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Abstract

Objective: While considered a key symptom, bradykinesia is not specific to Parkinson's disease (PD). Measuring
movement smoothness may help distinguish PD-induced from volitional bradykinesia.

Methods: Eight PD patients and 12 healthy subjects performed alternating, maximal speed, small and large
elbow flexion-extension movements. Six of the healthy subjects also performed the task while matching the average
speed of PD patients. From angular displacement, we derived speed, acceleration, jerk measures and the power
spectrum of acceleration frequencies. Acceleration variability was evaluated using the Normalized Average Rectified
Jerk (NARJ) and the fast-frequency to movement-frequency (FF/MF) ratio. Ratios of maximal velocities and
accelerations in large to those in small movements (L/S velocity and acceleration ratios) were also measured.

Results: NARJ in PD was 189 ± 17% of controls and 151 ± 14% of speed-matched controls (p=0.004; pairwise
p=0.003, p=0.051 respectively) in large movements and 146 ± 11% of controls and 139 ± 11% of speed-matched
controls (p=0.012; pairwise p=0.011, p=0.067 respectively) in small movements. FF/MF ratio in PD was 277 ± 45%
of controls and 200 ± 32% of speed-matched controls (p=0.032; pairwise p=0.028, non-significant, respectively) in
large movements and 613 ± 73% of controls and 246 ± 29% of speed-matched controls (p<0.001; pairwise p<0.001,
p<0.001 respectively) in small movements. Time since diagnosis, but not age, was correlated with NARJ (p<0.05)
and FF/MF ratio (p<0.01) for all movements. L/S ratios did not differentiate PD from speed-matched movements in
the study sample.

Conclusion: The two smoothness metrics, NARJ and FF/MF ratio, distinguished PD from volitional slowness and
correlated with time since diagnosis. They are candidate physiological markers of PD-induced bradykinesia.
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Introduction
Parkinson’s disease (PD) is a chronic, progressive neurodegenerative

disorder with motor and non-motor disturbances. Many classical
motor features of PD (abnormal posture, bradykinesia, decreased step
length) are specifically characterized by movement scaling difficulties.
The search for quantitative markers of PD movement disturbances and
of progression in PD will enhance our basic understanding of PD and
facilitate the investigation of new potential neuro protective therapies.

While James Parkinson did not mention this feature in his original
monograph, bradykinesia has become the major diagnostic symptom
of idiopathic Parkinson’s disease (PD) in the past decades [1,2]. Indeed,
movements are involuntarily slow (bradykinesia) in PD, especially
when large amplitudes are required [3,4]. However, slow movements
may also occur in somatoform disorders as well as in a number of

other neurological, psychiatric or orthopaedic conditions [5]. Yet, in
the face of a slow movement, there is currently no universally
recognized movement characteristic to identify parkinsonian
bradykinesia.

Clinically, when assessing bradykinesia by asking patients to
perform rapid alternating movements [6-8], movement slowing is
often associated with reduction of movement size, i.e., hypometria
[9-12]. However, these subjective, mostly ordinal tests, do not measure
hypometria, nor do they allow clinicians to quantify bradykinesia,
much less to qualify it [9-12]. In particular, the relative distribution of
bradykinesia over large vs. small movements is usually not evaluated.
Yet, techniques quantifying bradykinesia have been proposed in
laboratory experiments, which have approached the physiological
mechanism of bradykinesia, particularly with respect to acceleration
profile and smoothness [12-21].
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In the search of markers for parkinsonian bradykinesia the present
study has explored four potential metrics, with two hypotheses in
mind. The first hypothesis was that the number of acceleration bursts
that goes into producing one given movement, indicative of movement
smoothness [20,21], would characterize PD bradykinesia versus
voluntary slowness, regardless of the movement size. Hence, we
evaluated two key parameters: 1) the Normalized Average Rectified
Jerk (NARJ) [22]; 2) the ratio of the power in frequencies faster than
the movement frequency to that at the movement frequency (FF/MF
ratio) in the Fourier power spectrum of the acceleration profile.

The second hypothesis was that under scaled acceleration bursts in
PD would cause bradykinesia and hypometria to predominate over
large vs. small movements [9]. In quantified terms, there would be an
abnormally low ratio of the size of speed or acceleration bursts over
large to that over small movements in PD bradykinesia versus
voluntary slowness. We thus tested two additional parameters: 3) the
ratio of the maximal velocities reached in large to those in small
movements (L/S velocity ratio) and; 4) the ratio of the maximal
accelerations in large to those in small movements (L/S acceleration
ratio). We studied these four parameters in large and small movements
performed at maximal speed by PD patients and by healthy subjects,
first moving naturally and then deliberately mimicking the movement
slowness of PD, both to provide control for movement speed and to
search for differences in motor control between PD and voluntary
slowness.

Methods

Patients and healthy controls
This study was conducted in compliance with the Mount Sinai

School of Medicine Institutional Review Board (IRB) regulations and
with the World Medical Association Declaration of Helsinki. All
healthy subjects and PD patients provided informed consent. A
convenience sample of eight subjects with PD were recruited (1
woman; age 66 ± 7, mean ± SD, range 50-72; Hoehn and Yahr 2.5-4;
five subjects had rest tremor). Inclusion criteria for PD subjects were:
1) age 20 to 75; 2) clinical diagnosis of idiopathic PD using the United
Kingdom Parkinson’s disease Society Brain Bank (UK-PDSBB) clinical
diagnostic criteria [2].

Twelve age-matched healthy subjects (6 women; age 64 ± 5, range
59-75) also participated. The healthy subjects met the following
inclusion criteria: 1) age 50 to 75; 2) no history of neurological disorder
or exposure to neurotoxic substances and no orthopaedic limitation in
the upper limbs; 3) no intake of neurotropic or psychiatric medication,
neither shortly before the experiments nor on a chronic basis.

Equipment and procedures
All patients were assessed in the clinically defined levodopa OFF-

status, i.e., after drug withdrawal for at least 12 hours for levodopa and
48 hours for other anti-parkinsonian drugs [23].

The subjects sat at a table with the forearm supported by a rotating
horizontal plate, the shoulder in 60° of abduction (Figure 1). The elbow
rested at one end of the plate, with the olecranon positioned over the
centre of rotation of the plate. A low-friction potentiometer located
beneath the plate was used to measure rotations movements of the
plate. The forearm was maintained on the plate in semi-pronated
position with foam padding. A low friction bearing ensured the plate
could be rotated in the horizontal plane with little force. Two

predefined ranges of alternating elbow flexion and extension
movements were tested, centred around an intermediate elbow
position of 75° flexion: from 0 to 150 degrees of elbow flexion (large
movements) and from 55 to 95 degrees of elbow flexion (small
movements). Removable blocks on the table were used to mechanically
stop each movement at the end of the predefined range. The onset and
end of each movement series were cued by audition.

Figure 1: Experimental set up-Subjects performed rapid alternating
elbow flexion/extension movements, of 40° or of 150° amplitude,
with the forearm supported on a rotating plate and mechanical
stops to end each movement.

All subjects (PD and controls) were asked to perform continuous
15-second sets of as many alternating large and small movements of
elbow flexion-extensions as possible (maximal speed movements) with
each arm, for a total of four movement sets. Hands were designated
Dominant (D) and Non-Dominant (ND) in controls (based on the
handedness Edinburgh inventory-[24]), and More Affected (MA) and
Less Affected (LA) in PD subjects, based on clinical assessment
(UPDRS) and history. By convention, the more affected hand in PD
subjects was compared to the dominant hand in control subjects, and
the less affected in PD subjects was compared to the non-dominant
hand in controls for all analyses.

Six of the control subjects were then asked to perform the same
series of movements at slower speeds approximately matched to the
average speed of the PD patients in the series. This was accomplished
by giving the subjects rhythmic acoustic cues (metronome) with a
frequency matching the mean movement frequency of the PD subjects.
These controls had a one-series practice before data was recorded.

Data acquisition and analysis - Down-sampling process
Movement frequency was calculated from the total number of

movements completed within 15 seconds. Potentiometer signals were
recorded using a 1401 analog-digital DAQ (CED, Cambridge, UK) and
processed off line using Spike II software (CED, Cambridge, UK).
Sampling frequencies in controls were 50 Hz for maximal-speed
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movements and 2000 Hz for speed-matched movements, and 50 Hz,
2000 Hz or 5000 Hz in PD subjects.

To normalize the number of data points per movement across all
experiments, off-line processing involved a down-sampling algorithm,
to adjust for varying movement speeds and sampling frequencies
depending on the subject or the experimental condition. For the
controls moving at maximal speed (50 Hz sampling frequency) no
down-sampling was performed, providing a baseline against which
other data was down-sampled.

To calculate the down-sampling factor for slow-moving subjects
(i.e., PD subjects and controls moving slowly), the ratio of the average
movement frequency of the control to the movement frequency of each
slow-moving subject was calculated. This number was then multiplied
by the sampling frequency of the slow-moving subjects and divided by
50 (50 Hz sampling frequency in controls). This was formulated as:

Down-Sample Factor= (control frequency * sampling frequency of
slow subject) / (slow frequency * 50 Hz)

The result was rounded to the nearest integer, yielding a down-
sampling number. For example, if the average movement frequency for
the control subjects (sampled at 50 Hz), was 1 Hz for a given
movement series, about 50 data points per movement were recorded.
Recordings from a slow-moving subject with a 0.5 Hz movement
frequency sampled at 2000 Hz were thus down-sampled by a factor of
80 to ensure the same approximate number of 50 data points per
movement.

Determination of mean angular speed and L/S ratios
Potentiometer voltage data were converted to angular rotation, with

negative and positive voltages corresponding to flexion and extension
directions, respectively. Voltage zero corresponded to the central
position of 75° of elbow flexion. First, second, and third order
derivatives of the down-sampled angular displacement data were
calculated using a central difference, five-point method. These
corresponded to speed, acceleration, and jerk profiles, respectively. We
calculated the total distance travelled, and determined maximal flexion
and extension velocities and accelerations for each movement series.
Mean angular speed was calculated by dividing the total distance
travelled by 15 seconds.

Ranges of speed and acceleration were defined as the differences
between maximal flexion and extension values. For both speed and
acceleration the ranges in large movements were compared to those in
small movements using large/small ratios (L/S).

Determination of the normalized average rectified jerk
(NARJ)

Movement smoothness was quantified using the average rectified

jerk (ARJ) [22], given by1�∫0� d3�(�)d�3 d�, where T is the total duration

of movement and x (t) is the displacement as a function of time. The
ARJ is thus highly dependent on movement duration, with a fast
movement yielding a higher ARJ than a movement of identical
amplitude but longer duration. Thus, movement slowness in PD may
lead to a lower ARJ than normal regardless of movement smoothness.
Cozens and Bhakta corrected for this by formulating the Normalized
Average Rectified Jerk (NARJ), which corrects for the difference in

duration between two movements by the cube of the ratio of the
movement durations [22]. Thus, after jerk rectification and calculation
of the ARJ over a movement series, we multiplied the ARJ by the
normalization factor which was, within a given series, the cube of the
ratio of the average control movement frequency to that of the subject
under analysis, to derive the NARJ.

Determination of the fast frequency to movement frequency
ratio in the acceleration power spectrum (FF/MF ratio) -
Resolution of power spectra

A Fourier power spectrum of the acceleration profile was generated
over the full movements sets completed in 15 seconds using the Spike 2
software. As the maximum number of bins allowed over a 15-seconds
recording using the final sampling frequency (after down-sampling)
was never lower than 64, 64 was selected as the common number of
bins for all power spectrums. The resolution (Hz) of the power
spectrum was half the final sampling frequency divided by 64. For
instance, the acceleration power spectrum of controls moving
maximally fast (50 Hz sampling frequency, no down-sampling) had 64
bits of data up to 25 Hz, with a resolution of 25/64=0.39 Hz. The
recording from a subject moving at half the average speed of controls
and recorded with the same 50 Hz sampling frequency was down-
sampled to 25 Hz (down-sampling number 2). The power spectrum for
this subject had 64 bits of data up to 12.5 Hz with a resolution of
12.5/64=0.20 Hz.

For each group (controls, PD subjects, slow-moving controls), the
acceleration power spectrum was analysed up to a maximal frequency
of 12 times the average movement frequency for large movements, and
6 times the average movement frequency for small movements. For
each power spectrum, we calculated the ratio of the power in
frequencies faster than the movement frequency (FF, average power in
all bins between the movement frequency and the maximal frequency
analysed) to that at the movement frequency (MF, weighted average of
the power in the two bins at frequencies closest to the movement
frequency), deriving an FF/MF ratio.

Statistical analysis
Descriptive statistics yielded average values and standard deviations

for each quantitative continuous variable (mean speed, NARJ, FF/MF
ratios, velocity and acceleration L/S ratios). Mann-Whitney and two-
sample unequal variance two-tailed t-tests compared PD subjects with
both sets of controls (maximal speed and slow-moving) for NARJ,
velocity and acceleration L/S ratios and FF/MF ratios (dependent
variables). Univariate linear regression analyses evaluated the
importance of time since diagnosis of PD and age as potential
predictor of NARJ, and L/S and FF/MF ratios. The significance of
linear relationships was evaluated with an F-test (ANOVA). Bonferroni
corrections were used to account for multiple comparisons and
significance was set at the 0.05 level. Data were analysed using SPSS
18.0 (SPSS Inc., Chicago, ILL).

Results

Mean angular speeds
PD subjects moved at 103 ± 48° sec-1 (mean ± SD) /122 ± 50° sec-1

with the more/less affected hand in large movements and at 73 ± 31°
sec-1/79 ± 31° sec-1 with the more and less affected hand in small
movements. On average, these values represent 33% (p<0.001) and
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45% (p<0.001) of control speeds over large and small movements
respectively when considering the dominant hand in controls vs. the
more affected hand in PD, with differences of lesser magnitude when
comparing the less affected hand of PD subjects to the non-dominant
hand of controls (Figure 2A). Mean angular speeds of control subjects
mimicking PD slowness differed from PD speeds by a maximum 9%
(NS).

Normalized average rectified jerk
Normalized Average Rectified Jerk values for PD in the more

affected hand were 189% (p=0.003) and 146% (p=0.0011) of controls
for fast large and small movements respectively, and 151% (p=0.007)
and 139% (p=0.012) of controls for speed-matched large and small
movements respectively (Figure 2B).

Figure 2: Movement speeds and Normalized Average Rectified Jerk
(NARJ), A: Angular speeds of Parkinson's and healthy subjects
following the pace of a metronome set on the average speed of
Parkinson's subjects. Error bars, SEM;***, p<0.001 between control
slow/PD and control, B: Normalized Average Rectified Jerk in
Parkinson's disease and in healthy subjects moving normally and
when following the pace of a metronome set on the average speed of
Parkinson's subjects. Error bars, SEM;**, p<0.01 between PD and
controls/control slow. MA: more affected, D: dominant; LA: less
affected; ND: non-dominant.

Fast frequency to movement frequency ratio in the
acceleration power spectrum

Figure 3 displays individual Fourier power spectra of the
acceleration profile for a control subject (Figure 3A).

Figure 3: Power Spectrum (Fourier transform) of accelerations
profiles – individual data, A: Healthy subject following the pace of a
metronome set on the average speed of PD subjects; B: Parkinson's
subject, Bin size, 0.15 Hz. Black columns; bins at and around the
movement frequency.

Moving at approximately the same speed as a PD patient (Figure
3B), showing increased power in frequencies greater than the
movement frequency in PD. The fast frequency to movement
frequency average power ratio (FF/MF ratio) in PD subjects was 277%
(p=0.028) and 613% (p<0.001) of controls for fast large and small
movements respectively and 200% (p=0.032) and 246% (p<0.001) of
controls for speed-matched large and small movements respectively
(Figure 4).

Figure 4: Ratio fast frequencies/movement frequency, Error bars,
SEM;*, p<0.05 between PD and control/control slow; ***, p<0.001.
MA: more affected, D: dominant; LA: less affected; ND: non
dominant.

To illustrate speed and smoothness differences, Figure 5 displays
two individual, adjusted down-sampled data of angular displacement,
speed, and acceleration profiles for a healthy (Figure 5A) and a PD
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subject (Figure 5B), both moving at maximum speed. The speed
differences are notable when considering the x-axes and the
smoothness differences are visible when comparing the acceleration
profiles.

Figure 5: Kinematic parameters of rapid alternating movements in a
healthy subject (A) and in a subject with PD (B), Individual data,
Note the choppiness of the parkinsonian movement in the
acceleration trace.

NARJ and FF/MF ratios vs. time since diagnosis
The NARJ and FF/MF ratios for PD patients correlated with time

since diagnosis (Figure 6), both correlations being stronger for the
more than for the less affected hand, and for large than for small
movements. Such correlations were absent with age (data not shown).

Figure 6: Correlations NARJ and FF/MF ratios and time since
diagnosis. Results are shown here for the more affected hand (n=6).

Velocity and acceleration large/small movement ratios
The acceleration Large/Small movements ratios in PD patients

ranged from 48 to 53% of those in healthy subjects moving at
maximum speed (p<0.001), differences that were less pronounced for
the velocity L/S ratios. The acceleration L/S ratios, however, did not
distinguish PD subjects from slow-moving controls (Figure 7).

Figure 7: Ratio large/small movement speeds and accelerations,
Error bars, SEM;***, p<0.001. MA: more affected, D: dominant; LA:
less affected; ND: non dominant.
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Discussion
In this pilot study of large and small amplitude rapid alternating

movements in subjects with PD and in healthy controls matching PD
slowness, the only methods that discriminated PD slowness from
mimicked slowness were the two methods that quantified movement
smoothness by measuring the irregularity of the acceleration profile, in
two different ways: the normalized average rectified jerk (NARJ) and
the fast to movement frequency ratio (FF/MF) in the power spectrum
of acceleration frequencies. These two metrics also confirmed the more
affected side in each patient and correlated with time since diagnosis
(but not with age). The NARJ and FF/MF ratio in the power spectrum
of acceleration frequencies thus distinguish PD bradykinesia vs.
voluntary slowness, as associated with multiple acceleration bursts
[25,26]. These two metrics should now be evaluated as candidate
physiological markers for PD as against other bradykinesia-inducing
disorders.

The present findings also showed that speed of movement was lower
with the more affected (as determined clinically and by history) than
the less affected hand in PD and similar in speed-matched controls and
in PD. The latter observation confirmed that the cueing of movement
frequency in the speed-matched healthy controls based on averaged
PD frequency was effective.

Limitations of the study
In this pilot study the sample sizes of both PD patients and healthy

subjects were small and subjects were taken as a sample of
convenience, which may limit generalizability of the data. Yet, the
findings about NARJ and FF/MF ratios were significant in the small
sample. Similarly, of the 12 healthy subjects participating in the study, a
convenience sample of six subjects was asked to serve as the second
control, “speed-matched” group. As this was not a random sample, it
might also affect internal validity. In addition, assessors were not
masked in our paradigm, even though the results obtained here were
objective parameters derived without human intervention
(potentiometer data).

There may also exist disadvantages in the experimental paradigm
we used, but these might have led to underestimate bradykinesia in PD
patients: (i) The onset of each movement series was cued by beeps, as
opposed to letting subjects initiate each movement series based on
internal preparedness; for PD subjects this feature may have led to
underestimate bradykinesia [25,26]; (ii) Blocks mechanically stopped
movements at the end of each predefined range, precluding evaluation
of voluntary acceleration reversals. Instead, the present set-up was
appropriate to study the acceleration profile during repeated single
uni-directional movements only, not during direction reversals; (iii)
acceleration profiles were determined using the third order differential
from movement using a potentiometer, instead directly from an
accelerometer; however, the potential reduction of signal/nose ratio
due to computing third order differentials did not prevent from seeing
clear differences between voluntary mimicked slowness and
parkinsonian slowness.

From a clinical point of view, presence or absence of rest tremor in
the subjects (5/8 had rest tremor in this group) is unlikely to have
impacted the recorded NARJ or FF/MF ratio, as the fast frequencies
were widely distributed throughout all frequencies between the
movement frequency and 8 Hz, unlike any specific rest tremor
frequency. Finally, it might have been valuable to explore correlations
of the two smoothness metrics with clinical parameters, such as

UPDRS sub-scores or other quantitative clinical tests. As UPDRS was
not performed at the same time as participation to the experiments for
all PD subjects, these correlations could not be performed here and
will have to be explored in another, specifically designed study.

Looking for smoothness reduction as a way to improve
characterization of bradykinesia in Parkinson’s disease, using an
increased Normalized Average Rectified Jerk.

Movement slowness of PD has been explained by the inability to
generate initial agonist bursts of sufficient duration [27] or size [28-33]
and therefore by insufficient movement acceleration [11]. In
Alexander’s model, this is due to inappropriate preparedness (low
“internal” excitability) of the premotor and motor cortex by the basal
ganglia [34]. However, movement slowness is insufficient to
characterize PD, as a number of syndromes other than PD slow
voluntary movements, including somatoform disorders [35]. Because
of this lack of specificity, the positive predictive value of bradykinesia
for the diagnosis of idiopathic PD has been shown as suboptimal
[36,37]. Additionally, there is currently no universally accepted
biomarker for PD, i.e., no quantitative technique that would help the
clinician with early detection, follow-up, and assessment of treatment
effects [38]. Most tools used in standard clinical examination are
subjective and qualitative [5-8].

In that context, we attempted to improve the characterization of PD
bradykinesia, using two hypotheses. In the first hypothesis, lack of
smoothness best characterizes PD movement as against normal
movement matched for slowness. According to this hypothesis,
smoothness measures in PD should be specifically low compared to
normal movements matched for speed. In the second hypothesis, the
best characteristic of parkinsonian bradykinesia would be the selective
difficulty to scale acceleration bursts for large movements compared to
small movements: a ratio of the acceleration bursts over large to those
over small movements might be specifically low, compared to normal
movements and normal movements matched for speed.

The first of these two hypotheses has been verified in this study.
First, the NARJ was similar between control maximal speed
movements and speed-matched movements, indicating that healthy
subjects do not lose smoothness when slowing their movements.
Second, the NARJ, known to be minimized in normal human
movement, [39-41] was increased in PD movements, compared with
speed-marched normal movements, which extends previous findings
[42,43]. In addition, the NARJ proved more abnormal in large
movements and seemed to better detect the milder abnormalities in
the less affected hand (Figure 2B and 4), compared with the FF/MF
ratio. Both markers of reduced smoothness correlated with time since
diagnosis (Figure 6).

Comparison of large vs. small movements - L/S ratios
Large movements are affected earlier and more severely than small

movements in PD, which may point to hypometria as a primary
clinical characteristic of this disease [7,11,44, 45]. Figure 2 shows 33%
reduction of the speed of large movements in PD vs. 45% of normal in
the speed of small movements but the difference was not significant in
this small sample. L/S ratios were thus more sensitive in distinguishing
PD patients from healthy subjects when looking at acceleration ratios
than at speed ratios. This is consistent with the concept of PD
bradykinesia as primarily due to an acceleration abnormality [46-48].

The present study suggests that quantifying smoothness using the
Normalized Average Rectified Jerk, and to a lesser degree the Fast
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Frequency to Movement Frequency ratio in the acceleration power
spectrum, may distinguish PD bradykinesia from volitional slowness.
Perspectives include the diagnostic study of these parameters in larger
populations with movement slowing from other neurologic,
orthopaedic and psychiatric causes. Future studies should also explore
early or mild PD cases, and test the sensitivity of these two metrics in
differentiating very early parkinsonian movement (with still preserved
movement speed) from normal movement.
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