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Arrhythmokinesis is evident during unimanual
not bimanual finger tapping in Parkinson’s
disease
Megan H Trager1, Anca Velisar1, Mandy Miller Koop1, Lauren Shreve1, Emma Quinn1 and Helen Bronte-Stewart1,2*
Abstract

Background: Arrhythmokinesis, the variability in repetitive movements, is a fundamental feature of Parkinson’s
disease (PD). We hypothesized that unimanual repetitive alternating finger tapping (AFT) would reveal more
arrhythmokinesis compared to bimanual single finger alternating hand tapping (SFT), in PD.

Methods: The variability of inter-strike interval (CVISI) and of amplitude (CVAMP) during AFT and SFT were measured
on an engineered, MRI-compatible keyboard in sixteen PD subjects off medication and in twenty-four age-matched
controls.

Results: The CVISI and CVAMP of the more affected (MA) and less affected (LA) sides in PD subjects were greater
during AFT than SFT (P < 0.05). However, there was no difference between AFT and SFT for controls. Both CVISI and
CVAMP were greater in the MA and LA hands of PD subjects versus controls during AFT (P < 0.01). The CVISI and
CVAMP of the MA, but not the LA hand, were greater in PDs versus controls during SFT (P < 0.05). Also, AFT, but not
SFT, detected a difference between the MA and LA hands of PDs (P < 0.01).

Conclusions: Unimanual, repetitive alternating finger tapping brings out more arrhythmokinesis compared to
bimanual, single finger tapping in PDs but not in controls. Arrhythmokinesis during unimanual, alternating finger
tapping captured a significant difference between both the MA and LA hands of PD subjects and controls, whereas
that during a bimanual, single finger tapping task only distinguished between the MA hand and controls.
Arrhythmokinesis underlies freezing of gait and may also underlie the freezing behavior documented in fine motor
control if studied using a unimanual alternating finger tapping task.
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Background
Wertham used the term “arrhythmokinesis” to describe
the variability in repetitive movements in cerebellar diseases
[1]. Arrhythmokinesis has subsequently been revealed in
many studies of repetitive movement in Parkinson’s disease
(PD) and has been shown to be a useful marker of overall
disease severity and of the effectiveness of medication and
deep brain stimulation [2-10].
Arrhythmokinesis of stride duration during walking

and stepping in place tasks has been shown to correlate
with self-reported freezing of gait (FOG) severity, and
* Correspondence: hbs@stanford.edu
1Department of Neurology and Neurological Sciences, Stanford University,
300 Pasteur Drive, Stanford, CA 94305, USA
2Department of Neurosurgery, Stanford University, Stanford, CA, USA

© 2015 Trager et al.; licensee BioMed Central.
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
has been suggested to be a useful marker of FOG
[11-13]. Freezing behavior has also been demonstrated
in repetitive finger and upper extremity movements
[9,14-17]. In studies using single finger flexion-extension
movements, alternating between hands, the number of
freezing episodes correlated with self-reported (FOG) se-
verity but arrhythmokinesis was not observed during the
task [14-17]. The authors concluded that arrhythmokin-
esis of upper extremity movements may not be a useful
marker of freezing behavior as had been reported for
FOG. However, other reports have suggested that more
complex upper limb tasks may be required to detect
arrhythmokinesis in upper limb movements [17]. Using
a unimanual alternating finger tapping task we have re-
ported both freezing episodes and arrhythmokinesis
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[9,10]. This inspired us to investigate whether a more
complex task was necessary to reveal arrhythmokinesis
in upper extremity movements. In this study, we meas-
ure arrhythmokinesis in both amplitude and frequency
in a repetitive unimanual alternating finger tapping
(AFT) task and compare that to the same measures in a
repetitive bimanual single finger tapping, alternating be-
tween hands (SFT) task in PD subjects, off medication,
and in an age-matched group of healthy subjects.

Methods
Subjects and clinical evaluation
Sixteen subjects (twelve men) with idiopathic Parkinson’s
disease (PD) were recruited from the Stanford Movement
Disorders Clinic and consented to participate in the study,
which was approved by the Stanford Institutional Review
Board. A fellowship-trained Movement Disorders special-
ist confirmed the diagnosis in each subject. The age at
evaluation was 68.9 ± 9.02 years, and the disease duration
from diagnosis was 8.2 ± 5.64 years. Patients reported the
body side that was more affected by PD, which was con-
firmed by the UPDRS III.
Twenty-four age-matched control subjects (57 ±

7.98 years, six men) consented and participated in the
study. Control subjects were screened for any coexisting
Figure 1 Data acquisition on customized engineered keyboard. Index
unimanual, repetitive alternating finger tapping (AFT) and B: repetitive sing
displacement zones. LZ = linear zone, NLZ = Non-linear zone, D: higher ma
ISI = inter-strike interval.
neurological or medical disorder using a comprehensive
questionnaire. There were more men in the PD group
than in the control group, which would tend to bias the
results towards more rhythmic tapping in PD subjects, as
men may tap with greater regularity than women [18].
The PD subjects were tested in the off therapy state.

Thirteen subjects had not undergone deep brain stimula-
tion (DBS) surgery and three subjects had the DBS system
implanted but were tested prior to initial activation of the
DBS system. All subjects withheld long- and short-acting
dopaminergic medication for >24 and >12 hours respect-
ively prior to testing [10].

Quantitative DigitoGraphy (QDG)
Subjects sat on an armless chair with the elbow flexed at
approximately 90 degrees and the wrist resting on a pad
at the same level as the keys of a customized engineered,
MRI compatible keyboard, which allows for precise
measurement of amplitude and timing of finger tapping,
Figure 1. We have called this technology Quantitative
DigitoGraphy (QDG) [9,10].
Subjects performed the AFT task, Figure 1A and the

SFT task, Figure 1B, in a predetermined randomized
order. In the AFT task, subjects placed the index and
middle finger on each key with the other hand resting
and middle finger placement on the engineered keyboard for A:
le finger, alternating hand tapping (SFT). C: schematic diagram of key
gnification diagram of the key displacement epochs,
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on the lap. In the SFT task, subjects placed the right and
left index finger on each key. The other fingers did not
touch the surrounding keyboard or tabletop area. In
both tasks, subjects were instructed to tap each key in
an alternating pattern as fast and as regularly as possible
for 30 seconds, starting and stopping only when they
heard an auditory cue, while maintaining the alternating
sequence and keeping the wrist stationary. Participants
were instructed to attempt to press and release the keys
completely. The same instructions were given to each
subject.
No external pacing or cueing was provided. Subjects

performed the tasks without visual (eyes closed) or audi-
tory feedback. The keys do not produce audible notes
and subjects wore headphones through which static
“white noise” was transmitted to mask the sound of the
finger striking the key. Each subject had a short period
of practice before the test began, and all trials were
videotaped; the video of the fingers was time-stamped
and synchronized with the data.

Data acquisition and analysis: customized engineered
keyboard and kinematic algorithm
An engineered keyboard was used to acquire the finger
tapping movement, Figure 1. The keyboard was designed
to produce an analog output voltage signal proportional
to the displacement of the key. The key displacement
was linearly related to the output voltage signal with a
resolution of 62.5 μm per 40 mV. For key displacements
less than 9 mm, the keyboard operated in a linear zone
(LZ), Figure 1C. Systematic analysis of the keyboard me-
chanics revealed that near the base of the key displace-
ment, the key reached a compliant mechanical stop.
When the finger pressed down further, the extra displace-
ments were non-linearly related to the output voltage sig-
nal. We defined this range of the key displacement as the
“nonlinear zone” (NLZ), Figure 1C.
A customized detection algorithm, written in MATLAB

(version 8.2, The Mathworks, Inc., Natick, MA, USA), was
used to determine specific states in the cycle of finger tap-
ping movement. Each cycle of finger tapping was divided
into four epochs, Figure 1D. The “key up” epoch was
defined as the period during which the finger changed dir-
ection from an upward movement to a downward move-
ment. The “key down” epoch was the time when the
finger changed direction from a downward movement to
an upward one. The “key press” epoch was the period dur-
ing which the finger was moving downwards. Finally, the
“key release” epoch was the period during which the finger
traveled upwards.
The inter-strike interval (ISI), the time to complete

one cycle of finger tapping, was calculated from the mid-
point of one key up epoch to the midpoint of the following
key up epoch, Figure 1D. The variability of key tapping
frequency was measured using the coefficient of variation
(the standard deviation (SD) divided by the mean) of the
inter-strike interval (CVISI) and was reported as a
percentage.
The key strike amplitude was calculated for key dis-

placements in the linear zone of the keyboard. The ampli-
tude of a key press or release was defined as the distance
(mm) the key travelled during key press or release epochs
respectively. The maximum amplitude for a complete key
press or release in the linear zone of the keyboard was
9 mm. For each subject, the average of all the key press
and key release epochs was used as the amplitude out-
come metric. The variability of amplitude was calculated
using the coefficient of variation (CVAMP).

Statistics
The statistical software R (R Core Team, 2013) and lme4
(Bates, Maechler & Bolker, 2012) were used to perform a
linear mixed effects analysis of the relationship between
group type and test type. Group type (PD-most affected
hand, PD- less affected hand, Control- dominant hand,
and Control- non-dominant hand) and test type (AFT,
SFT) with all interaction terms were fixed effects, and
subject number was a random effect. The model in-
cluded an intercept term. Visual inspection of residual
plots did not reveal any obvious deviations from as-
sumptions of homoscedasticity or normality. P values
were obtained using the multcomp package in R (Bretz,
Hothom, Westfall, 2010) with a Tukey correction for mul-
tiple comparisons.

Results
The group’s off medication UPDRS III (motor) score ± SD
was 35.5 ± 11.34, and the lateralized upper extremity
scores (rest tremor, postural tremor, rigidity, finger tap-
ping, hand movements, pronation-supination of the
hands) were 10.19 ± 4.74 and 6.2 ± 3.16 in the more af-
fected (MA) and less affected (LA) sides, respectively.
Figure 2 demonstrates the QDG data from seven sec-
onds of index finger tapping in the unimanual AFT and
bimanual SFT, alternating between hands, tasks from a
control subject’s non-dominant hand (NDH), Figure 2A
and C respectively, and from the MA hand of a PD sub-
ject off medication, Figure 2B and D respectively.
The control subject performed the AFT task with fast,

regular, and mostly full amplitude key presses, while the
PD subject performed AFT with arrhythmic partial key
presses, Figure 2A and B, respectively. In contrast, both
subjects performed SFT with a regular rhythm and amp-
litude, although the PD subject tapped more slowly than
the control, Figure 2C and D, respectively.
PD subjects, but not controls, exhibited more irregular

tapping during the AFT task compared to the SFT task,
Table 1 and Figure 3.



Figure 2 Representative finger tapping data during AFT and SFT tasks. QDG data from seven seconds of index finger tapping in the AFT
and SFT tasks for a control subject (NDH, A and C) and a representative PD subject (MA side, B and D).
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This was evident for both the amplitude and timing
(frequency) of tapping among PD subjects in the MA
and LA hands, Table 1. There was no difference in vari-
ability of amplitude or timing during AFT versus SFT in
the DH and NDH of controls. Tapping of the MA hand
was more irregular than that of the LA hand in PDs dur-
ing AFT (P < 0.01 for CVISI, P < 0.001 for CVAMP) but
not SFT. There was no difference in variability of ampli-
tude or timing between the DH and NDH of controls in
either task.
The performance of unimanual AFT was more irregu-

lar in both the PD MA and LA hands compared to con-
trol DH and NDH for both amplitude (CVAMP, P < 0.001,
for all) and frequency (CVISI, P = 0.01 for LA vs. NDH,
P < 0.001 for all others, Figure 3). Comparing the per-
formance of bimanual SFT between PD subjects and
controls: CVAMP was greater in the PD MA hand com-
pared to both control DH and NDH (P < 0.01 for both)
and CVISI was greater in the PD MA hand compared to
the control DH (P < 0.05). The CVAMP and CVISI of
Table 1 AFT captures greater arrhythmokinesis than SFT in P

Unimanual AFT

CVAmp(25-75% range) or (SD)

PD MA 38.6 (16.9)

PD LA 25.5 (10.7)

Control DH 7.21 (6.76)

Control NDH 10.5 (8.94)

CVISI (25-75% range) or (SD)

PD MA 37.0 (12.5)

PD LA 26.1 (15.9-30.3)

Control DH 13.8 (5.4)

Control NDH 14.28 (10.04-17.98)

Values are reported as percentages.
bimanual SFT were not different between the PD LA
hand and control DH or NDH.

Discussion
This study has shown that arrhythmokinesis was worse
during a repetitive unimanual alternating finger tapping
(AFT) task than during a repetitive bimanual single
finger tapping, alternating hand (SFT) task in both the
more affected and less affected hands in PD subjects, off
medication. There was no difference in the regularity of
the amplitude or the frequency of tapping between tasks
in control subjects. Arrhythmokinesis in PD MA and LA
hands was worse in the unimanual AFT compared to the
performance of controls DH and NDH, whereas only
the PD MA hand was more irregular than the control
NDH (amplitude) and DH (amplitude and frequency) in
the bimanual SFT task.
Arrhythmokinesis in upper extremity movements

in Parkinson’s disease has been shown to be a useful
marker of overall disease severity and of the effectiveness
Ds but not controls

Bimanual SFT P Value

CVAmp (25-75% range) or (SD)

14.5 (14.3) P < 0.001

8.55 (9.20) P < 0.001

2.31 (3.75) NS

2.94 (3.82) NS

CVISI (25-75% range) or (SD)

18.6 (11.4) P < 0.001

12.6 (9.15-18.5) P < 0.05

9.79 (4.21) NS

10.45 (7.61-16.21) NS
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Figure 3 AFT captures greater arrhythmokinesis than SFT in PD
subjects but not controls. Coefficient of variation (CV) of ISI (A)
and amplitude (B) for the control subjects’ DH and NDH and PD
subjects’ MA and LA sides during AFT and SFT.
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of medication and deep brain stimulation [2,7-9].
Arrhythmokinesis of stride duration and amplitude is a
reliable marker of freezing of gait (FOG) and is related
to cognitive deficits, which may also contribute to FOG
[11,12,14,19-23]. However, a study comparing freezing
behavior in repetitive upper extremity movements to
FOG failed to reveal evidence of arrhythmokinesis even
though they did demonstrate freezing episodes that cor-
related with FOG [14,17,24]. The findings of the current
study support the hypothesis that a more complex task
than single finger tapping, alternating between hands may
be necessary to demonstrate arrhythmokinesis in upper
extremity and specifically finger movements.
Coordination of alternating movements of adjacent

digits on one hand appears to be more challenging to
the brain than the coordination of a simple movement
of one digit per hand, alternating between hands. Func-
tional imaging (fMRI) has demonstrated that a similar
bihemispheric motor network was activated during bi-
manual and unimanual finger movements in normal
subjects [25]. However, there was increased activation
in several regions during the unimanual alternating fin-
ger movement compared to the bimanual single finger
movement. In a study comparing unimanual single and
alternating finger tapping in PD, only alternating finger
tapping with activation of the contralateral limb corre-
lated with the striatal 6-Fluoro-L-dopa PET uptake [26].
Thus, it may be more challenging for the impaired sen-
sorimotor network in PD to maintain the regularity of
an alternating, adjacent finger tapping task of one hand
than to maintain regularity in an alternating hand
movement with single finger tapping.
Previous studies have shown that the basal ganglia is

involved in motor and perceptual timing, and that PD
subjects are impaired in repetitive motor timing [27]. In
addition, tasks with increased cognitive demands show
greater impairment in PD subjects [28]. Therefore, it is
possible that the unimanual AFT task captured greater
arrhythmokinesis as it involves increased cognitive load
compared to single finger tapping. It has also been pro-
posed that the bihemispheric activation of motor circuits
during bimanual tasks may facilitate movement of the
more affected side [29]. Thus during bimanual SFT, it is
possible that the less affected limb is able to maintain a
more normal rhythm and “drive” the more affected limb
to keep time.
The actual value of the CV that is used to differenti-

ate regular from irregular behavior differs among
motor tasks in PD and control subjects, and this may
have biological significance. In several studies of FOG,
the CVs reported for stride length or duration during
walking and stepping tasks were consistently around
3% for non-freezers and controls and 6% for freezers
[11-13,21,30]. In this study of unimanual AFT the CVs
were greater than 7% for control subjects and greater
than 25% for PD subjects and are consistent with our
previous AFT studies using a MIDI-interfaced key-
board [10].
The explanation for the difference in CVs of unimanual

alternating finger tapping versus those of stride duration
may be similar to the explanation for the difference in
variability between stride length and duration (2-5%)
versus stride width and double support time in
healthy subjects (17-27%) [31]. It was postulated that
stride length and duration reflect gait patterning,
which requires a high degree of consistency, while stride
width and double support time are balance control mecha-
nisms well-suite for fine control with a larger degree of
variability. Thus higher values of the CVs in unimanual
AFT in both control and PD subjects support a motor con-
trol mechanism more suited for variability and fine-tuning
than for consistency.
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Conclusions
Arrhythmokinesis, the variability in repetitive movements,
may be regarded as a cardinal motor sign in Parkinson’s
disease. In this study, unimanual AFT captured greater
arrhythmokinesis than bimanual SFT, in PD subjects. This
difference was not seen in control subjects. Unimanual
AFT also captured a significant difference in arrhythmo-
kinesis between the PD MA and LA hands and controls’
DH and NDH whereas bimanual SFT only distinguished
between PD MA hand and controls’ NDH (amplitude)
and DH (amplitude and frequency). Arrhythmokinesis of
stride duration is widely used as a marker of FOG. A study
of bimanual single finger movements alternating between
hands demonstrated freezing episodes, but not arrhythmo-
kinesis, leading to the conclusion that arrhythmokinesis is
not a marker of freezing behavior in upper extremity
movements. The results of this study demonstrate that
arrhythmokinesis in fine motor control may be evident if
investigated during more complex finger movement tasks,
such as a unimanual alternating adjacent finger tapping
task. It remains to be seen if this correlates with FOG
metrics.

Abbreviations
PD: Parkinson’s disease; AFT: Alternating finger tapping; SFT: Single finger
tapping; MA: More affected side; LA: Less affected side; UPDRS: Unified
Parkinson’s Disease Rating Scale; FOG: Freezing of gait; QDG: Quantitative
digitography; LZ: Linear zone; NLZ: Non-linear zone; ISI: Inter-strike interval;
NDH: Non-dominant hand; DH: Dominant hand.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MHT- study design, subject recruitment, data acquisition, data analysis,
manuscript preparation and editing. AV- data analysis, MATLAB script,
keyboard technology, manuscript editing and critique. MMK- data analysis,
manuscript preparation, editing and critique. LS- subject recruitment, data
collection, manuscript preparation editing and critique. EQ- subject recruitment,
data collection, manuscript editing and critique. HBS- study design and oversight,
data analysis, manuscript preparation and editing. All authors read and approved
the final manuscript.

Acknowledgements
We thank Julie Nantel for helpful comments on the study design, Zack
Blumenfeld, Bruce Hill, and Tom Prieto for comments during data analysis
and manuscript preparation, and Leanel Luciano-Liwanag for coordination of
subject scheduling and testing.

Funding
The Helen and John Cahill Family Foundation, the John A. Blume
Foundation, the Robert and Ruth Halperin Foundation, the Parkinson’s
Disease Foundation (PDF-SFW-1330, MK), the National Academy of Sciences
Grant-In-Aid of Research (Sigma Xi, The Scientific Research Society, MK), Irene
and Eric Simon Brain Research Foundation.

Received: 1 December 2014 Accepted: 23 February 2015

References
1. Wertham F. A new sign of cerebellar disease. J Nerv Ment Dis. 1929;60:486–93.
2. Shimoyama I, Ninchoji T, Uemura K. The finger-tapping test. A quantitative

analysis. Arch Neurol. 1990;47:681–4.
3. Nagasaki H, Itoh H, Maruyama H, Hashizume K. Characteristic difficulty in
rhythmic movement with aging and its relation to Parkinson’s disease. Exp
Aging Res. 1988;14:171–6.

4. Nagasaki H, Nakamura R. Rhythm formation and its disturbances–a study
based upon periodic response of a motor output system. J Hum Ergol
(Tokyo). 1982;11:127–42.

5. Nakamura R, Nagasaki H, Narabayashi H. Disturbances of rhythm formation
in patients with Parkinson’s disease: part I. Characteristics of tapping
response to the periodic signals. Percept Mot Skills. 1978;46:63–75.

6. Nakamura R, Nagasaki H, Narabayashi H. Arrhythmokinesia in parkinsonism.
Hoffmann-La Roche; 1976.

7. Stegemoller EL, Simuni T, MacKinnon C. Effect of movement frequency on
repetitive finger movements in patients with Parkinson’s disease. Mov
Disord. 2009;24:1162–9.

8. Stegemoller EL, Zadikoff C, Rosenow JM, Mackinnon CD. Deep brain
stimulation improves movement amplitude but not hastening of repetitive
finger movements. Neurosci Lett. 2013;552:135–9.

9. Taylor Tavares AL, Jefferis GS, Koop M, Hill BC, Hastie T, Heit G, et al.
Quantitative measurements of alternating finger tapping in Parkinson’s
disease correlate with UPDRS motor disability and reveal the improvement
in fine motor control from medication and deep brain stimulation. Mov
Disord. 2005;20:1286–98.

10. Bronte-Stewart HM, Ding L, Alexander C, Zhou Y, Moore GP. Quantitative
digitography (QDG): a sensitive measure of digital motor control in
idiopathic Parkinson’s disease. Mov Disord. 2000;15:36–47.

11. Plotnik M, Hausdorff JM. The role of gait rhythmicity and bilateral
coordination of stepping in the pathophysiology of freezing of gait in
Parkinson’s disease. Mov Disord. 2008;23 Suppl 2:S444–50.

12. Nantel J, de Solages C, Bronte-Stewart H. Repetitive stepping in place identifies
and measures freezing episodes in subjects with Parkinson’s disease. Gait
Posture. 2011;34:329–33.

13. Hausdorff JM, Schaafsma JD, Balash Y, Bartels AL, Gurevich T, Giladi N.
Impaired regulation of stride variability in Parkinson’s disease subjects with
freezing of gait. Exp Brain Res. 2003;149:187–94.

14. Nieuwboer A, Vercruysse S, Feys P, Levin O, Spildooren J, Swinnen S. Upper
limb movement interruptions are correlated to freezing of gait in
Parkinson’s disease. Eur J Neurosci. 2009;29:1422–30.

15. Vercruysse S, Spildooren J, Heremans E, Vandenbossche J, Wenderoth N,
Swinnen SP, et al. Abnormalities and cue dependence of rhythmical upper-limb
movements in Parkinson patients with freezing of gait. Neurorehabil Neural
Repair. 2012;26:636–45.

16. Williams AJ, Peterson DS, Ionno M, Pickett KA, Earhart GM. Upper extremity
freezing and dyscoordination in Parkinson’s disease: effects of amplitude
and cadence manipulations. Parkinsons Dis. 2013;2013:595378.

17. Barbe MT, Amarell M, Snijders AH, Florin E, Quatuor EL, Schonau E, et al.
Gait and upper limb variability in Parkinson’s disease patients with and
without freezing of gait. J Neurol. 2013.

18. Schmidt SL, Oliveira RM, Krahe TE, Filgueiras CC. The effects of hand
preference and gender on finger tapping performance asymmetry by the
use of an infra-red light measurement device. Neuropsychologia.
2000;38:529–34.

19. Nieuwboer A, Chavret F, Willems A, Desloovere K. Does freezing in
Parkinson’s disease change limb coordination? A kinematic analysis. J
Neurol. 2007;254:1268–77.

20. Nieuwboer A, Dom R, De Weerdt W, Desloovere K, Fieuws S, Broens-Kaucsik
E. Abnormalities of the spatiotemporal characteristics of gait at the onset of
freezing in Parkinson’s disease. Mov Disord. 2001;16:1066–75.

21. Plotnik M, Giladi N, Hausdorff JM. Bilateral coordination of walking and
freezing of gait in Parkinson’s disease. Eur J Neurosci. 2008;27:1999–2006.

22. Stegemoller EL, Wilson JP, Hazamy A, Shelley MC, Okun MS, Altmann LJ, et al.
Associations between cognitive and gait performance during single- and
dual-task walking in people with Parkinson disease. Phys Ther. 2014;94:757–66.

23. Walton CC, Shine JM, Mowszowski L, Gilat M, Hall JM, O’Callaghan C, et al.
Impaired cognitive control in Parkinson’s disease patients with
freezing of gait in response to cognitive load. J Neural Transm. 2014.
[Epub ahead of print].

24. Vercruysse S, Spildooren J, Heremans E, Vandenbossche J, Levin O,
Wenderoth N, et al. Freezing in Parkinson’s disease: a spatiotemporal motor
disorder beyond gait. Mov Disord. 2012;27:254–63.

25. Koeneke S, Lutz K, Wustenberg T, Jancke L. Bimanual versus unimanual
coordination: what makes the difference? Neuroimage. 2004;22:1336–50.



Trager et al. Journal of Clinical Movement Disorders  (2015) 2:8 Page 7 of 7
26. Pal PK, Lee CS, Samii A, Schulzer M, Stoessl AJ, Mak EK, et al. Alternating two
finger tapping with contralateral activation is an objective measure of
clinical severity in Parkinson’s disease and correlates with PET. Parkinsonism
Relat Disord. 2001;7:305–9.

27. Jones CR, Malone TJ, Dirnberger G, Edwards M, Jahanshahi M. Basal ganglia,
dopamine and temporal processing: performance on three timing tasks on
and off medication in Parkinson’s disease. Brain Cogn. 2008;68:30–41.

28. Brown RG, Marsden CD. Dual task performance and processing resources
in normal subjects and patients with Parkinson’s disease. Brain.
1991;114(Pt 1A):215–31.

29. Kishore A, Espay AJ, Marras C, Al-Khairalla T, Arenovich T, Asante A, et al.
Unilateral versus bilateral tasks in early asymmetric Parkinson’s disease:
differential effects on bradykinesia. Mov Disord. 2007;22:328–33.

30. Nantel J, Bronte-Stewart H. The effect of medication and the role of postural
instability in different components of freezing of gait (FOG). Parkinsonism
Relat Disord. 2014;20(4):447–51.

31. Gabell A, Nayak US. The effect of age on variability in gait. J Gerontol.
1984;39:662–6.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects and clinical evaluation
	Quantitative DigitoGraphy (QDG)
	Data acquisition and analysis: customized engineered keyboard and kinematic algorithm
	Statistics

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Funding
	References

