnormalities were greater in the presence 
of intention tremor, defined as tremor which increases 
towards the goal of an action. These findings were 
interpreted as indicating cerebellar dysfunction in ET. 
A number of studies have found that rapid alternating 
movements are performed abnormally slowly in ET.8–10 
In addition, the rhythmicity of repetitive hand move-
ments is impaired.11 While ET lacks a consistent patho-
logical lesion, there are possible clinicopathological 
correlations of these motor deficits. The more common 
finding is a ‘cerebellar ET’ pattern—alterations in 
Purkinje cell axons and dendrites, including torpedo 
inclusions in proximal axons.18 Loss of Purkinje cells, 
suggested by some18 19 but not other studies,20 is more 
contentious. Then there are a minority of ET brains 
in which brainstem Lewy bodies are present.19 21 The 
neuropathology of ET is consistent with the heteroge-
neity of the ET syndrome and could explain impaired 
motor control.

There is, however, uncertainty about whether impair-
ment of movement is truly independent of tremulous 
oscillations. That ET affects the fluency and rhythm of 
voluntary actions can easily enough be observed in the 
clinic. Slowness of movement in ET has, in some studies, 
been comparable in degree to the bradykinesia of early 
PD,7 9 but there are important differences. Patients with 
ET generate normal movement amplitudes, without the 
pervasive underscaling of motor commands that occurs 
in PD.8 Furthermore, a sequence effect—repetitive 
movements becoming smaller or slower—is not present 
in ET.10 Some researchers have found slowness and 
irregularity of repetitive action in ET that is not fully 
accounted for by tremor.10 11 Others, though, argue 
that slowness results from tremor, with signal-to-noise 
interference with movement above a certain threshold 
of tremor severity.8 We tried to explore the relationship 
of slowness to ET phenotype by using the repetitive 

Figure 2  Tremor severity (FTM score) versus repetitive 
limb movement (MDS-UPDRS-III 3.4–3.8 score). FTM, 
Fahn-Tolosa-Marin Tremor Rating Scale; MDS-UPDRS-III, 
Movement Disorder Society-Unified Parkinson’s Disease 
Rating Scale Part III.
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limb movement subscores of the MDS-UPDRS-III as an 
independent yardstick. Although designed to measure 
parkinsonian bradykinesia, these scales evaluate speed, 
rhythm, amplitude and decrement together and do not 
insist on the strict Queen Square Brain Bank definition 
of bradykinesia (progressive reduction in speed and 
amplitude of repetitive actions).22 23 Our impression was 
that the MDS-UPDRS subscores were mainly accrued 
from hesitations and loss of rhythm. Taking them as 
a representation of the disturbance of alternating 
movement that attends ET, we found limited evidence 
of ‘slowness’. The writing of a full sentence (Task 5) 
showed negative correlations between MDS-UPDRS-III 
subscores and kinematic parameters for y direction 
and angular movement. Otherwise, kinematic param-
eters for acceleration, velocity and direction change 
mostly correlated positively with the MDS-UPDRS-III 
subscores, consistent with tremor effects. It is possible 
that measures of jerkiness (for instance, increased 
average pen tip jerk in the y direction for clockwise 
spirals) capture hesitancy and dysrhythmia in repet-
itive movement. A nexus between clinical measures 
of impaired repetitive movement and tremor severity 
was present. The positive correlation between MDS-
UPDRS-III and FTM scores is illustrated by figure 2. As 
can be seen in figure  1, scores on both clinical scales 
increase in the presence of ET plus features.

We found significant differences between Axis 1 cate-
gories of ET as set out in the recent Consensus Statement 
on the Classification of Tremor. Many of the changes 
in writing and drawing relate to the severity of the 
tremor itself and to strategies employed to ameliorate 
its effects. The point should be made that these findings 
all relate to complex writing and drawing tasks and are 
not necessarily generalisable to other upper limb move-
ment. While the Consensus definition of plus features 
emphasises soft motor signs, it also encompasses non-
motor findings such as memory impairment, which may 
have created some heterogeneity in the motor perfor-
mance of our ET plus groups.

The Consensus scheme seeks to facilitate the identi-
fication of biomarkers by deeper phenotyping of ET, 
enabling the discovery of specific etiologies. We found 
that this objective may be impeded by associations with 
tremor severity—for ET plus and for impaired repeti-
tive movement in ET. Based on blinded classification, 
we found that ET plus subjects had higher FTM scores, 
particularly if two plus features were present. The 
MDS-UPDRS-III subscores, which attempt to quantify 
‘mild neurological signs’ associated with ET plus, also 
correlated with tremor severity. Critics of the Consensus 
Statement have drawn attention to inherent problems 
with the ET plus concept in relation to duration and 
severity of ET.24 Kinetic tremor worsens with the passage 
of time25 26 and patients accumulate additional clinical 
features.27 28 These include tremor at rest17 29 or with 
intention27 and gait and balance difficulty.27 29–31 A 
syndromic subdivision of ET according to the Consensus 

Statement may be too biased towards tremor severity 
to assist in distinguishing underlying biological differ-
ences by clinical measurement.

Twitter Mohammod Abdul Motin @MohammodMotin

Contributors  All authors contributed to the conception, writing and editing of this 
manuscript and do agree to be accountable for the content of the work. JP, LP-D 
and MSA performed the assessments; CD, ME, SR and PK scored the recordings 
and MAM, SMA and DKK performed the results analysis. PK is responsible for the 
overall content of this work as guarantor.

Funding  The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

Competing interests  None declared.

Patient consent for publication  All participants gave their written informed 
consent.

Ethics approval  This study involves human participants and was approved by 
Monash Health Human Research Ethics Committee and RMIT University Human 
Research Ethics Committees: NMA/ERM Reference Number: 52389 and Monash 
Health Ref: RES-19-0000252L-52389. The study was conducted in accordance 
with the Helsinki Declaration on human experimentation (revised 2013).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/.

ORCID iDs
Mohammod Abdul Motin http://​orcid.​org/​0000-​0003-​1618-​3772
Laura Perju-Dumbrava http://​orcid.​org/​0000-​0002-​3232-​3379
Michael Eller http://​orcid.​org/​0000-​0003-​2797-​4676

REFERENCES
	 1	 Bhatia KP, Bain P, Bajaj N, et al. Consensus statement on the 

classification of tremors. from the task force on tremor of the 
International Parkinson and movement disorder Society. Mov Disord. 
2018;33:75–87.

	 2	 Deuschl G, Bain P, Brin M. Consensus statement of the movement 
disorder Society on tremor. AD hoc scientific Committee. Mov Disord 
1998;13 Suppl 3:2–23.

	 3	 Chouinard S, Louis ED, Fahn S. Agreement among movement 
disorder specialists on the clinical diagnosis of essential tremor. Mov 
Disord. 1997;12:973–6.

	 4	 Louis ED, Ford B, Lee H, et al. Diagnostic criteria for essential 
tremor: a population perspective. Arch Neurol 1998;55:823–8.

	 5	 Elble RJ. Defining dystonic tremor. Curr Neuropharmacol 
2013;11:48–52.

	 6	 Selikhova M, Kempster PA, Revesz T, et al. Neuropathological 
findings in benign tremulous parkinsonism. Mov Disord. 
2013;28:145–52.

	 7	 Montgomery EB, Baker KB, Lyons K, et al. Motor initiation and 
execution in essential tremor and Parkinson's disease. Mov Disord 
2000;15:511–5.

	 8	 Goubault E, Nguyen HP, Ayachi FS, et al. Do bradykinesia and 
tremor interfere in voluntary movement of essential tremor patients? 
Preliminary findings. Tremor Other Hyperkinet Mov 2017;7:459.

	 9	 Duval C, Sadikot AF, Panisset M. Bradykinesia in patients with 
essential tremor. Brain Res 2006;1115:213–6.

	10	 Bologna M, Paparella G, Colella D, et al. Is there evidence of 
bradykinesia in essential tremor? Eur J Neurol 2020;27:1501–9.

	11	 Costa J, González HA, Valldeoriola F, et al. Nonlinear dynamic 
analysis of oscillatory repetitive movements in Parkinson’s disease 
and essential tremor. Mov. Disord. 2010;25:2577–86.

	12	 Deuschl G, Wenzelburger R, Löffler K, et al. Essential tremor and 
cerebellar dysfunction. Clinical and kinematic analysis of intention 
tremor. Brain 2000;123:1568–80.

	13	 Alty J, Cosgrove J, Thorpe D, et al. How to use Pen and paper tasks 
to aid tremor diagnosis in the clinic. Pract Neurol 2017;17:456–63.

https://twitter.com/MohammodMotin
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1618-3772
http://orcid.org/0000-0002-3232-3379
http://orcid.org/0000-0003-2797-4676
http://dx.doi.org/10.1002/mds.27121
http://dx.doi.org/10.1002/mds.870131303
http://dx.doi.org/10.1002/mds.870120621
http://dx.doi.org/10.1002/mds.870120621
http://dx.doi.org/10.1001/archneur.55.6.823
http://dx.doi.org/10.2174/157015913804999478
http://dx.doi.org/10.1002/mds.25220
http://dx.doi.org/10.1002/1531-8257(200005)15:3<511::AID-MDS1014>3.0.CO;2-R
http://dx.doi.org/10.5334/tohm.341
http://dx.doi.org/10.1016/j.brainres.2006.07.066
http://dx.doi.org/10.1111/ene.14312
http://dx.doi.org/10.1002/mds.23334
http://dx.doi.org/10.1093/brain/123.8.1568
http://dx.doi.org/10.1136/practneurol-2017-001719


9Peters J, et al. BMJ Neurol Open 2021;3:e000212. doi:10.1136/bmjno-2021-000212

Open access

	14	 Fahn S, Tolosa E, Marin C. Clinical rating scale for tremor. In: 
Jankovic J, Tolosa E, eds. Parkinson’s disease and movement 
disorders. 2nd edn. Baltimore, MD: Williams & Wilkins, 1993: 225–34.

	15	 Goetz CG, Tilley BC, Shaftman SR, et al. Movement disorder 
Society-sponsored revision of the unified Parkinson's disease rating 
scale (MDS-UPDRS): scale presentation and clinimetric testing 
results. Mov Disord 2008;23:2129–70.

	16	 Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal cognitive 
assessment, MoCA: a brief screening tool for mild cognitive 
impairment. J Am Geriatr Soc 2005;53:695–9.

	17	 Cohen O, Pullman S, Jurewicz E, et al. Rest tremor in patients 
with essential tremor: prevalence, clinical correlates, and 
electrophysiologic characteristics. Arch Neurol 2003;60:405–10.

	18	 Louis ED, Faust PL, Vonsattel J-PG, et al. Neuropathological 
changes in essential tremor: 33 cases compared with 21 controls. 
Brain 2007;130:3297–307.

	19	 Shill HA, Adler CH, Sabbagh MN, et al. Pathologic findings in 
prospectively ascertained essential tremor subjects. Neurology 
2008;70:1452–5.

	20	 Rajput AH, Robinson CA, Rajput ML, et al. Essential tremor is not 
dependent upon cerebellar Purkinje cell loss. Parkinsonism Relat 
Disord 2012;18:626–8.

	21	 Louis ED, Honig LS, Vonsattel JPG, et al. Essential tremor associated 
with focal nonnigral Lewy bodies: a clinicopathologic study. Arch 
Neurol 2005;62:1004–7.

	22	 Hughes AJ, Daniel SE, Kilford L, et al. Accuracy of clinical diagnosis 
of idiopathic Parkinson's disease: a clinico-pathological study of 100 
cases. J Neurol Neurosurg Psychiatry 1992;55:181–4.

	23	 Hughes AJ, Daniel SE, Ben-Shlomo Y, et al. The accuracy of 
diagnosis of parkinsonian syndromes in a specialist movement 
disorder service. Brain 2002;125:861–70.

	24	 Louis ED. “Essential Tremor Plus”: a problematic concept: 
implications for clinical and epidemiological studies of essential 
tremor. Neuroepidemiology 2020;54:180–4.

	25	 Putzke JD, Whaley NR, Baba Y, et al. Essential tremor: predictors 
of disease progression in a clinical cohort. J Neurol Neurosurg 
Psychiatry 2006;77:1235–7.

	26	 Louis ED, Agnew A, Gillman A, et al. Estimating annual rate of 
decline: prospective, longitudinal data on arm tremor severity in two 
groups of essential tremor cases. J Neurol Neurosurg Psychiatry 
2011;82:761–5.

	27	 Stolze H, Petersen G, Raethjen J, et al. The gait disorder of advanced 
essential tremor. Brain 2001;124:2278–86.

	28	 Louis ED. Essential tremor with head tremor: trait or state? Can J 
Neurol Sci 2016;43:443–4.

	29	 Louis ED, Hernandez N, Michalec M. Prevalence and correlates of 
rest tremor in essential tremor: cross-sectional survey of 831 patients 
across four distinct cohorts. Eur J Neurol 2015;22:927–32.

	30	 Louis ED, Frucht SJ, Rios E. Intention tremor in essential tremor: 
prevalence and association with disease duration. Mov Disord. 
2009;24:626–7.

	31	 Louis ED, Gerbin M, Galecki M. Essential tremor 10, 20, 30, 40: 
clinical snapshots of the disease by decade of duration. Eur J Neurol 
2013;20:949–54.

http://dx.doi.org/10.1002/mds.22340
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
http://dx.doi.org/10.1001/archneur.60.3.405
http://dx.doi.org/10.1093/brain/awm266
http://dx.doi.org/10.1212/01.wnl.0000310425.76205.02
http://dx.doi.org/10.1016/j.parkreldis.2012.01.013
http://dx.doi.org/10.1016/j.parkreldis.2012.01.013
http://dx.doi.org/10.1001/archneur.62.6.1004
http://dx.doi.org/10.1001/archneur.62.6.1004
http://dx.doi.org/10.1136/jnnp.55.3.181
http://dx.doi.org/10.1093/brain/awf080
http://dx.doi.org/10.1159/000502862
http://dx.doi.org/10.1136/jnnp.2005.086579
http://dx.doi.org/10.1136/jnnp.2005.086579
http://dx.doi.org/10.1136/jnnp.2010.229740
http://dx.doi.org/10.1093/brain/124.11.2278
http://dx.doi.org/10.1017/cjn.2015.352
http://dx.doi.org/10.1017/cjn.2015.352
http://dx.doi.org/10.1111/ene.12683
http://dx.doi.org/10.1002/mds.22370
http://dx.doi.org/10.1111/ene.12123

	Computerised analysis of writing and drawing by essential tremor phenotype
	Abstract
	Introduction
	Methods
	Patient and public involvement
	Digital tablet tasks
	Data acquisition
	Data preprocessing
	Feature extraction from writing and drawing tasks
	Statistical methods

	Results
	Discriminating features for ET phenotype
	ET versus controls
	Effect of tremor severity
	Effect of impaired repetitive movement

	Discussion
	References


