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Abstract.
Background: Bradykinesia is the hallmark feature of Parkinson’s disease (PD); however, it can manifest in other conditions,
including essential tremor (ET), and in healthy elderly individuals.
Objective: Here we assessed whether bradykinesia features aid in distinguishing PD, ET, and healthy elderly individuals.
Methods: We conducted simultaneous video and kinematic recordings of finger tapping in 44 PD patients, 69 ET patients,
and 77 healthy elderly individuals. Videos were evaluated blindly by expert neurologists. Kinematic recordings were blindly
analyzed. We calculated the inter-raters agreement and compared data among groups. Density plots assessed the overlapping
in the distribution of kinematic data. Regression analyses and receiver operating characteristic curves determined how the
kinematics influenced the likelihood of belonging to a clinical score category and diagnostic group.
Results: The inter-rater agreement was fair (Fleiss K = 0.32). Rater found the highest clinical scores in PD, and higher scores
in ET than healthy elderly individuals (p < 0.001). In regard to kinematic analysis, the groups showed variations in movement
velocity, with PD presenting the slowest values and ET displaying less velocity than healthy elderly individuals (all ps < 0.001).
Additionally, PD patients showed irregular rhythm and sequence effect. However, kinematic data significantly overlapped.
Regression analyses showed that kinematic analysis had high specificity in differentiating between PD and healthy elderly
individuals. Nonetheless, accuracy decreased when evaluating subjects with intermediate kinematic values, i.e., ET patients.
Conclusion: Despite a considerable degree of overlap, bradykinesia features vary to some extent in PD, ET, and healthy
elderly individuals. Our findings have implications for defining bradykinesia and categorizing patients.
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INTRODUCTION

Bradykinesia (movement slowness) and associated
motor features (hypokinesia, i.e., reduced movement
amplitude, hesitations/halts and sequence effect)
characterize the motor phenotype of Parkinson’s
disease (PD) and atypical parkinsonism [1–8]. Never-
theless, bradykinesia can be also observed in various
neurological conditions [9] and in elderly healthy
subjects [10–12].

Although the clinical examination has been
deemed the gold standard for evaluating bradykine-
sia, it is hindered by limited reliability, coupled with
inter and intra-rater variability [5, 9, 13–17]. Inter-
preting objective bradykinesia data, obtained through
kinematic techniques is an especially challenging
task, particularly when utilized for diagnostic pur-
poses [5, 18, 19]. In a recent study, we utilized a
kinematic motion system to objectively evaluate fin-
ger tapping movements in patients suffering from PD
and ET, as well as healthy controls (HC) [20]. Despite
showing distinct motor traits between PD, ET, and
HC at the group level, the examination of individ-
ual data revealed a significant overlap in kinematic
measures across the three cohorts. Consequently, we
faced difficulty in precisely predicting the accurate
diagnosis upon considering individual bradykinesia
features.

In light with the marked overlap characterizing the
features of bradykinesia and also considering that
a broad spectrum of neurological conditions may
underlie this motor disorder, we recently proposed
a dual-axes approach to bradykinesia [7]. Axis I
concerns the phenomenology of bradykinesia and
its associated features, while axis II concerns the
possible bradykinesia etiology [7]. Accordingly, we
posited that certain combinations of bradykinesia
features could offer hints about specific etiologies.
For instance, bradykinesia combined with sequence
effect and other features strongly points to parkinson-
ism. Conversely, isolated bradykinesia (movement
slowness alone) is a non-specific finding that may
manifest in various neurological conditions [7]. Fur-
ther studies, however, are needed to better address the
relationship between bradykinesia phenomenology
(Axis I) and its etiology (Axis II).

In this study, we analyzed the kinematics of three
groups commonly encountered in the movement dis-
order outpatient clinic: patients with PD, ET, and
elderly individuals who may exhibit subtle parkin-
sonian signs. Also, we investigated whether clinical
and kinematic evaluations of bradykinesia could aid

in classifying individuals without a priori diagnosis.
The study’s results were interpreted in the context
of our recently published viewpoint on bradykinesia
[7].

MATERIALS AND METHODS

Participants

One hundred and ninety subjects were enrolled
in the study, including 44 PD patients (17 F, mean
age ± standard deviation - SD: 67.84 ± 8.69 years),
69 ET patients (31 F, mean age ± SD: 68.42 ± 11.16
years), and 77 HC (44 F, mean age ± SD: 66.1 ± 8.14
years) (Table 1). Participants were consecutively
recruited at the outpatient clinic of the Department
of Human Neurosciences, Sapienza University of
Rome. The diagnosis of PD and ET was based on
clinical criteria [2, 21, 22]. PD patient with various
phenotypes of the disease were enrolled, including
patients with an akinetic-rigid form, as well as with
tremor dominant phenotype [23, 24]. Pharmacolog-
ical therapies possibly acting on the central nervous
system were discontinued in patients. In detail in PD,
dopaminergic therapy discontinuation was performed
at least 24 hours before the experimental evalua-
tion [25–28]. In ET patients, therapy discontinuation
was obtained by dose reduction in the week prior
to evaluation, with drug withdrawal 24 hours earlier
for propranolol and benzodiazepines and 48 hours
earlier for primidone and topiramate [20, 29–31].
Demographic data and clinical information were col-
lected (Table 1). Cognitive performance was tested in
participants by using the Montreal Cognitive Assess-
ment (MoCA) [32]. The study protocol underwent
review and gained approval from the local Institu-
tional Review Board, and all participants provided
their written informed consent to undergo the exper-
imental procedures.

Video recordings and evaluation

Participants were video recorded while repeatedly
performing 15 s of opening and closing the index fin-
ger and the thumb (finger tapping) as fast as possible
and with the widest range of motion [16, 20, 25–28,
33–35]. Subjects performed finger tapping by holding
their arm at roughly shoulder height, with the fore-
arm semi-flexed and the wrist in line with the forearm
[20, 25–28, 35]. PD patients performed the finger tap-
ping with the most affected hand [20, 25, 27]. In light
of previous investigations indicating no significant
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Table 1
Participants’ demographic and clinical features

PD (44) ET (69) HC (77)

Gender 17 F (38.6%) 31 F (44.9%) 44 F (57%)
Age (y) 67.84 ± 8.69 68.42 ± 11.16 66.1 ± 8.14
Age at onset (y) 61.64 ± 9.52 55.4 ± 18.1 –
Disease duration (y) 3.62 ± 2.49 14.98 ± 14.1 –
Familial history 0 Y (0%) 35 Y (50.73%) –
MoCA score 26.56 ± 2.51 27.42 ± 2.61 27.21 ± 2.82
FTMTRS – 19.41 ± 13.32 –
UPDRS part III 34.85 ± 12.71 – –

PD, Parkinson’s disease; ET, essential tremor; HC, healthy controls; F, females;
M, males; Y, yes; MoCA, Montreal cognitive assessment; FTMTRS, Fahn-Tolosa-
Marin Tremor Rating Scale; Movement Disorder Society-sponsored revision of the
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS). Data are indicated as
mean ± standard deviation (SD). Percentages are indicated in brackets.

impact of handedness on motor performance, finger
tapping assessments were performed with the domi-
nant hand by both ET and HC [20, 25, 27]. The camera
only captured the hand performing finger taps, disre-
garding facial and other body movements, assuring
that the presence of other neurological indications,
such as hypomimia or change in body posture, would
not influence the assessment [16, 17, 36]. Finger
tapping videos were randomized for participants’
diagnosis, and a blinded clinical evaluation was per-
formed offline based on video recordings. In detail,
seven neurologists with expertise in movement disor-
ders independently scored the tapping performance
from 0 to 4, according to item 3.4 (finger tap-
ping) of the Movement Disorder Society-sponsored
revision of the Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) [33, 34]. As per the MDS-
UPDRS protocol, raters were requested to clinically
assess movement velocity (VelC), hesitations/ halts
(RhythmC), and decrementing amplitude (sequence
effect or Seq EffC) while executing the tapping test.
A rating of 0 denotes a normal motor performance,
whereas a score of 1 indicates slightly impaired
movements. Similarly, score 2 represents mild abnor-
mal movements, while score 3 depicts a moderate
tapping abnormality. Lastly, score 4 is indicative of
a severe movement abnormality [33, 34]. Besides
the overall score, we asked evaluators to distinguish,
using a binary system (yes or no), if the MDS-
UPDRS score assigned to a specific video was due
to a) decreased movement speed, and/or b) modified
rhythm, and/or c) sequence effect [16].

Kinematic recordings and analysis

We recorded the kinematics of repetitive finger
tapping using a 3-D optoelectronic system (SMART

motion system, BTS, Milan, Italy), consisting of three
infrared cameras that detected the movement in three-
dimensional space of reflective markers placed on
the body segments to be analyzed. Specifically, three
markers were placed on the hand and two additional
markers were placed on the distal phalanx of the index
finger and thumb of the dominant hand in the ET and
HC groups and on the most affected hand in the PD
group. The cameras had a sampling rate of 120 Hz
[25, 27, 29, 35, 37–40]. Motion analysis was con-
ducted offline using specialized software (SMART
Analyzer, BTS Engineering, Italy). Using an auto-
matic algorithm, this software accurately identified
several kinematic parameters, as described elsewhere
[25, 27, 35, 37]. In line with the clinical evalua-
tion approach, we narrowed our focus for further
analysis on kinematic data to movement velocity
(VelK), expressed in degrees/s, movement rhythm
(RhythmK), which is determined by the coefficient of
variation computed by the ratio of standard deviation
to mean value of inter-tap intervals. Higher values
indicate a less regular repetition of movements. We
also considered the amplitude decrement (Seq EffK),
expressed in degrees per number of movement [25,
27, 35, 37]. It should be noted that the researcher
responsible for the kinematic recordings and analyses
(LA) was also blinded to the participants’ diagnoses.

Statistical analysis

We analyzed gender distribution and familial his-
tory differences among PD, ET, and HC participants
using the Chi-square test. Additionally, the Kruskal-
Wallis test was performed to investigate potential
variations in demographic and clinical characteristics
between the three groups, and post-hoc comparisons
were conducted using Dunn’s test.
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Fleiss’ K was employed to calculate the inter-
raters’ consensus in the blinded video evaluation,
whereby a value above 0.21 indicated a satisfac-
tory level of agreement between raters in accordance
with Landis and Koch’s (1977) criteria [41]. Kruskal-
Wallis testing was utilized to compare clinical
scores obtained from the blinded video evaluation
of the three participant groups (mean of the 7
raters scores), and post-hoc comparisons were carried
out with Dunn’s test. The frequencies of obser-
vance for each motor abnormality—VelC, RhythmC,
and Seq EffC—were compared between the groups
through the Chi-square test. In addition, finger tap-
ping kinematics were compared between PD, ET, and
HC using one-way ANOVA, with kinematic variables
analyzed in separate ANOVAs. Post-hoc analyses
were performed using the Bonferroni test.

The possible correlations between clinical data,
video scores, and kinematic parameters were
assessed using Spearman’s rank correlation coeffi-
cient. To evaluate the overlapping distribution of
the kinematic data, clinical evaluation scores were
analyzed and presented through stratified density
plots. Furthermore, ordinal and multinomial logis-
tic regression analyses were conducted to determine
the impact of each kinematic variable on the proba-
bility of belonging to a clinical score category (0, 1,
2, or 3-4) and a diagnostic group (PD, ET, or HC).
To obtain a comprehensive assessment, a combined
kinematic score (CKS) was developed by considering
all the kinematic variables. The CKS was calculated
by taking the linear combination of the coefficients
derived from the ordinal logistic model. The result-
ing score accurately reflected the participant’s overall
kinematic performance.

CKS = −3.1 VelK/1000 + 19.3 RhythmK − 0.9 Seq EffK

To ensure consistency, we normalized the CKS val-
ues to a range of 0 to 1 before proceeding, with a
higher score reflecting more severe alterations. ROC
curves were utilized for visualization and determi-
nation of the predictive power of each kinematic
variable and the CKS for a particular diagnostic cat-
egory. The area under the ROC curve (AUC) was
used as a measure of discriminating capability for
the model. We chose the optimal cut-off point based
on the Youden index.

We set the level of significance at 0.05 and per-
formed data analysis using R (version 4.2.2) and
STATISTICA® (TIBCO Software Inc., Palo Alto,
California, US).

RESULTS

Demographic and clinical results

The analysis revealed no clear differences in gen-
der ratio and age between PD, ET, and HC, and MoCA
scores were statistically comparable among the three
groups of participants (p > 0.05). As expected, the
age of disease onset was significantly higher in
PD than in ET (p = 0.009), while disease duration
showed an opposite trend, being longer in ET than
in PD (p < 0.001). Furthermore, while 50.73% of
ET cases had a positive family history of tremor,
no PD patients reported a similar family history
of parkinsonism or other neurological conditions
(Table 1).

Video evaluation

Through our blinded finger tapping video evalua-
tion, a fair global agreement was reached amongst
raters (Fleiss K = 0.34). In particular, the Fleiss K
was 0.3 for the PD group, 0.31 for ET, and 0.27
for HC. Kruskal-Wallis ANOVA indicated that there
was a significant variance in the finger tapping scores
between the three groups of participants [H(2)=74.28,
p < 0.001]. Post-hoc comparisons showed higher
scores in PD as opposed to ET and HC (p = 0.012
and < 0.001, respectively), as well as in ET as opposed
to HC (p < 0.001) (Fig. 1A). Intriguingly, raters
assigned an MDS-UPDRS finger tapping score of ≥ 1
to 149 out of 190 subjects, and details on fin-
ger tapping scores for each group can be found in
Fig. 1B.

When considering the specific motor abnor-
malities responsible for the MDS-UPDRS finger
tapping score (Fig. 1C), we observed that in PD
patients, 43.8% had reduced VelC, 44.8% had
altered RhythmC, and 67.2% had Seq EffC. In ET
patients, 60.9% had reduced VelC, 44.9% had altered
RhythmC, and only 36.6% showed Seq EffC (Fig. 1).
In HC, we observed equal prevalence of the three
motor abnormalities (reduced VelC - 24.48%, altered
RhythmC- 30.98%, and Seq EffC- 28.75%), with no
significant difference between any of them. In sum-
mary, movement slowness, which was identified in
both PD and ET patients by the raters, proved to be
the most prominent abnormality in movement. It was
also observed that this abnormality differed between
PD and ET, in addition to being much lower in the
control group (all ps < 0.01, see Fig. 1 Legend for
more details). On the other hand, although an irreg-
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Fig. 1. Blinded video evaluation results. A) Finger tapping blinded video rating scores in healthy controls (HC), patients with Parkinson’s
disease (PD), and essential tremor (ET), according to the Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS). Horizontal lines denote median values. Asterisks indicate p < 0.05 in the post hoc comparisons. B) Number
of subjects (percentage are in brackets) within the HC, ET, and PD groups who obtained specific clinical scores (ranging from 0 to 4) at the
blinded video evaluations. C) Percentage of subjects within the HC, ET, and PD groups showing specific movement abnormalities at the
blinded video evaluation, including reduced velocity (RV), altered rhythm (AR), and sequence effect (SE) (PD group: RV vs. AR: p = 0.58;
AR vs. SE: p = 0.026; RV vs. SE: p = 0.026; ET group: RV vs. AR: p = 0.043; AR vs. SE: p = 0.19; RV vs. SE: p = 0.003; HC group: RV vs.
AR: p = 0.23; AR vs. SE: p = 0.43; RV vs. SE: p = 0.42). Note that movement slowness was the most prominent abnormality and it differed
between PD and ET, being much lower in HC (RV: PD vs. ET: p = 0.012, PD vs. HC: p = 0.002; ET vs. HC: p < 0.001). Irregular movement
rhythm differentiates controls from patients, but not PD from ET (AR: PD vs. ET: p = 0.55, PD vs. HC: p = 0.03; ET vs. HC: p = 0.03). The
SE was more prevalent in PD than in ET and HC, but it did not differ between ET and HC (SE: PD vs. ET: p < 0.001, PD vs. HC: p < 0.001;
ET vs. HC: p = 0.15).
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ular movement rhythm could differentiate controls
from patients, it was not able to distinguish between
PD and ET (p = 0.55). The sequence effect was found
to be more prevalent in individuals with PD than in
those with ET and HC (both ps < 0.001). However,
there was no significant difference observed between
the occurrence of the sequence effect in ET and HC
(p = 0.15).

Kinematic analysis of finger tapping

The kinematic parameters of finger tapping in the
three groups are shown in Table 2. As expected, the
ANOVAs disclosed a significant effect of the fac-
tor ‘GROUP’ for VelK (F2,187 = 26.61, p < 0.001),
RhythmK (F2,187 = 10.04, p < 0.001), and Seq EffK

(F2,187 = 6.91, p = 0.001). VelK was lower in PD
as compared to both ET and HC (p = 0.005 and
p < 0.001, respectively), as well as in ET as com-
pared to HC (p < 0.001). RhythmK was more irregular
in PD than in ET and HC (p = 0.005 and p < 0.001,
respectively), with no difference between ET and
HC (p = 0.48). Finally, the Seq EffK was higher in
PD than in ET and HC (p < 0.001 and p = 0.03,
respectively), with no difference between ET and HC
(p = 0.43).

In summary, kinematic analysis of finger tapping
revealed that subjects with PD exhibit bradykinesia,
often accompanied by sequence effect an irregu-
lar rhythm, whereas the primary motor abnormality
observed in subjects with ET and HC was an isolated
bradykinesia.

Correlation analysis

We found a correlation between age and the median
clinical score at the blinded video rating in partici-
pants (R = 0.23, p = 0.001). The analysis also showed
an inverse correlation between video rating global
scores and VelK values (r=-0.51, p < 0.001). Con-
versely, a direct relation was observed between video
rating global scores and RhythmK values (r = 0.51,
p < 0.001). This means that the patients who obtained
the highest scores at the blinded video evaluation also
showed the slower and the more irregular movement
at the kinematic analysis. Notably, we did not find any
correlation between clinical scores and the Seq EffK

(r=-0.06, p = 0.38). Also, no correlations were found
between kinematic values and tremor severity in ET
(r = 0.12, p = 0.34), nor between other demographic,
clinical, and kinematic data.

Stratified density plots

In Fig. 2, the distribution of kinematic param-
eter values in the participants is presented, based
on the median score (ranging from 0 to 4) given
by the 7 raters. Supplementary Figures 1, 2, and 3
depict the distribution of kinematic parameter based
on the clinical score given by each rater. The density
plots reveal a substantial overlap among the kine-
matic data curves, which suggests that a specific
clinical score is associated with a broad range of
kinematic values. Figure 2 also illustrates the dis-
tribution of kinematic parameters among the three
groups of participants (PD, ET, and HC), displaying
the lowest VelK values in the PD group (left-hand
graph), with substantial overlap observed in both
ET and HC groups. Notably, the kinematic data of
RhythmK and Seq EffK demonstrated even greater
overlap across all three groups (middle and right-hand
graphs).

Ordinal and multinomial logistic regression
analyses, ROC curves

The results of the ordinal and multinomial logis-
tic regression analyses are presented in Fig. 3, which
depicts the probability of being assigned to a specific
clinical score category (0, 1, 2, or 3-4, Fig. 3A) or
diagnostic group (PD, ET, and HC, Fig. 3B) based
on individual kinematic parameters and CKS values.
Notably, individuals with high CKS scores (>0.6)
were more likely to be classified as clinically bradyki-
netic, with MDS-UPDRS clinical scores exceeding 2
(Fig. 3A). Conversely, those with low CKS scores
(<0.2) had a high probability of being clinically clas-
sified as normal, with MDS-UPDRS clinical scores
of 0. Intermediate CKS values were associated with
a low probability of proper bradykinetic classifica-
tion (Fig. 3A). Similarly, subjects with CKS values
greater than 0.7 had a high probability of being in
the PD group and a very low probability of being
in the HC group (Fig. 3B). Conversely, individuals
with low CKS scores (less than 0.2) had a high prob-
ability of being normal and a very low probability of
being in the PD group (Fig. 3B). Again, intermediate
CKS values were associated with equal probabilities
of belonging to the PD, ET, and HC groups, reflect-
ing more limited possibilities for proper diagnostic
classification. ROC curves (Fig. 4) demonstrated that
CKS cutoffs of 0.7 and 0.2 were highly specific
for differentiating PD from HC [sensitivity: 0.136
(0.052, 0.274), specificity: 0.986 (0.951, 0.998), and
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Table 2
Finger tapping kinematics

PD (44) ET (69) HC (77) p* p** p***

N MOV 50 (19.75) 38.13(18.5) 50.91 (19.6) <0.001 1 <0.001
CV (RhythmK) 0.12 (0.03) 0.1 (0.043) 0.08 (0.06) 0.005 <0.001 0.48
MOVEMENT AMPLITUDE 39.21(20.81) 45.59 (18.34) 49.24 (12.98) 0.064 <0.001 0.053
MOVEMENT VELOCITY (VelK) 766.618 (410.57) 925.634 (308.39) 1053.36 (155.32) 0.005 <0.001 <0.001
AMPLITUDE SLOPE (Seq EffK) -0.18 (0.25) -0.1 (-0.27) -0.11 (0.16) <0.001 0.003 0.43
VELOCITY SLOPE -4.33 (-5.02) -4.56 (-5.67) -4.94 (-4.83) 1 1 1

PD, Parkinson’s disease; ET, essential tremor; HC, healthy controls; N MOV, number of movements; CV, coefficient of variation (RhythmK).
Movement amplitude is expressed in degrees; movement velocity (VelK) is expressed in degrees/sec. Amplitude slope is (Seq EffK) expressed
in degrees/n mov. Velocity slope is expressed in (degrees/sec)/n mov. Data are indicated as median (interquartile range). *p values from post-
hoc comparisons between PD and ET; **p values from post-hoc comparisons between PD and HC; ***p values from post-hoc comparisons
between ET and HC. Significant values are indicated in bold.

Fig. 2. Stratified density plots. Upper part: Density plots were used to evaluate the overlapping in the distribution of the kinematic data
based on the median score (ranging from 0 to 4) given by the 7 raters. Note the marked overlapping between data curves, indicating that
a given clinical score reflected a wide range of kinematic values in participants. Velocity is expressed as degrees/s (VelK). The coefficient
of variation (CV), computed by the standard deviation/mean value of the inter-tap intervals, expresses movement rhythm (with higher CV
values representing a lower regularity of repetitive movements) (RhythmK). Amplitude slope is expressed in (degrees/s)/n.mov (Seq EffK).
Lower part: distribution of kinematic parameters among the three groups of participants (HC: healthy controls, ET: essential tremor, PD:
Parkinson’s disease). Note that the PD group had the lowest VelK values (left-hand graph). However, VelK greatly overlapped in ET and HC.
The overlapping of kinematic data between the three groups was even greater for the RhythmK and Seq EffK (middle and right-hand graph).

sensitivity: 0.247 (0.156, 0.358), specificity: 0.938
(0.877, 0.975), respectively]. It is worth noting that
the area under the curve (AUC) of the VelK parameter

was comparable to that of the CKS, highlighting the
crucial role of this kinematic parameter in assessing
bradykinesia.
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DISCUSSION

Our study aimed to determine whether a com-
prehensive clinical and kinematic assessment of
repetitive finger tapping could facilitate the detec-
tion of bradykinesia and accurately predict diagnoses
across a range of PD, ET, and healthy elderly
individuals. Our findings support previous evidence
indicating that bradykinesia is a prominent feature of
PD, but is also present in ET and, to a lesser extent,
in otherwise HC [9, 20]. We also noted that the fea-
tures of bradykinesia differ depending on the group
of subjects it occurs in. Specifically, bradykinesia
with sequence effect and altered movement rhythm
is more common in PD whereas bradykinesia alone
is frequently observed in ET and HC. Alongside
clinical examination, kinematic analysis is crucial
for accurate bradykinesia detection and patient cat-
egorization in most cases. However, our study also

uncovered a complex relationship between bradyki-
nesia phenomenology and the underlying etiology,
and in approximately 30% of cases the diagnosis was
not achievable.

Demographic characteristics, such as age and sex
distribution, of the PD, ET, and HC groups were sim-
ilar, dampening the impact of these factors on our
results. Cognitive performance was also comparable
among the three groups, thus avoiding a potential con-
founding factor. Even though the diagnosis of PD and
ET was determined by clinical criteria and without the
use of DaTscan examination, all patients were con-
sistently monitored in our outpatient clinic for several
years, significantly mitigating the possibility of mis-
diagnosis bias [2, 22]. To ensure the accuracy of our
assessments, we took additional measures. First, all
patients discontinued therapies 48 hours before the
experimental evaluation to avoid any potential impact
on finger tapping performance. Second, bradykinesia

Fig. 3. (Continued)
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Fig. 3. Ordinal and multinomial logistic regression analysis results. A) The figure depicts the probability of belonging to a specific
clinical score category (0, 1, 2, or 3-4) based on individual kinematic parameters, i.e., movement velocity (VelK), coefficient of variation
(RhythmK), and amplitude slope (Seq EffK), and on the combined kinematic score (CKS). Note that subjects with high CKS, i.e., greater
than 0.6, had a high probability of being classified as bradykinetic, i.e., with Movement Disorder Society-sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) clinical scores higher than 2. The opposite occurred for subjects with low CKS score
(<than 0.2), which had a high probability of being classified as normal (MDS-UPDRS clinical scores = 0). Intermediate CKS values, however,
correspond to a low probability of being correctly classified as bradykinetic or not bradykinetic. B) The figure depicts the probability of
belonging to a specific diagnostic group (HC, healthy controls; ET, essential tremor; PD, Parkinson’s disease) based on individual kinematic
parameters, and on the CKS. Note that subjects with CKS values greater than 0.7 had a high probability of belonging to the PD group, and
a very low probability of belonging to the HC group. The opposite was observed for subjects with low CKS score values (lower than 0.2),
which had a high probability of being normal subjects and a very low probability of belonging to the PD group. At intermediate CKS values
corresponded comparable probabilities of belonging to the PD, ET, and HC groups.

assessments were blinded to participants’ diagno-
sis. Third, a blinded assessment of both videos and
kinematic recordings was conducted to ensure that
the evaluation of finger movement remained unbi-
ased. Again, to avoid any external influence on the
assessments, the video frames focused only on the
subject’s hand [16, 17], thus eliminating the possi-
bility that additional neurological symptoms, such
as hypomimia or altered body posture, would influ-
ence the assessment. In this study, we specifically
tested finger tapping movements which allowed us

to rule out the possibility that bradykinesia in ET
could be attributed to tremors, as tremors may have a
greater impact on proximal arm movements [20]. In
this regard, we also observed no correlation between
tremor severity and finger tapping velocity in ET
patients. Finally, while the level of agreement among
evaluators during the blinded examination of video
recordings was merely “fair”, confirming previous
observations [17], the findings obtained from the
kinematic analysis were consistent with the clinical
outcome.



1056 G. Paparella et al. / Bradykinesia Assessment

Fig. 4. Receiver operating characteristic (ROC) curves. ROC curves were used to graphically represent and to determine the capacity
of the kinematic variables and of the combined kinematic score (CKS) to evaluate the clinical score category and the diagnostic group in
participants. The value of area under the ROC curve (AUC) was considered to measure for how well the model can discriminate between
subjects.

To our knowledge, this is the first study assessing
bradykinesia through a blinded analysis on simul-
taneous video and kinematic recordings of finger
tapping recordings in a broad sample of PD, ET, and
HC. Our findings showed that nearly 80% of the par-
ticipants were classified as bradykinetic, based on an
MDS-UPDR finger tapping score of ≥ 1. However,
upon further analysis, it was observed that individuals
with PD exhibited more severe bradykinesia scores
compared to those with ET and HC, while those with
ET demonstrated higher scores than those in the HC
group. Though it is not surprising that the PD group
exhibited higher bradykinesia scores, our study’s

sample consistently displayed a greater proportion
of bradykinetic ET cases than those reported in prior
research, which ranged from less than 2% to 20%
[42–50]. There are various factors that could account
for discrepancies in findings between our study and
previous research. For example, in our analysis we
utilized a MDS-UPDRS score threshold of ≥ 1; addi-
tionally, it is worth noting the absence of blinding
techniques during bradykinesia evaluation in earlier
investigations. It is important to note that only one
previous study has specifically evaluated finger tap-
ping movements [48], which are considered the most
effective test for detecting bradykinesia in clinical
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practice [2, 5, 21, 25, 33, 34]. Also, Jiménez-Jiménez
and colleagues evaluated finger tapping solely in
regard to movement time, and they did not provide
additional details regarding tapping performance or
the prevalence of bradykinesia in those with ET as
compared to HC. Our data also point to the large over-
lap that can exist between clinical features of PD and
ET [51, 52], which has led over the years to the need
to introduce new diagnostic categories, such as ET-
PD [51] and ET-plus category [22]. Due to the lack
of longitudinal evaluations, future works will clarify
whether such overlapping features between the two
clinical conditions represent a warning bell sugges-
tive of a phenoconversion from ET to PD. In our study,
we also discovered that over 50% of HC had an MDS-
UPDRS score ≥ 1, but none of them scored higher
than 2. This finding agrees with the recent sugges-
tion that “mild parkinsonian signs” may be present in
as many as 46% of otherwise healthy individuals [12,
17]. The clinical results were supported by the kine-
matic findings, which revealed that most PD patients
had bradykinesia with sequence effect and an irreg-
ular movement rhythm, whereas individuals with ET
exhibited only isolated bradykinesia. These findings
underscore the importance of thoroughly evaluating
all movement abnormalities associated with bradyki-
nesia, which may differ depending on the underlying
etiology. As such, when dealing with bradykinesia,
it is essential to deconstruct its features, identifying
whether it presents in combination with hypokine-
sia, sequence effect, and hesitations/halts (Axis I,
bradykinesia phenomenology) [7].

One additional finding of our study is the signifi-
cant overlap of kinematic data, indicating that a given
clinical score may reflect a diverse range of kinematic
values. Thus, kinematic and clinical assessments
were not always consistent, so an individual with low
clinical scores (i.e., no/minimal bradykinesia) may
actually have low amplitude and velocity values or
an altered kinematic rhythm, and vice versa. Fur-
ther analysis revealed a marked overlap of kinematic
parameters among the three groups (PD, ET, and HC).
To estimate the probability of being assigned to a
specific clinical score group and diagnostic group
based on individual kinematic parameters, we con-
ducted ordinal and multinomial logistic regression
analyses, considering both the individual kinematic
parameters as well as the CKS, which aggregates
various kinematic movements into a single value.
Consistent with expectations, the CKS values of PD
patients were found to be the highest among the three
groups. We found that kinematics could differentiate

between individuals with moderate/severe bradyki-
nesia and those with normal motor function, e.g.,
eukinesia [7]. Additionally, both movement velocity
and the CKS exhibited high specificity in distinguish-
ing PD patients from HC. However, it was unlikely
that the present methodology could correctly clas-
sify participants with intermediate kinematic values.
In summary, by utilizing a combination of kine-
matic parameters, we were able to accurately predict
with high precision whether a subject belonged to
the PD or HC group. Nevertheless, approximately
30% of our sample exhibited mild to moderate kine-
matic abnormalities that precluded us from accurately
diagnosing their condition using the methodology
presented. As a result, a comprehensive evalua-
tion and characterization of bradykinesia features,
whether considered independently or in conjunction,
proved inadequate in establishing the underlying eti-
ology in all cases [7]. The present finding indicates
that there can be a complex relationship between
the phenomenology of bradykinesia and its etiology.
In these conditions, it is crucial to evaluate other
clinical symptoms and signs to achieve an accu-
rate diagnosis. It is important to note that in our
study, we specifically examined abnormalities in vol-
untary movement. Nonetheless, as discussed in our
viewpoint, including an evaluation of spontaneous
movement, as well as other symptoms could greatly
improve the diagnostic accuracy [7].

It should be noticed that we only enrolled patients
with mild PD and ET. Based on previous evidence,
we can hypothesize patients in more advanced disease
stages may display different bradykinesia features [5,
27, 29]. Studies in PD, for example, have shown that
advanced patients do not show the sequence effect,
but have a markedly reduction of movement ampli-
tude (marked hypokinesia) [5, 27]. Only one study
evaluated bradykinesia in patients with ET using a
longitudinal approach, showing that a similar rate
of decrease in movement velocity and amplitude
(brady-hypokinesia) can be observed in patients dur-
ing disease progression [29]. Further studies of larger
samples of patients at different disease stages and
other longitudinal works are needed to support these
findings. Finally, future study will assess the possible
effect of aging on bradykinesia comparison between
PD, ET, and HC.

In conclusion, this paper provides evidence sup-
porting previous observations that bradykinesia can
occur in conditions other than PD and demonstrates
that its features vary depending on the underlying
condition. Overall, the features of bradykinesia can
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provide valuable information for distinguishing PD
from ET and healthy aging, but the interpretation
should always consider the context of the individ-
ual and the presence of other symptoms or signs.
Therefore, a comprehensive clinical assessment that
integrates subjective and objective measures is nec-
essary for accurate diagnosis and follow-up.
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Höglinger G, Lang A, Ling H, Litvan I, Low P, Miki Y, Pan-
icker J, Pellecchia MT, Quinn N, Sakakibara R, Stamelou
M, Tolosa E, Tsuji S, Warner T, Poewe W, Kaufmann H
(2022) The Movement Disorder Society Criteria for the
Diagnosis of Multiple System Atrophy. Mov Disord 37,
1131-1148.

[7] Bologna M, Espay AJ, Fasano A, Paparella G, Hallett M,
Berardelli A (2023) Redefining bradykinesia. Mov Disord
38, 551-557.

[8] Herz DM, Brown P (2023) Moving, fast and slow:
Behavioural insights into bradykinesia in Parkinson’s dis-
ease. Brain, doi: 10.1093/brain/awad069.

[9] Paparella G, Fasano A, Hallett M, Berardelli A, Bologna
M (2021) Emerging concepts on bradykinesia in non-
parkinsonian conditions. Eur J Neurol 28, 2403-2422.

[10] Bennett DA, Beckett LA, Murray AM, Shannon KM, Goetz
CG, Pilgrim DM, Evans DA (1996) Prevalence of parkin-
sonian signs and associated mortality in a community
population of older people. N Engl J Med 334, 71-76.

[11] Buchman AS, Wilson RS, Shulman JM, Leurgans SE,
Schneider JA, Bennett DA (2016) Parkinsonism in older
adults and its association with adverse health outcomes and
neuropathology. J Gerontol A Biol Sci Med Sci 71, 549-
556.

[12] Buchanan SM, Richards M, Schott JM, Schrag A (2021)
Mild parkinsonian signs: A systematic review of clinical,
imaging, and pathological associations. Mov Disord 36,
2481-2493.

[13] Hasan H, Athauda DS, Foltynie T, Noyce AJ (2017) Tech-
nologies assessing limb bradykinesia in Parkinson’s disease.
J Parkinsons Dis 7, 65-77.

https://dx.doi.org/10.3233/JPD-230119
https://dx.doi.org/10.3233/JPD-230119


G. Paparella et al. / Bradykinesia Assessment 1059

[14] Merola A, Sturchio A, Hacker S, Serna S, Vizcarra JA,
Marsili L, Fasano A, Espay AJ (2018) Technology-based
assessment of motor and nonmotor phenomena in Parkinson
disease. Expert Rev Neurother 18, 825-845.

[15] Ricciardi L, De Angelis A, Marsili L, Faiman I, Pradhan P,
Pereira EA, Edwards MJ, Morgante F, Bologna M (2020)
Hypomimia in Parkinson’s disease: An axial sign responsive
to levodopa. Eur J Neurol 27, 2422-2429.

[16] Marsili L, Duque KR, Gregor N, Abdelghany E, Abanto
J, Duker AP, Hagen MC, Espay AJ, Bologna M (2023)
Bradykinesia in neurodegenerative disorders: A blinded
video analysis of pathology-proven cases. Mov Disord 38,
496-501.

[17] Williams S, Wong D, Alty J, Relton SD (2023) Parkinsonian
hand or clinician’s eye? Finger tap bradykinesia interrater
reliability for 21 movement disorder experts. J Parkinsons
Dis 13, 525-536.

[18] Heldman DA, Espay AJ, LeWitt PA, Giuffrida JP (2014)
Clinician versus machine: Reliability and responsiveness of
motor endpoints in Parkinson’s disease. Parkinsonism Relat
Disord 20, 590-595.

[19] R
◦
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