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� Finger tapping test at comfort rate is a valid and reliable test used to detect alterations in rhythm for-
mation in parkinsonian and elderly subjects.
� In the young subjects fatigue induces a fast slowing of the tapping rate if the finger tapping test is per-
formed as fast as possible.
� Due to this fatigue, using the finger tapping test to evaluate alteration in rhythm formation clinically
across populations appears invalid if it is performed at the fastest rate.

a b s t r a c t

Objective: The main goal of this work is to evaluate the validity of the finger tapping test (FT) to detect
alterations in rhythm formation.
Methods: We use FT to study the alterations in motor rhythm in three different groups: Parkinson’s
patients, elderly healthy controls, and young healthy control subjects (HY). The test was performed in
COMFORT and FAST tapping modes and repeated on two different days.
Results: For the variables analyzed (frequency and variability) both modes were repeatable in all groups.
Also, intra-class correlation coefficients showed excellent levels of consistency between days. The test
clearly differentiated the groups in both FAST and COMFORT modes. However, when fatigue was ana-
lyzed, a decrease in the tapping frequency was observed in HY during the FAST mode only. The amplitude
of motor evoked potentials (MEPs) induced by transcranial magnetic stimulation (TMS) was early-poten-
tiated but not delayed-depressed, both for COMFORT and FAST modes. This suggests that fatigue was not
of cortico-spinal origin. Other forms of central fatigue are discussed.
Conclusions: FT at FAST mode is not a valid test to detect differences in rhythm formation across the
groups studied; fatigue is a confounding variable in some groups if the test is performed as fast as pos-
sible.
Significance: COMFORT mode is recommended in protocols including the FT for evaluating rhythm
formation.
� 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction tening, faltering, or freezing in the tapping pattern (Nakamura
The finger tapping test (FT) is a basic tool for evaluating rhyth-
mic movement patterns. It is commonly used in clinical assess-
ments and as part of costly research protocols, including brain
imaging studies (Stoodley et al., 2010; Foki et al., 2010; Stavrinou
et al., 2007) and neurophysiological examinations (Leijnse et al.,
2008; Astolfi et al., 2004). The test allows the study of several
key elements to be subsequently used as complementary data for
characterizing disease profiles, for instance arrythmokinesis
(Nakamura et al., 1976; Wertham, 1929), which can include has-
f Clinical Neurophysiology. Publish

9.
et al., 1978) and hypokinesia, in Parkinson’s disease (PD). The test
is also a sensitive marker for the detection of alterations in rhythm
formation due to aging (Shimoyama et al., 1990). Despite their con-
ceptual simplicity, FT provides highly valuable information useful
in the characterization of a number of diseases which make the test
a widely used protocol. Nevertheless, there are several methodo-
logical aspects which remain unaddressed and should be taken
into account, such as the relation between duration, tapping rate
protocol and fatigue.

In the classic work by Shimoyama et al. (1990) subjects were
asked to tap for 15 s at each subject’s maximum tapping rate.
The protocol allowed the characterization of healthy subjects of
different ages, PD and other pathologies. Later on, however, it
ed by Elsevier Ireland Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.clinph.2012.04.001
mailto:jcud@udc.es
http://dx.doi.org/10.1016/j.clinph.2012.04.001
http://www.sciencedirect.com/science/journal/13882457
http://www.elsevier.com/locate/clinph
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was reported that tapping rate decreases after a few seconds
(about 7 s) if tapping was as fast as possible (Aoki et al., 2003). This
questions whether the results obtained previously (Shimoyama
et al., 1990) were due to central rhythm formation impairment.
An alternative version of the test is tapping at a rate comfortable
for each subject (Collyer et al., 1994; Del Olmo et al., 2006). This
test probably has some advantages: the effect of fatigue seems
not to be a limiting factor and the test allows a clear depiction of
movement amplitude, permitting the characterization of hypoki-
netic movement profiles.

In addition, there is another important methodological point to
be considered: determining test duration. Most experiments (Shi-
moyama et al., 1990; Del Olmo et al., 2006; Farkas et al., 2006; Gill
et al., 1986) set a fixed duration for the test. This means that the
number of events recorded varies from one subject to another,
depending on the tapping frequency executed. It is plausible that
the different number of events may impact on some of the variables
usually measured, for instance, the coefficient of variability
(CV = (sd/mean) � 100). This variable depends on the difference of
each point from the mean and it seems reasonable to standardize
the use of the variable by using the same number of events in each
sample, which is complicated if duration of the test is fixed in time.

In this framework, the aim of this study is to re-appraise the role
of the finger tapping test in evaluating rhythm formation in PD,
healthy elderly controls (HE), and young healthy controls (HY).
We will perform the test at both fastest and comfort rates to assess
a potential effect of fatigue on the validity of the test to detect alter-
ation of rhythm formation in PD and aging. We will control the ef-
fect of the number of events, by determining test duration on the
basis of number of tapping events rather than using a given time.
We will also evaluate the reliability of the each testing mode by per-
forming each protocol twice (one week apart) under the same con-
ditions. Interpretation of results will be always tempered by
controlling for the possible role of fatigue by analyzing any change
in tapping frequency (e.g. depressed responsiveness resulting from
continuous tapping) at the beginning and the end of the test, along
with any evidence of cortico-spinal fatigue. Fatigue has been de-
fined as an exercise-induced reduction in maximal voluntary mus-
cle force which may have central origin (Gandevia, 2001). Amongst
its forms, cortico-spinal (CS) fatigue is defined as an adaptation in
the cerebral cortex or spinal cord following a period of prolonged
effort which leads to lack of the ability of voluntary command to re-
cruit spinal motor-neurons fully, in fully motivated subjects (Di
Lazzaro et al., 2003). CS fatigue is manifest by an initial enhance-
ment followed by a depression below baseline levels of the motor
evoked potentials induced by TMS, evaluated at rest (Brasil-Neto
et al., 1993; Samii et al., 1996; Liepert et al., 1996).

We hypothesized a fatigue-related slowing of tapping rate at
FAST rate with CS origin, which questions the validity of the test
as a means to characterize rhythm formation across groups.

2. Methods

2.1. Ethical approval

This project was approved by the University of A Coruña Ethics
Committee. The protocol conformed to the Helsinki declaration
and subjects signed consent forms.

2.2. Subjects

We tested three groups of subjects:

2.2.1. PD
PD patients belonging to local associations of patients, Aso-

ciación Parkinson Galicia (A Coruña), and Asociación Parkinson
Bueu (both in Spain), were recruited as participants. 17 PD diag-
nosed with idiopathic PD were evaluated whilst OFF-dose (12-h
after withdrawing medication). PD were on average 69.47 yrs old
(SEM 2.33), and had mean UDPRS-III scores of 28.25 points (SEM
2.70).

2.2.2. HE
20 HE were also included in the study. Their ages were on aver-

age 70.55 yrs (SEM 2.69). They were approached through relatives
of the staff of our institution.

2.2.3. HY
21 HY, staff working and students taking classes in our institu-

tion, were recruited for the study. They were on average 23.90 yrs
old (SEM 1.93). In experiments specifically aimed at studying cor-
tico-spinal fatigue, another group of 24 HY was included (23.37 yrs
old; SEM 1.13).

General inclusion criteria included: Lack of dementia (Mini-
Mental Examination State score >25); lack of arthro-muscular
impairment such as arm prosthesis, arthritis, etc.; or any kind of
disease affecting the execution of the task (apart from PD in the
patients group). Specific criteria for the PD were diagnosis of idio-
pathic PD, and ability to cope with OFF-period after withdrawing
medication for 12 h.

All subjects were right-handed (Oldfield, 1971), and performed
the task with their dominant hands.

2.3. Materials

Inter-tap intervals were recorded by means of an electronic sys-
tem which included a metal plate and a metal ring adapted to the
distal phalange of the index finger. The system was connected to a
laptop PC and registered the time (sampled at 1 KHz) during which
the metal pieces were in contact and the inter-touch time, allowing
the calculation of inter-tap interval.

We used a Magstim 2002 stimulator to deliver monophasic
pulses through a 70 mm figure of 8 coil to evaluate CS fatigue.
The coil was oriented tangential to the skull with the handle point-
ing 45� backwards thereby inducing currents in a postero-anterior
direction. The coil was positioned over the hot-spot for the first
dorsal interosseous muscle (FDI) of executing hand. Motor evoked
potentials (MEPs) were recorded over FDI, and extensor digitorum
(EXT) through a belly-tendon montage using surface electrodes
(Ag–AgCl). MEPs were recorded by means of D360 amplifiers (Dig-
itimer, Welwyn Garden City, Herts) band-width filtered between
3–3000 Hz. Data was sampled at 10KHz and stored in the com-
puter by means of a CED 1401 Power mkII A-D converter (Cam-
bridge Electronic Design, Cambridge, UK). A customized Matlab
(Mathworks, Spain) program was used to process data.

2.4. Procedure

Subjects were comfortably seated with forearms laid on a table
in front of them, so that both elbows were flexed at about 90–100�.
Seat height was adapted so that subjects were in an optimal com-
fort position to perform the test. Subjects were asked to perform FT
with their index finger by flexing-extending the metacarpo-pha-
langeal joint while staring at the hand executing the task.

Two condition modes were included: Tapping at their fastest
rate (FAST), and tapping at their preferred, comfortable rate (COM-
FORT). Before the FAST condition subjects were reminded to tap as
fast as they could from the very beginning of the test. Because in-
tra-session variability in tapping protocols in PD has been reported
previously (Wu et al., 1999, who recommended a minimum of two
sets of evaluations per session), each condition was repeated three
times, allowing 3 min rest between repetitions. Before starting



2036 P. Arias et al. / Clinical Neurophysiology 123 (2012) 2034–2041

Compendium of publications | 177
each of the FAST trials, subjects were asked if they felt any fatigue;
if they had, they would have been given extra rest time, but no
subject reported feeling fatigued. The first 3 taps of each trial were
discarded in order to reach a steady rate. Each of the trials lasted
until subjects performed 50 finger tapping cycles, apart from the
3 initial discarded taps. Between modes subjects rested for 6 min.
The whole protocol, 3 sets of 50 taps at COMFORT, and 3 sets of
50 taps at FAST, was repeated twice (DAY1 & DAY2), a week apart
from each other, under the same conditions.

The order of conditions was randomized (FAST-COMFORT or
COMFORT-FAST) between subjects, and for each subject the order
was the same for the first and the second evaluation days.

The same protocol was used when CS fatigue was evaluated
(Fig. 1a and b).

2.4.1. Evaluation of CS fatigue
We found that young subjects significantly lowered their tap-

ping rate during tapping in the FAST mode (see results section be-
low). Therefore we evaluated the role of cortico-spinal fatigue in
the same task in a group of YH tapping at FAST mode; the control
condition was COMFORT.

Before MEPs testing the rest motor threshold (RMT) for FDI was
determined as the minimum intensity to produce 50% positive re-
sponses of 50 lV in ten consecutive stimuli. For CS fatigue evalua-
tion sets of 10 consecutive stimuli at 120% RMT (Di Lazzaro et al.,
2003) were delivered at 0.16 Hz over the marked hot-spot of the
FDI. The protocol is represented in Fig. 1b. MEPs amplitudes
evoked by TMS pulses after fatiguing contractions have been
shown to be initially enhanced, right at the end of activity, and
subsequently depressed below baseline levels at about 30 s after
activity cessation (and on up to minutes) (Brasil-Neto et al.,
1993; Samii et al., 1996; Liepert et al., 1996). Therefore we evalu-
ated changes in MEPs along 1 min before tapping, immediately
after tapping, and again 2 min (for 1 min) after tapping in order
to evaluate the MEPs modulation profile induced by FAST and
COMFORT tapping.
(a)

(b)

Fig. 1. (a) Finger tapping protocol. Each Subject performed 3 sets of 50 cycles of finger t
randomized, and there was a rest of 3 min between sets and 6 min between modes.
excitability evaluations was also included: (i) PRE; (ii) FT, (iii) POST; (rest periods); (i
performed just before, immediately after, and again after 1 min, with respect to the 50 fin
30 MEPs for each of the three sets of PRE, POST, & POST-2.
2.5. Analyzed variables

The following variables were analyzed:

(i) The FREQUENCY of tapping (in Hz).
(ii) The coefficient of variation (CV) of inter-tap interval, defined

as: CV(%) = (sd/mean) � 100.
(iii) Tapping fatigue: Reduction in the FREQUENCY from the first

10 (FREQUENCY1–10) to the last 10 taps of the sequence
(FREQUENCY41–50). Complementary analysis was performed
taking all intervals of ten taps from 1 to 50 (FREQUENCY1–10;
FREQUENCY11–20; FREQUENCY21–30; FREQUENCY31–40; FRE-
QUENCY41–50).

(iv) Central fatigue: This was defined as a significant decrease in
the MEP amplitude after tapping. Since modifications of
EMG-background activity might be a fatigue-related phe-
nomenon, its impact on the MEPs was controlled. Therefore
the level of EMG-background (area (mV �ms) in the period
from �80 ms to �10 ms with respect to TMS trigger) was
evaluated.

2.6. Statistical analysis

The following analyses were performed:

(i) The sensibility of the test to differentiate groups was ana-
lyzed by means of an Analysis of Variance with repeated
measures (ANOVA-RM). One between-subject factor was
set: GROUP (with three levels: PD, HE, HY). Two within sub-
ject factors were also defined, DAY (with two levels, DAY1
and DAY2, each of the days of evaluation) and TAPPING-
RATE (FAST & COMFORT modes). This analysis was done
for both the CV and the frequency of tapping.

(ii) To evaluate how performance was influenced by disease
severity the 8 PD with the lower scores in the motor section
of the UPDRS were compared to the 8 PD with the higher
apping (FT) at COMFORT and other 3 sets at FAST (modes). The order of modes was
(b) During the central fatigue protocol an overlapping sequence of corticoespinal
v) POST-2. Each TMS block (TMS1, TMS2. . .) comprised the recording of 10 MEPs,
ger tapping cycles. Averaging of the 3 sets of evaluations allowed a total recording of
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scores. This was done by means of a Student t-test for inde-
pendent samples, applied to the variables CV and tapping-
frequency at the COMFORT and FAST tapping modes.

(iii) Consistency in execution was evaluated by means of the
Intra-class Correlation Coefficient (ICC) between DAY1 &
DAY2, for both CV and FREQUENCY at the two tapping rates,
FAST & COMFORT. The mean difference between days was
also analyzed, (Day 1 minus Day 2 for each subject). This
was done using a one sample t-test and was evaluated for
each group separately; it reflects if the difference in execu-
tion between days was significantly different from 0.

(iv) An ANOVA-RM was performed to analyze the effect of fati-
gue in the tapping frequency. Two within-subjects factor
were set, factor FREQUENCY with two levels (FRE-
QUENCY1–10 & FREQUENCY41–50) and factor TAPPING_RATE
with two levels (COMFORT & FAST). A subsequent analysis
on those subjects showing fatigue was done, using the same
model but analyzing the drop of frequency at intervals of 10
taps, then factor FATIGUE had 5 levels (FREQUENCY1–10, FRE-
QUENCY11–20. . . FREQUENCY41–50).

(v) CS fatigue was analyzed with another ANOVA-RM, reflecting
how the MEP size changes after tapping. Three within-sub-
ject factors were included:

(vi) TAPPING_RATE, with two levels (COMFORT & FAST).
(vii) Factor PRE_POST_POST2 with three levels. PRE: MEP ampli-

tude averaged at TMS sets 1, 3, and 5 (all recorded immedi-
ately before tapping, TMS1, TMS3, TMS5); POST: MEP
amplitude averaged at TMS sets 2, 4, and 6 (all recorded
immediately after tapping); and POST2: MEP amplitude
averaged at TMS sets 3, 5, and 7 (all recorded immediately
after 10 rest). Each PRE-POST-POST2 outcome came from
averaging 30 MEPs in each subject.

(viii) MUSCLE with 2 levels (FDI, EXT).

This model was used for both, the EMG-background, and MEP
size.

Results are expressed as Mean and the Standard Error of the
Mean. Normality of distributions was assessed by means of Kol-
gomorov–Smirnov test of one sample. During ANOVA analysis
the degrees of freedom were corrected with Greenhouse Coeffi-
cients (e) in case of sphericity violation; and significance was set
at p < 0.05.
3. Results

3.1. CV at COMFORT and FAST rate

Using the finger tapping test, groups were differentiated
based on their CV (F(2,55) = 9.765 p < 0.001GROUP), and this differ-
ence was dependent on the tapping rate (F(2,55) = 7.869 p =
0.001GROUP�TAPPING_RATE). CV obtained during COMFORT mode
detected differences among groups (Fig. 2a), and PD severity
(Fig. 3). On the other hand, FAST mode also differentiated the
healthy groups from the PD (Fig. 2b) but, importantly, not between
HY and HE. It is worth noting that performance between the 2 days
did not differ significantly. ICC showed high consistency in execu-
tion between days, with the exception of the HE at fast rate; also
the difference in execution between days was never significantly
different from 0 (Fig. 4a and b; and Table 1).
3.2. Frequency at COMFORT and FAST rate

Frequency of tapping did not vary between days and across all
groups. Unsurprisingly, frequency was affected by the tapping
mode (COMFORT or FAST) F(1,55) = 592.945 p < 0.001TAPPING_RATE,
and the test allowed us to differentiate the groups by means of this
variable, but this was dependent on the tapping rate
F(2,55) = 17.342 p < 0.001TAPPING_RATE�GROUP. Follow-up analysis
(Fig. 2) shows that HY tapped significantly faster than HE and PD
at Fast rate (p < 0.001 both), while PD vs. HE showed no significant
difference. Interestingly, PD tapped faster at COMFORT than the
other two groups (p = 0.028 vs. HC and p = 0.017 vs. YC). Likewise
ICC showed high consistency between days, both at COMFORT
and at FAST tapping rate, and, in addition, difference in execution
between days was never significant different from 0 (p > 0.100 in
all cases; Fig. 4c and d; and Table 1).

3.3. Fatigue at COMFORT and FAST tapping rates

The ANOVA showed a strong interaction indicating that groups
behaved differently in their response to FATIGUE, F(2,55) = 8.903
p < 0.001FATIGUE�TAPPING_RATE�GROUP. Follow-up with groups split
showed that it was the YC group that behaved differently. Whereas
no sign of fatigue appeared in the PD & HE (Fig. 5a and b), the HY
showed an obvious drop of the tapping frequency dependent on
the tapping mode F(1,20) = 26.918 p = 0.001FATIGUE�TAPPING_RATE.
No slowing of tapping rate was observed at the end of the test at
COMFORT but it was clear at FAST mode (p < 0.001; Fig. 5a–c).

3.4. Cortico-spinal fatigue

A new group of 24 HY was evaluated to assess CS fatigue. There
was again a clear drop in the tapping rate when executing the test,
again observed only at FAST mode F(4,92) = 16.123
p < 0.001FATIGUE�TAPPING_RATE. In this mode, frequency was
maintained for the 20th first taps and then dropped from initial
values (p < 0.001; Fig. 6a). At the end of the task there was an
increase in the CS excitability (augmented MEP amplitude),
F(2,46) = 34.689 p < 0.001PRE-POST-POST2 (Fig 6b black line); however
this change appeared regardless tapping mode (Fig 6c and d), and
was observed in the two evaluated muscles. If restricted to the first
five MEPs (up to the vertical dashed line in Fig 6b–d), the analysis
showed that CS excitability was increased right at the end of
tapping in the first of the MEPs F(8,184)e=0.481 = 5.076 p =
0.001PRE-POST-POST2�EVENT; again this did not depend on the rate of
tapping (Fig 6c and d). There was no delayed depression in MEPs
from 30 s onwards, after tapping (Fig 6c and d). The analysis of
the EMG-background activity showed the same profile that MEPs;
in no case the different tapping modes had differential effect on
pre-activity F(1,23) = 0.330 p = 0.571TAPPING-RATE; interactions were
never significant.
4. Discussion

The aim of this study was to examine the validity and reliability
of the finger tapping test in different modes, FAST or COMFORT,
and to re-appraise some methodological aspects of its usage.
Chiefly, we have focused on the capacity of the test to detect differ-
ences in rhythm formation amongst three different groups of sub-
jects. We deemed that this is a critical aspect, assuming that the
test might be valid for one population but not for another. Indeed,
our data now seem to suggest that is the case for the young group
at FAST rate.

Results proved that the test performed at COMFORT rate is
reproducible across different testing days, and can detect differ-
ences in rhythm formation between the three groups of subjects.
In this mode, the test is also sensitive to alterations in rhythm for-
mation as the disease progresses. This has been shown previously
in more complex movements (Arias and Cudeiro, 2008), indicating
(as observed here also) that early PD have a similar pattern of



(b)(a)

(c) (d)

Fig. 2. CV of inter-tap interval (a, b) and tapping frequency (c, d) in the three groups, for the two different days of evaluation in both, COMFORT (left graphs) and FAST (right
graphs), conditions. Tapping rates and CV were not statistically different for all groups when comparing performance between the first and the second days. (a) CV at
COMFORT showed PD had larger CV than HY (PD vs. HE was not significant, but see Fig. 3) (b) At FAST mode the PD showed larger CV than the other two groups, the effect of
aging was not manifest in this mode. (c) At COMFORT the PD tended to tap faster than HY without reaching statistical significance. (d) At FAST mode HY tapped faster than the
other two groups.

(a) (b)

(d)(c)

Fig. 3. PD severity had an effect on the variability of tapping, either at COMFORT or FAST rates. The more affected the greater variability.
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variability to elderly subjects. At FAST rate, however, an effect of
fatigue appears in the HY group. Therefore the observed drift in fre-
quency, which clearly affects inter-tap variability, may not reflect
an alteration in rhythm formation. Further, when variability is con-
sidered in the case of the elderly, consistency between days is also
questioned at FAST rate. This seems to disagree with previous work
by Gill et al. (1986) who showed good association between
execution in different days. It is worth saying, however, that the
Pearson’s coefficients used in that study do not assess consistency
(Bland and Altman, 1986). The appearance of fatigue (a drop in tap-
ping rate) at FAST rate has been previously reported (Aoki et al.,
2003) questioning the study of Shimoyama et al. (1990) in which
subjects tapped as fast as they could for 15 s. Therefore tapping
at COMFORT mode not only avoids fatigue and permits better



(a)

(c)

(b)

(d)

Fig. 4. Scatter-plot comparing the execution between days for the different groups. Diagonal line represents perfect matching. In all cases there was a high consistency in
execution between days, with the exception of the CV of HE at FAST rate, with poor ICC (see Table 1).

Table 1
ICC and Mean Difference between days in the three groups.

PD HE HY

ICC [95CI]
CV-COMFORT 0.88[0.66;0.96] 0.77[0.43;0.91] 0.79[0.48;0.91]
FQ-COMORT 0.95[0.87;0.98] 0.76[0.38;0.90] 0.92[0.79;0.97]
CV-FAST 0.92[0.77;0.97] 0.33[�0.70;0.73]* 0.74[0.36;0.90]
FQ-FAST 0.93[0.81;0.98] 0.85[0.63;0.94] 0.85[0.62;0.94]

MEAN D1–D2
CV-COMFORT t16 = 1.652; p = 0.118 t19 = �0.405; p = 0.690 t20 = 0.107; p = 0.916
FQ-COMORT t16 = �0.990; p = 0.337 t19 = �1.371; p = 0.186 t20 = �1.068; p = 0.298
CV-FAST t16 = �0.061; p = 0.952 t19 = 0.558; p = 0.583 t20 = �0.628; p = 0.537
FQ-FAST t16 = 0.074; p = 0.942 t19 = �0.708; p = 0.488 t20 = 1.499; p = 0.150

* ICC for CV-FAST in the HE showed poor consistency between days. MEAN D1–D2 contrast the hypothesis that the difference in execution between days is 0; if p < 0.05 the
difference between days is not 0.
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characterization of rhythm formation, it also allows a closer inves-
tigation of the hypokinetic elements of the movement, as a fre-
quency-amplitude trade-off at faster rates will require all
subjects to perform short-amplitude movements to get faster
frequencies.

Fatigue in the tapping rate may have a central or peripheral ori-
gin. Central fatigue, often identified as cortico-spinal fatigue (but
see below), is defined as adaptation in the motor cortex or spinal
cord following a period of prolonged effort which leads to lack of
the ability of voluntary command to recruit spinal motor-neurons
fully, in fully motivated subjects (Di Lazzaro et al., 2003). Central
fatigue has been proposed as a mechanism in a number of studies
evaluating MEPs amplitude evoked by TMS pulses after maximal
voluntary contractions (Gandevia, 2001; Brasil-Neto et al., 1993,
1994; Liepert et al., 1996; Gandevia et al., 1996; Taylor et al.,
1999, 2000). This hypothesis has been subsequently supported
by Di Lazzaro et al. (2003), who showed a reduction in the D and
I waves evoked by TMS recorded in the epidural space at the cervi-
cal level after 2 min maximal voluntary contraction. Central fatigue
has also been shown during intermittent activities (Taylor et al.,
2000; Maruyama et al., 2006). Obviously the tasks performed in
those studies and FAST finger tapping are different. Despite all of
the above, however, we should emphasize that using our protocol
we were unable to detect the presence of cortico-spinal fatigue.
Conversely, MEP facilitation after movement was obtained imme-
diately after tapping. Such post-exercise facilitation is in agree-
ment with previous work and might have been related to fatigue
if it were accompanied by a subsequent depression in the MEP
amplitude at about 30 s and on (Samii et al., 1996), which was
not observed in our study. Interestingly such facilitation was not
dependent on tapping rate, (COMFORT or FAST, which was about
3 times faster). Therefore fatigue of M1 or spinal motorneurons
seems not have been responsible for the decrease in the tapping
frequency, unless it has a faster form with a faster recovery profile
than the frequency of stimulation used. This might be possible as
fatigue has been related to duration of exercise (Samii et al.,
1997), so that very fast tapping might induce very fast forms of fa-
tigue with very fast recovery profile; this will be addressed in the
future, since our MEP testing protocol did not allow us to detect
fatiguing during the execution of the task or lasting only few



(a)

(b)

(c)

Fig. 5. Decrease in tapping frequency at the FAST rate in the HY. The figure shows the change in the tapping rate at the last 10 taps of the sequence vs. the first 10 taps, either
at FAST (a), or COMFORT (b) tapping modes. In the HY group there was a significant decrease in the tapping rate at FAST mode at the end of the sequence. (c) Example of such
a decrease in a representative subject; the horizontal dashed lines represent the mean rate for the sequences. The drift in frequency has a clear impact on the CV which
increases due to fatigue rather than due to rhythm formation impairment.

(a) (b)

(c) (d)

Fig. 6. Cortico-spinal excitability changes related to tapping drift in the HY. (a) Slowing in the tapping rate along the sequence of 50 taps, observed only at the FAST mode. (b)
Associated to tapping (either COMFORT or FAST) there was an increase in the cortico spinal excitability right after tapping (b; black line) which returned to baseline levels
(grey diamonds) after the rest period (grey triangles). Sections (c, d) present data split by tapping rate mode, and by muscle. The same profile is observed at FAST (c) and
COMFORT (d) tapping modes, therefore the changes observed in cortico spinal excitability do not explain the drop in the tapping rate, since during COMFORT no decrease in
tapping frequency was observed. By the 5th MEP (vertical dashed lines) POST values overlapped PRE and POST-2; therefore MEP by MEP ANOVA analysis was restricted to the
5 first MEPs. Values are mean and SEM; X axis represents interval of 10 taps in (a) and the MEP number and its delay (s) in relation to the end of the tapping activity in (b–d).
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seconds after the task ended. This has to be acknowledged as a lim-
itation of this study. Of course, some other forms of central fatigue
might be responsible for our findings, ranging from central homeo-
static regulation (Hilty et al., 2011) to adaptations of afferent
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feedback to the spinal cord (Gandevia, 2001; Duchateau and Hai-
naut, 1993) in response to tapping at the fastest rate.

Another mechanism to explain drop of frequency in the tapping
rate at FAST may be related to peripheral fatigue, or perhaps, to a
combination of central and peripheral. Peripheral fatigue has a
muscular origin and involves bioenergetics or alterations in the
contraction-relaxation cycle (Davis and Walsh, 2010); for instance,
slowing of relaxation (Edwards et al., 1975; Dutka and Lamb, 2004).
The observed drop in frequency was detected at about second 6
(end of third 10-taps interval). This is in agreement with several
known features of the metabolic process of isometric muscle con-
traction, for instance the maximal ATP re-synthesis from the phos-
phocreatine system, which decays at about 6–8 s (Wells et al.,
2009). Notably, the metabolic cost in human adductor pollicis is lar-
ger for dynamic than for isometric contractions (Newham et al.,
1995), which could explain why in our data fatigue appears earlier.

Conversely to the effects on HY, HC and PD showed no sign of
fatigue during tapping in FAST mode. This may be because their
tapping frequency at FAST was significantly lower than that of
the HY. There is evidence that sarcopenia leads to muscle atrophy
of IIb fibers (Lee et al., 2006), thus it is conceivable that these fast-
est fibers are needed for tapping rates like those displayed by the
young; given their scarcity due to age, maximum possible tapping
frequencies are reduced, but the frequency is more easily main-
tained. This, beside central mechanisms altered by aging might ac-
count for the slower frequency obtained at FAST in HC and PD
(McGinley et al., 2010; Oliviero et al., 2006).

Summarizing, our results show that FT in FAST mode is not a
suitable test to evaluate alteration in rhythm formation across
populations of different ages, as it might induce a drift in the tap-
ping rate not due to impairment in central rhythm formation but
due to fatigue. However the value of the FAST mode as a test can-
not be denied, since there may be some objectives which cannot be
properly achieved with COMFORT mode. This is the case, for in-
stance, in bradykinetic profiles, because the test duration is (usu-
ally) very short. Nevertheless, some other protocols in which
many trials are needed with larger periods of execution (fMRI,
EEG, etc.), are better candidates for FT at COMFORT mode if avoid-
ing fatigue is required. Our study also shows an age-dependent
induction of fatigue when performing an easy and common test
at FAST rate. The underlying mechanism is not straight-forwardly
explainable by cortico-spinal fatigue and should be further investi-
gated. In conclusion, the finger tapping test at FAST mode induces
fatigue, questioning its validity as a means to evaluate rhythm for-
mation across populations.
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Abstract

This work presents an immersive Virtual Reality (VR) system to evaluate, and potentially treat, the alterations in rhythmic
hand movements seen in Parkinson’s disease (PD) and the elderly (EC), by comparison with healthy young controls (YC). The
system integrates the subjects into a VR environment by means of a Head Mounted Display, such that subjects perceive
themselves in a virtual world consisting of a table within a room. In this experiment, subjects are presented in 1st person
perspective, so that the avatar reproduces finger tapping movements performed by the subjects. The task, known as the
finger tapping test (FT), was performed by all three subject groups, PD, EC and YC. FT was carried out by each subject on
two different days (sessions), one week apart. In each FT session all subjects performed FT in the real world (FTREAL) and in
the VR (FTVR); each mode was repeated three times in randomized order. During FT both the tapping frequency and the
coefficient of variation of inter-tap interval were registered. FTVR was a valid test to detect differences in rhythm formation
between the three groups. Intra-class correlation coefficients (ICC) and mean difference between days for FTVR (for each
group) showed reliable results. Finally, the analysis of ICC and mean difference between FTVR vs FTREAL, for each variable and
group, also showed high reliability. This shows that FT evaluation in VR environments is valid as real world alternative, as VR
evaluation did not distort movement execution and detects alteration in rhythm formation. These results support the use of
VR as a promising tool to study alterations and the control of movement in different subject groups in unusual
environments, such as during fMRI or other imaging studies.
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Introduction

Virtual Reality (VR) is a technique by which a person interacts

with an artificial reality, which can be totally controlled by the

experimenter, so that responses of the subject can be perfectly

monitored and evaluated [1]. VR technology emulates the real

world in an environment where characteristics are controlled,

measurable and modifiable [2], permitting the isolation of subjects

from non-natural research environments like fMRI scans, or

complex laboratory settings [3–5].

This is acquired by means of creating a virtual environment

(VE), so that the experimental subject is integrated into the VE by

providing virtual information through appropriate sensory chan-

nels; eyes (head-mounted-displays (HMD); skin (haptic devices)

[6]; or hearing (aural devices). This technique is being used both as

a research tool and to treat several non-motor disorders [7] and is

becoming a promising tool for the treatment of anxiety [8],

claustrophobia [9], fear of flying [10], arachnophobia [11] or post-

traumatic stress symptoms [12], besides its use in more basic

science to study the basis of decision making [13].

The relationship between VR and the human motor system is

undoubtedly complex. However, it has been used to study the

cognitive basis of complex movements such as navigation during

locomotion [14,15] and the interactions of execution/observation

combined with fMRI [3]. Moreover, motor system pathologies can

be evaluated through VR [16]. For example, the kinematics of hand

movement in visual neglect patients [17], parkinsonian bradykinesia

[18], or fractal analysis in physiological or pathological conditions

[19,20] have all been evaluated during VR immersion [21].

Several clinical studies have shown that arrhythmokinesis

during finger tapping [22–24] is associated with un-steadiness of

rhythm in complex movements like gait [25]. Arrhythmokinesis is

characteristic of the elderly and of several pathologies like

Parkinson’s disease (PD) [24], and the typical alterations are

present not only in the temporal but also in the spatial domain,

such as movement amplitude. Interaction between visual and

proprioceptive systems seems altered in pathological conditions;

for instance, the integration of proprioceptive and visual

information required to coordinate movements is impaired in

PD [26]. In this sense, VR allows the researcher to control and

modify the weight of the different sensory information resources to

understand better the role of each in their current situation. VR is

also considered to be a potential therapeutic tool in gait disorders

after stroke [27] or phantom limb pain [28]; roles reinforced by

evidence of neuroplasticity after VR therapy in cerebral palsy

[29,30] and pain relief [31].
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With this background, we present an immersive HMD VR

system by which the subject can be integrated in 1st perspective

(although 3rd person perspective is also allowed), capturing their

movements (finger taps) on-line, and placing them into the virtual

world, aiming to shed some light on the following question: Virtual

reality and physical rehabilitation: a new toy or a new research and

rehabilitation tool? [32]. For this, it is of utmost importance to show

that any VR system induces physiological responses in the same

way that the real world does. This is a fundamental issue which

needs to be dealt with prior to further presentation of more

complex protocols to produce lasting physiological adaptations, or

to use VR systems in experimental protocols including brain image

evaluation [33,34]. Since finger tapping in the real world is able to

detect alterations in rhythm formation due to aging and PD [22–

24], our aim is to understand if finger tapping in VR can

reproduce such results. Our research hypothesis states that

execution in a VR environment is reproducible across time and

is capable of detecting alteration in movement features between

the three different groups of subjects evaluated, PD patients,

elderly healthy subjects, and young healthy subjects (as controls for

the effect of aging).

Materials and Methods

Virtual Reality System
The subjects were seated on a chair, in a comfortable, relaxed

posture, with their hands and forearms leaning on a table. The

subject wore the HMD, which provided him with a first person

view of a virtual environment which is similar to his actual

environment: He sees a virtual room with a table in front of him

and a virtual, generic depiction of himself (avatar) (Fig. 1). The

frame may be zoomed in or out such that size of the avatar’s hand

can be adjusted to the real size of the subject’s hand, enhancing

immersion. The system tracks finger, hand and arm movements,

and translates them realistically into the virtual character. To

develop this realistic virtual environment, enhancing the sense of

presence, we have chosen the Ogre3D engine (http://www.

ogre3d.org), an open-source, scene-oriented, flexible 3D engine

written in the C++ language. The main element in the 3D

rendering program is the virtual avatar; a generic human-like 3D

model was created using Maya and exported to Ogre format, with

a significant level of detail ensuring the realistic look of the scene

and preventing subjective disbelief.

Figure 1. Virtual Reality System. Representation of the different elements in the system: movement of reflective markers at the Patient/Subject’s
anatomical points (1.1) are captured by IR cameras (1.2, 1.3, 1.4) and the cameras send information to the main computer, which integrates subjects
movements into the virtual experience. An acquisition module (1.5) connects reciprocally to the main computer, so that different analogue and
digital input/outputs can be controlled. The Subject wears the HMD, and the display is also shown on the main computer for experimenter to
supervise the experience. The figure represents the virtual environment and the avatar’s forearms in 1st person perspective. The HMD is provided
with tri-axial accelerometer tracking head movements and has been modified with black foam in order to isolate subjects completely from the real
environment. The foam adapts to the subjects’ face thereby ‘‘removing’’ the subject from the real world environment.
doi:10.1371/journal.pone.0030021.g001

Virtual Reality and Repetitive Rhythmic Movements
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The tracking system provides rotational and positional infor-

mation from a series of markers placed on anatomical points

(Fig. 11.1). For tracking we have used 3 infra-red (IR) cameras,

TrackIR 4:PRO from NaturalPoint, designed to track positional

data from reflecting markers with a frequency of 120 frames/s,

and a resolution of 3206288 pixels. The three cameras are

specifically arranged to provide for a full three degree tracking for

the X,Y,Z spatial positions of each tracking element

(Fig. 11.2,1.3,1.4).

The system directly registers the positional information returned

by IR cameras, whereas rotational information is created from

pairs of markers to obtain the value of each angle for the three

axes. A special case-based interpolation algorithm based on

statistic filtering was constructed in order to validate the stability

of the system in situations where one of the hands may overlap. No

markers are needed for the arms, since the specific spatial position

of the hand is enough to interpolate rotation and position of arm,

forearm or shoulder by using Inverse Kinematics techniques [35].

Software architecture
Three separate modules were constructed for the system: The

3D rendering program, the control application and the camera

control software. The former two are in the subject station, the

latter on a second computer managed by the expert supervising

the tests. To ensure proper communication among the three

modules, a special communication system was also developed.

The supervision program uses a Graphical User Interface (GUI)

based application which provides control over the whole system.

Camera software, at the same time, communicates directly with

the 3D program to supply the tracking information needed for

motion capture. The 3D rendering software sends its state to the

supervising program at all times so the expert can control the flow

of the test. All three modules are connected through UDP non-

blocking sockets using different application ports. The network can

be laid out as a simple LAN Ethernet connection.

Head Mounted Display
For a realistic, immersive experience, the subject wears the

HMD. This is a pair of Vuzix iWear VR920 glasses which includes

motion tracking, so that the virtual environment displayed is

congruent with head movements (Fig. 1). Maximal resolution is

10246768, which, along with AA filtering through GPU hardware,

provides enough visual quality to ensure immersion. Tracking

allows for yaw, pitch and roll of the head from an initial calibration

stage. The HMD provides information by means of two screens, one

for each of the eyes creating a stereoscopic 3-D vision. HMD Frame

rate is 150 frames/s, exceeding the frame rate necessary to allow the

visual system to perceive a continuous movement [36].

Acquisition module
The system allows communication with any recording or

stimulation external device. This is done by the acquisition module

(Fig. 1 1.5, Advantech USB-4711A) which allows for 16 analog and

digital inputs, and 8 analog and digital outputs. Information is

gathered at real time thanks to the API provided.

Experimental Design
Our goal was to examine if execution in the VR environment is

a valid method to detect impairment in rhythm formation in the

different groups (validity), and if the execution in the VR can be

reproduced under the same conditions on different days

(reliability). Further, consistency between VR and Real world

data was assessed.

Subjects performed the same procedure twice, one week apart,

under the same conditions. We included three different sets of

subjects: Young healthy controls (YC), elderly healthy controls

(EC), and Parkinson’s disease (PD) patients. It has been shown that

FT provides distinctive results in each of those groups [37].

Subjects
Ethics Statement. All experimental subjects signed consent

forms. The protocol conformed to the declaration of Helsinki and

was approved by the Ethics Committee of the University of A

Coruña (Spain) (CE-UDC 23/09-2009).

Young Subjects
12 healthy subjects (based on medical history and personal

interview; 7 men, 5 women) (mean age 24.3 yrs; SD: 4.9; range

18–35) were recruited from staff and students of our institution.

Elderly Controls
12 EC (5 men, 7 women; mean age 66.6 yrs; SD: 10.1; range

51–85) healthy subjects (based on medical history and personal

interview) were recruited from relatives of staff working in our

institution.

Parkinson’s disease patients
10 (5 men, 5 women; mean age 69.9 yrs; SD: 11.2; range 51–

89) idiopathic PD patients [38] were recruited. Participants

belonged to the Parkinson’s Disease Association in Bueu (Spain).

All participants were screened for dementia using MMSE [39]

and Edinburgh Handedness Inventory (EHI) [40]. Subjects were

excluded if they scored ,24 in the MMSE or if they had any

musculoskeletal impairment or disease apart from PD which might

interfere with their ability to undertake the task.

PD patients were evaluated during OFF-periods (at least 12 h

since their last anti-parkinsonian medication intake) and in the

case of subjects taking controlled-released drugs the dose

immediately before evaluation was withheld.

Materials
Besides the VR system, n event detector, consisting of a

conductive plate and a flexible conductive ring attached to the

subject’s distal phalanx, allowed recording of the tapping cycle, the

calculation of the duration of the cycle (tapping frequency), and its

Coefficient of Variation (CV). Information was sampled at 1 kHz.

Procedure
Subjects performed the FT test in two different conditions: FT

in the real environment (FTREAL) and FT in the VR environment

(FTVR). FTREAL and FTVR were performed at each subjects

preferred (comfort) tapping rate.

During the FT test subjects were comfortably seated with

forearms pronated on a table in front of them, so that both elbows

were flexed at about 90–100u. Seat height was adapted so that

subjects were in an optimal comfort position to perform the test.

Subjects were asked to perform FT with their index finger by

flexing-extending the metacarpo-phalangeal joint while staring at

the hand executing the task.

The same position was adopted by the avatar in the VR

condition in the 1st person perspective (egocentric perspective)

[15,41]. This allowed the avatar’s forearms to be perceived as if

they were the subjects own forearms (Fig. 1). Before starting the

VR protocol the VR environment was zoomed in and out until

each subject judged the avatar’s hand size to be their own hand

size.
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Subjects performed the task with their dominant hand. In the

case of PD patients all questions belonging to EHI were related to

the period before the onset of symptoms, and they also performed

with their dominant hand regardless the laterality of their signs.

Subjects were instructed to look at the executing hand, whether in

the virtual or real environment. For VR, correcting lenses (Bobes,

Inc, Madrid) were attached to each of the two screens of the HMD

if necessary. Three randomized sets of 50 cycles of FTREAL and

FTVR (each) were performed, with resting periods of 3 minutes.

None of the subjects reported fatigue. To allow subjects to reach a

steady finger rate 3 taps were performed prior to acquiring the 50

to be analyzed.

Figure 2. Motor behavior in the different days during VR testing. The figure represents the motor behavior on the first and second days of
evaluation (blue and green respectively) for the different variables. Pair-wise comparisons after Bonferroni correction show that PD had larger
variability that EC and YC on both days.
doi:10.1371/journal.pone.0030021.g002

Figure 3. Scatter plot comparing execution between days in the VR environment. The figure illustrates the motor behavior on the first and
second days of evaluation for each group and for both variables (Tapping Frequency left panel, CV right panel). ICC values between days, and 95% CI
for the mean difference between days for each group and variable, are presented in tables.
doi:10.1371/journal.pone.0030021.g003
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Data for each variable, condition and day was obtained from

the mean of the three repetitions performed during each session;

work by Wu et al., evaluating intra-session variability during

tapping in PD recommended a minimum of two sets [42].

Variables analyzed
The variables analyzed were tapping frequency and Coefficient

of Variation (CV) of inter-tap interval. The tapping frequency was

calculated from the tapping events (expressed in Hz), and the CV

of inter-tap interval was defined as follows:

CV %ð Þ~ standard deviation=meanð Þ|100

Statistical Analysis
The statistical analysis included both tests of validity and

reliability.

Validity. To evaluate the validity of FTVR for detecting

differences in rhythm formation between groups an ANOVA with

repeated measures was used. Factor Group (between subjects

factor) included three levels (each of the groups, PD, EC, YC).

Testing was performed on two different days, so a factor DAY with

two levels was included (DAY1 and DAY2).

Reliability. The reliability test compared the results obtained

in VR on the first day of evaluation (D1) with those obtained on a

second day (D2), one week later and under the same conditions;

this was done for each variable and for each group.

We analyzed consistency in the execution in VR between the

two days by means of Intra-class Correlation Coefficient (ICC), for

each variable and group independently. The mean difference

between days was also analyzed, (Day 1 minus Day 2 for each

subject). This was evaluated by means of a one sample t-test and

was evaluated for each group separately.

Further, we decided to compare consistency in execution in the

VR vs. the Real world. This was done because Real world testing

is the gold-standard in clinical practice. ICC and the mean

difference between conditions (Real and VR world) were obtained

for each group and variable independently and for each condition

the average performance of the two days was used. Normality of

distributions was assessed by means of one sample Kolmogorov-

Smirnov test; if violated, a log transformation was applied. When

using ANOVA, a univariate approach was used to analyze within

subject effects, for this the Greenhouse-Geisser coefficient was used

in order to correct the degrees of freedom in case of sphericity

violation. Significance was set to 0.05. When subsequent pair-wise

comparisons after ANOVA were performed, the Bonferroni

correction was applied. Results were presented as Mean and

Standard Deviation (SD).

Results

Virtual Reality System Validity and Reliability
Validity. Execution in the VR was valid to detect differences

in rhythm formation between groups. For the CV, Factor

GROUP showed a significantly different ability to maintain

tapping rhythm F(2,31) = 7.468 p = 0.002; Bonferroni correction

for subsequent pair-wise comparisons showed larger variability in

the PD vs. EC (p = 0.017), and PD vs. YC (p = 0.003); despite the

EC showed larger variability that the YC the difference was not

significant (p = 1.000). Factor DAY and DAY X GROUP

interaction were not significant; this reflects that the groups’

different ability to maintain a tapping rhythm was observed in

both days (Fig. 2). Specifically, CV for the PD group was 15.20%

(614.10) on the first day, and 13.46% (69.05) on the second. CV’s

for the EC group were smaller, 6.69% (63.43) on the first and

6.44% (62.74) on the second day. Finally, the smallest of the CVs

were those of the YC, at 4.82% (61.07) and 4.46% (61.01) on

days one and two, respectively.

Factor GROUP showed tapping frequencies were not signifi-

cantly different between groups F(2,31) = 2.408 p = 0.107. Again,

Factor DAY and the DAY X GROUP interaction were not

significant (Fig. 2). PD patients tapped at an average of 2.53 Hz

(61.71) on the first day and at 2.85 Hz (61.40) on the second; EC

tapped at 1.95 Hz (60.85) and at 1.89 Hz (60.85) on the first and

seconds days respectively; and the YC at 1.70 Hz (60.79) and at

1.73 Hz (60.93).

Reliability. Consistency in execution in the VR between day

1 and day 2 was evaluated by ICC and its 95% Confidence

Interval. For CV, ICC was 0.87 with CI of [0.74; 0.93]; for the

Tapping Frequency, ICC was 0.94 and CI [0.88; 0.97] (Fig. 3).

ICC for the Frequency and CV for each group are shown in

Table 1. The mean differences between days (MDD1–D2) were not

Table 1. ICC between days during VR testing in the different groups.

ICC D1 vs D2 [95% CI]

PD (n = 10) EC (n = 12) YC (n = 12) GROUPS POOLED

TAPPING FREQUENCY (Hz) 0.92 [0.70; 0.98] 0.93 [0.77; 0.98] 0.96 [0.85; 0.99] 0.94 [0.88; 0.97]

CV INTERTAP INTERVAL (%) 0.81 [0.23; 0.95] 0.81 [0.35; 0.95] 0.80 [0.29; 0.94] 0.87 [0.74; 0.93]

doi:10.1371/journal.pone.0030021.t001

Table 2. Mean difference between days for both the tapping frequency and the CV during VR testing.

MEAN DIFFERENCE (D1–D2) AND [95%CI]

PD (n = 10) EC (n = 12) YC (n = 12) GROUPS POOLED

TAPPING FREQUENCY (Hz) 20.32 [20.90; 0.25] 0.05 [20.22; 0.33] 0.03 [20.25; 0.20] 20.09 [20.27; 0.11]

CV INTERTAP INTERVAL (%) 1.73 [25.02; 8.49] 0.26 [21.31; 1.83] 0.35 [20.19; 0.90] 0.73 [21.09; 2.54]

doi:10.1371/journal.pone.0030021.t002
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significantly different from 0; this was observed for the CV,

MDD1–D2 = 0.73% [21.09; 2.54], and also for the Tapping

Frequency, MDD1–D2 = 20.09 Hz [20.27; 0.11] (Table 2).

Finally, we evaluated the consistency between execution in the

Real world and VR, taking the average of day1 and day2 for each

condition. This was done by means of ICC and its [95% CI]. It

showed excellent results for the CV ICC = 0.96 [0.92; 0.98]; and

for the Tapping Frequency ICC = 0.98 [0.97; 0.99] (Fig. 4;

Table 3). The similarity between results obtained in the VR and

the gold-standard reference Real world is reinforced by the fact

that the mean differences between conditions were not signifi-

cantly different from 0, this was observed either for the CV,

MDREAL-VR = 20.44% [21.39; 0.51], and also for the Tapping

Frequency MDREAL-VR = 20.02 Hz [20.10; 0.05] (Table 4).

Discussion

This study presents a VR system aimed at evaluating repetitive

finger movements in healthy individuals and in subjects with

neurological disturbances. A main outcome we have obtained here

is that the system is reliable. This is important, since a basic

requirement of any VR system to be useful in motor system

research and potentially treat patients, is to provide stable

responses under the same conditions. Further, evaluation in the

VR environment was shown to be able to detect differences in

behavior between groups. This is also relevant given that the task

used is a basic test in human motor control, with clinical

importance for the characterization of different pathological

rhythmic patterns [37,43–48]. In these conditions, FT in the VR

Figure 4. Scatter plot comparing execution in Real and VR environments. The figure shows the behavior in both conditions for each group
and for both variables (Tapping Frequency left panel, CV right panel). ICC values and 95% CI for the mean difference between conditions (VR and
Real), for each group and variable, are presented in tables.
doi:10.1371/journal.pone.0030021.g004

Table 3. ICC between Real and VR testing in the different groups.

ICC REAL vs. VR [95% CI]

PD (n = 10) EC (n = 12) YC (n = 12) GROUPS POOLED

TAPPING FREQUENCY (Hz) 0.99 [0.96; 0.99] 0.99 [0.98; 0.99] 0.98 [0.94; 0.99] 0.98 [0.97; 0.99]

CV INTERTAP INTERVAL (%) 0.96 [0.84; 0.99] 0.77 [0.21; 0.94] 0.80 [0.30; 0.94] 0.96 [0.92; 0.98]

doi:10.1371/journal.pone.0030021.t003

Virtual Reality and Repetitive Rhythmic Movements

PLoS ONE | www.plosone.org 6 January 2012 | Volume 7 | Issue 1 | e30021

188| CHAPTER 8. COMPENDIUM OF PUBLICATIONS



mode can be used in complex research protocols to isolate subjects

from non-natural environments (such as fMRI or PET scans; or

complex neurophysiological laboratory settings). Finally, one basic

criterion to be fulfilled in VR intervention is the sense of

‘‘presence’’ [7,49,50]. This was supported in our work by the fact

the performance in the VR is consistent with that in the real world.

Behavior of all three groups in VR displayed the same usual

features reported in Real world. PD were prone to hasten during

tapping [22,24], and the characteristic differences in rhythm

formation between groups [23] were revealed on both days during

VR testing.

Although the system has allowed us to analyze the character-

istics of a motor act, our ultimate goal is to modify the

performance of a movement, especially in cases where movement

is already pathologically altered. This may introduce motor

adaptations, based on several sessions of VR, which might

improve the typical motor disturbances observed in the elderly

and in PD (e.g. arrhythmokinesis or hipometry). This is why the

system permits modification of parameters of the movement

performed by the avatar (amplitude, speed, frequency, etc..) which,

hopefully, will improve motor impairments after imitation training

[51,52]. This hypothesis, which is ready be confirmed in the near

future, seems to be supported by the excellent level of immersion

observed (some subjects referred to the avatar’s hand as ‘‘their

own’’ hand as also by the fact that results in the real and the VR

were identical and reproducible.

This system complements other approaches using VR for the

study of different movements [52,53], such as Haptic devices [54].

It matches the virtually recreated environment with the somato-

sensory information perceived by the subjects. When the avatar

taps on the table the sense of touching is real since the subject is

actually performing the task in synchrony. The sense of presence is

also enhanced by scaling the size of the avatar’s hand to match in

size that of the experimental subject. Presence is reinforced by

other features of the visual environment such as perspective or

shades, and the high degree of isolation from the real world. The

system is provided with a pair of glasses to which a foam-adapting

edge was attached so that stray light and any other distractors from

the real world are completely removed.

Here we have focused on a well known deterioration of the

motor control due to aging and disease, the impairment in rhythm

formation. As a marker we have used finger tapping at the

preferred rate since tapping as fast as possible might increase

variability due to fatigue [55], not reflecting impairment in rhythm

formation. We acknowledge that this is a simple task (although

with high value from the clinical point of view), and we also

recognize that our work will be considered exploratory in nature

and, in future, the use of larger sample sizes should confirm the

results from this novel pilot study. Also, the inclusion of other

variables (e.g. neurophysiological measurements) will increase the

strength of our work and reinforce the utility of VR both to study

and to treat motor disorders.

In conclusion, systems based on VR seem useful to study motor

behavior. Specifically, the system presented here allows the

evaluation of alteration in rhythm formation in PD and in the

elderly. VR is sensitive in order to characterize different

movement patterns. This allows inclusion of more complex virtual

elements to interact either with the physiological and damaged

motor system and its use in non-naturalistic environments such as

brain image scans.
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Abstract

This work details a virtual-reality (VR) system developed to evaluate alterations in
hand movements and central rhythm formation in Parkinsonian and elderly subjects.
One feature of VR systems that is essential for use in clinical evaluation and to war-
rant presence is the lack of behavioral distortion from real-world execution. Herein,
we present a technical description of our VR and its validation to evaluate rhythmic
motor patterns when experimental subjects perform a finger tapping test. Execution
of the test was performed at different rates in the VR system, and compared to the
gold-standard real-world testing. The VR system proved to be as valid and reliable
as real-world testing to characterize arrythmokinetic profiles present in Parkinsonian
and elderly subjects (compared to young subjects), at the different rates of execution.
VR served as a complementary tool in a research setting to isolate subjects from
unnaturalistic environments during clinical evaluation, such as labrooms or brain scans,
since it did not bias behavior from real-world evaluation in a basic clinical test.

1 Introduction

In recent years, virtual reality (VR) has been used and tested extensively
in multiple fields, with an increasing number of clinical studies on VR rehabil-
itation in motor pathologies such as stroke (Holden, 2001; Jack et al., 2001),
brain damage (Rose, Brooks, & Rizzo, 2005), phantom limb pain (Murray,
Patchick, Pettifer, Caillette, & Howard, 2006), or in treating Parkinson’s dis-
ease (PD) motor symptoms, such as bradykinesia or gait impairments or exec-
utive dysfunction (Albani et al., 2002; Messier et al., 2007; Espay et al., 2010;
Albani et al., 2010; Mirelman et al., 2010). The multiple benefits of VR over
classic rehabilitation and training methods have been widely discussed (Holden
& Dyar, 2002; Rizzo & Kim, 2005; Holden, 2005). By virtue of the flexibility
of VR, virtual environments (VEs) can be easily modified and adapted to the
needs of each test, and also personalized for each subject according to his or
her motor capabilities, motivation, and goals. They can also provide immediate
feedback in training setups, which enhances the learning process (Messier et al.,
2007). Error-free learning has also been noted as a means to improve learn-
ing by driving the user through visual or auditive cues that provide guidance
toward successful error-free performance. Also, VEs incorporate a certain
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gaming factor that might help to increase subjects’ moti-
vation by isolating them from the usually distracting or
intimidating clinical environments.

PD is a very common idiopathic neurodegenera-
tive disorder, characterized by a spectrum of motor
and nonmotor symptoms (Jankovic, 2008). Motor
symptoms include tremor, bradykinesia, rigidity, and
postural instability as cardinal signs, as explained by
Jankovic. A very common deficiency in Parkinsonian
motor control is arrythmkinesia (instability in rhyth-
mic movements in the temporal domain), which is also
present in aging (Shimoyama, Ninchoji, & Uemura,
1990). Arrythmkinesia is evaluated by means of the
finger tapping test (Shimoyama et al.) and reflects an
alteration in central control movement timing, which is
also present in other more complex movements such
as gait (Nakamura, Nagasaki, & Narabayashi, 1976,
1978; Nagasaki et al., 1996; Hausdorff, Cudkowicz,
Firtion, Wei, & Goldberger, 1998; Hausdorff et al.,
2003; Arias & Cudeiro, 2008). It has been shown that
patients improve their movements via external cueing or
guidance through specific stimuli (Rubinstein, Giladi,
& Hausdorff, 2002; Cunnington, Iansek, Bradshaw,
& Phillips, 1995; Morris, Iansek, Matyas, & Summers,
1996; Cunnington, Iansek, & Bradshaw, 1999; Lewis,
Byblow, & Walt, 2000; Arias & Cudeiro, 2010) which
could be potentiated by the use of VR.

VR might also be very useful in clinical evaluation, for
instance, by isolating subjects from unnaturalistic envi-
ronments (scans, recording devices, etc.), by creating
more familiar surroundings, and by allowing the con-
figuration of specific experimental stimuli in a carefully
controlled way. However, to be useful, VR has to guar-
antee presence, which might be partially evaluated by
checking whether user performance in the VR is not dif-
ferent from execution in the real world. In other words,
the VR system has to be proven in its capability to offer
a reliable experience that would faithfully reproduce
real-life results in the VE. This is a basic element for con-
sidering the use of VR among the available resources
for evaluation of motor control in physiological and
pathological conditions. This approach strongly relies
on the VR creating a proper sense of presence for the
user.

Presence is accepted as the main element in the
human interaction with virtual reality environments.
There has long been a discussion regarding the concep-
tual definition of the term presence (e.g., Lee, 2004;
Coelho, Tichon, Hine, Wallis, & Riva, 2006; Schuemie,
Straaten, Krijn, & Mast, 2001), but most agree on the
generalized idea of presence as the illusion of being
there, whether or not the “there” exists in physical space
(Biocca, 1997).

Several methods have been used to measure the level
of presence of a VR system and there has long been a
debate over what the best practice is for presence assess-
ment. Many VR projects rely on subjective measures
such as scaled questionnaires (Witmer & Singer, 1998;
Dinh, Walker, Hodges, Song, & Kobayashi, 1999; Schu-
bert, Regenbrecht, & Friedmann, 2001), continuous
measure (IJsselsteijn & de Ridder, 1998), compara-
tive tests (Slater & Steed, 2000), or any other methods
that demand the subject to input in any way a personal
impression on the immersiveness of the environment.
However, it has been argued that these methods provide
more of a personal opinion than an objective measure
(Slater, 1999). These reports are also argued to be
directly linked to personal aspects of the user instead
of real and reliable introspective reports (Nisbett & Wil-
son, 1977). Other studies present a straight jump into
the rehabilitation process without first assessing the level
of presence or the consistency of results between real
and virtual environments, limiting their results to the
training performance and its potential transfer to the real
world.

Schuemie et al. (2001) and Coelho et al. (2006)
distinguish between subjective measures (e.g., ques-
tionnaires) and objective measures, such as behavioral
performance measures or physiological measures.
We have focused on behavioral presence as defined
by Schuemie et al.: “a level of presence that causes
people to respond to mediated stimuli as if it were
unmediated.”

To achieve presence, a VR system must faithfully
recreate visual stimuli from the environment, but also
from the movements currently performed by the sub-
ject. If this is achieved, execution in VR should not be
different from execution in the real world, because in
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both cases visual information is present and matched.
This conceptual framework is based on the fact that
availability of visual information from the current move-
ment is known to have a role in motor exeuction, even
in repetitive movements. It has been shown that healthy
subjects modify motor features such as movement fre-
quency if visual information from movements is not
available; and this seems to have a deep impact on PD
(Levy-Tzedek, Krebs, Song, Hogan, & Poizner, 2010;
Levy-Tzedek, Krebs, Arle, Shils, & Poizner, 2011; Levy-
Tzedek, Ben Tov, & Karniel, 2011). The reason for the
patient’s behavior might be that PD patients are partic-
ularly impaired in integrating information coming from
somatosensory pathways together with the motor system
commands (Sailer et al., 2003). In any case, it should
be noted that even if visual information may influence
the execution of repetitive movements, depending on
its availability, repetitive tasks may also be performed
without visual information, given the large involve-
ment of the proprioceptive system in the task. In fact,
classic motor manifestations in PD are displayed dur-
ing repetitive movement in the absence of visual info
(Bronte-Stewart, Ding, Alexander, Zhou, & Moore,
2000). However, such a kinesthesic deficit in PD modi-
fies execution in the presence and absence of visual info,
even in very simple movements such as repetitive flex-
ion and extension of the index finger (Demirci, Grill,
McShane, & Hallett, 1997).

Thus, PD patients may be more reliant on visual infor-
mation during the execution of their movements than
healthy subjects, even in tasks where proprioceptive
information has a main role. The motor dependence of
PD on visual stimuli has been documented in different
kinds of rhythmic movements, including gait (Morris
et al., 1996), and sequential arm movements (Cunning-
ton et al., 1995). To summarize, visual information
has a role in repetitive movements; thus, a visual VR
system recreating this kind of movement must ensure
that the subject’s performances are not different from
performances in the same conditions (with visual infor-
mation) in the real world. This element will also increase
presence; otherwise, it would not faithfully represent
execution under daily conditions in which subjects see
their own movements, which is key in clinical evaluation.

The coupling between execution in virtual and real
environments has been previously advanced (Arias,
Robles-García, Sanmartín, Flores, & Cudeiro, 2012),
where pathological (PD) and physiological subjects
(elderly and young) show a pattern of execution that
presents no differences as to the environment used (real
vs. virtual). Remarkably, the task was executed at their
comfort rate, a tapping pattern considered as the default
pattern, and likely the more locked within the motor
repertoire of each subject. It is of great interest, there-
fore, to know whether such coupling is maintained if
the executed movement drifts off from the more auto-
matic pattern where the role of feedback from sensory
resources (visual or somatic) may present a different
gain. PD patients have a deficit in sensorimotor inte-
gration and the interaction between somatosensory and
motor systems is impaired by the disease (Sailer et al.,
2003); therefore, PD patients may be relying more on
the visual system to provide feedback to the motor sys-
tem on the ongoing movements (Morris et al., 1996;
Cunnington et al., 1995). However, the visual system
of PD patients also presents a spectrum of alterations
(Botha & Carr, 2012); for instance, color discrimina-
tion and visuomotor tasks are impaired by the disease
(Buttner et al., 1995; Hocherman, Moont, & Schwartz,
2004). Therefore, it is relevant to understand whether
the task observed within the VR world differs from the
same task in the real world, and it also seems relevant to
know whether this is dependent on the automatic com-
fort pattern (tapping at the comfort frequency), and on
less automatic patterns (different frequencies). Note
that the features of the movement might impact the
functioning of the VR due to the motion capture and
reproduction processes, such as time delays, and so on,
which might create a mismatch between different sen-
sory feedback systems supplying the nervous system. For
instance, increasing end-to-end latency might induce a
deficit in the integration of information arriving at the
nervous system via different sensory pathways (visual
and proprioceptive). In the case of a flexion and exten-
sion pattern, this might introduce a mismatch between
the visual information of the movement (in the exten-
sion phase), and the proprioceptive information (in the
flexion phase). Such an alteration is very dependent on
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movement features, and might lead to an altered control
of movement (Bagesteiro, Sarlegna, & Sainburg, 2006;
Kohl, 1983).

On the other hand, changes in movement frequency
present a differential brain activation dynamics. The
somatosensory cortex, the globus pallidus within the
basal ganglia, and the cerebellum have been shown
to be tuned to movement velocity (Turner, Grafton,
Votaw, Delong, & Homan, 1998), and these areas are
directly related to sensorimotor integration, and in some
cases are damaged in PD (Olanow & Tatton, 1999).
Keeping this in mind, the lack of differences in behav-
ior between real and virtual environments at different
movement frequencies would support the use of VR as a
complementary tool for clinical evaluation.

In this paper, we present an integral low-cost VR sys-
tem using a head-mounted display (HMD) and several
motion capture techniques that reproduce a specific
motor test that would allow experts and clinicians to
evaluate physiological responses in the same way that
they would in real environments. Combined with the
inherent advantages of VR systems, this could poten-
tially prove useful to further evaluate patients through a
flexible environment. We then proceed to evaluate the
validity and reliability of the system by assessing its capa-
bility to detect alterations in the task, for three different
groups of subjects: PD patients, elderly healthy controls,
and young healthy controls. Three different execution
rates of tapping were performed (Turner et al., 1998), to
further assess the capability of the VR system to repro-
duce alterations in the temporal domain associated with
the task.

2 Experimental Design

The finger tapping test was used to evaluate
subjects (Shimoyama et al., 1990). The test consists
of tapping with the index finger (flexion and exten-
sion movements of the metacarpophalangeal joint)
over a surface, and it allows characterization of either
hypokinetic or arrythmokinetic motor profiles.

The test was carried out as follows. The patient was
seated in a chair, in a comfortable, relaxed position,

with hands and arms resting on a table and the elbow
extended at about 90–100◦. Subjects wore an HMD,
providing them with a first-person view of a virtual
environment specifically designed for the evaluation,
representing the ideal environment for its execution: a
square, empty room, except for a virtual depiction of the
subject (the avatar), the chair, and the work table.

The researcher then requires the subject to tap with an
index finger at three comfortable rates: Fast-Comfort;
Comfort; and Slow-Comfort, for a number of times
(see Section 3, Methods, for details). The movement
of arms, hands, and fingers is registered and reproduced
in a realistic way, in real time, in the virtual environment,
so that the user perceives a three-dimensional depiction
of himself or herself.

Our goal was to examine whether execution in the
VR environment is a valid method to detect impairment
in rhythm formation in the different groups (validity),
and whether the execution in the VR can be reproduced
under the same conditions as in real testing (reliability).

We included three different sets of subjects: young
healthy controls (YC), elderly healthy controls (EC),
and Parkinson’s disease (PD) patients. It has been
shown that finger tapping (FT) in the real world pro-
vides distinctive results in each of those groups (Arias,
Robles-García, Espinosa, Corral, & Cudeiro, 2012).

The research hypothesis is that execution in the VR
will reproduce execution in the real world in the differ-
ent frequency rates evaluated and in the three groups of
subjects.

3 Methods

3.1 Subjects

All experimental subjects signed consent forms.
The protocol conformed to the Declaration of Helsinki
and was approved by the Ethics Committee of the
University of A Coruña, Spain (CE-UDC 23/09-2009).

3.1.1 Young Subjects. Nine young healthy
subjects (YH; based on medical history and personal
interview) were recruited from staff and students of our
institution (mean age: 27.33 years; SD: 2.13).
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3.1.2 Elderly Controls. Nine elderly healthy
subjects (EH; based on medical history and personal
interview) were recruited from relatives of staff working
in our institution (mean age: 66.22 years; SD: 2.95).

3.1.3 Parkinson’s Disease Patients. Ten idio-
pathic PD patients were recruited (mean age: 67.10
years; SD: 2.92). Participants were recruited from our
group database.

All participants were screened for dementia using
MMSE (M. F. Folstein, S. E. Folstein, & McHugh,
1975) and the Edinburgh Handedness Inventory (EHI;
Oldeld, 1971). Subjects were excluded if they scored less
than 24 in the MMSE or if they had any musculoskeletal
impairment or disease apart from PD that might inter-
fere with their ability to undertake the task. PD patients
were evaluated during off-periods (more than 12 hr
from the last anti-Parkinsonian medication intake; in
the case where the PDs were taking slow-release anti-
Parkinsonian medication at the end of the day, such
intake was suppressed).

3.2 Procedure

Subjects performed the FT in the real world
(FTREAL) and in the VR environment (FTVR). Both
were performed by each subject at three different rates:
Comfort; Slow-Comfort; and Fast-Comfort. Instruc-
tions given to the subjects were: “tap at your comfort
rate” for Comfort; “tap not at your fastest rate but a fast
rate which is comfortable and which you could maintain
for a long time” for Fast-Comfort; and “tap at a slow
but comfortable rate” for Slow-Comfort.

During the FT test, subjects were comfortably seated
with forearms pronated on a table in front of them, so
that both elbows were flexed at about 90–100◦. The
seat height was adapted so that subjects were in an opti-
mal comfort position to perform the test. Participants
performed the FT with their index finger by flexing-
extending the metacarpophalangeal joint, and they were
instructed to look at the hand executing the task. An
event detector connected to a computer was attached
at the tip of the index finger. The sampling rate was 1
KHz.

The same position was adopted by the avatar in the
VR condition. The avatar was presented in first-person
perspective (egocentric perspective). This allowed the
avatar’s forearms to be perceived as if they were the sub-
jects’ own forearms. Before testing, the VR environment
was zoomed in and out to reach a natural avatar’s hand
size.

Subjects performed with the dominant hand (the
dominance before diagnosis for the PD). Subjects were
instructed to look at the executing hand, whether in the
virtual or real environment. For VR, correcting lenses
(Bobes, Inc., Madrid) were attached to each of the two
screens of the HMD if necessary. Each rate was executed
twice for each of the environments and tapping rates
(in random order), covering 50 cycles of tapping (apart
from the first three taps, which were discarded to allow
for rhythm stabilization). A rest period of 3 min was pro-
vided; and none of the subjects reported feeling fatigue
throughout the protocol.

4 Technical Requirements

As stated above, the intention of this study is to
create a VR system such that for a specific task, the level
of presence is guaranteed to the point that no behavioral
differences are induced by the virtual environment (VE)
compared to the real world. The design of an effec-
tive VE setup inevitably comes together with a series
of requirements that must be satisfied to ensure this level
of presence.

A motion capture system must be incorporated in
order to allow the patient’s natural interaction with the
virtual environment. Other means of indirect interaction
would not be valid for the purposes of this study, since
they do not faithfully reflect the patient’s real behav-
ior and are obviously out of the scope of the intentions
of this research. In particular, for the specific task cho-
sen for this study (the finger-tapping test), a method for
directly translating the movements as performed in the
real environment would be needed. This means the data
transfer of all finger, hand, and arm motions.

This motion capture solution, and the virtual envi-
ronment, must be accurate enough so that suspension of
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disbelief is not broken. In other words, the environment
and each of its elements (including the 3D representa-
tion of the user) must be realistic enough and reproduce
real-life behavior accurately in the tasks for which it has
been designed. In the case of the environment, this
means that it should be designed based on reality and
any sensory stimuli should be believable and accord-
ing to the expectations of the patient. Also, responses
induced in the neural system (motor control) should not
be different from those induced by real sensory stim-
uli. For the motion capture system, a calibration process
needs to be implemented and verified for the correct
transfer of information to each of the tracked elements.

On the other hand, the end-to-end latency of the
whole solution should be minimal. In other words, the
delay between the moment that the user performs an
action and the time that action is shown on the screen
should be as low as possible; otherwise a mismatch
would be induced between somatosensory and visual
systems information integration during the execution of
the task, likely leading to sensorimotor distortion. Sev-
eral studies have shown that high latency values have a
negative effect on physiological presence (Meehan, Raz-
zaque, Whitton, & Brooks, 2003), and, in particular, on
performance (Sheridan, 1992).

Lastly, since the system is intended for a future reha-
bilitation use by many users, we imposed the need for it
to meet all the technical requirements while keeping the
costs as low as possible.

5 Hardware Architecture

Hardware architecture is a classical VR setup.
It consists primarily of two computers following a
server-client scheme, which conveniently parallels the
expert-patient relationship during the tests. The patient
computer is connected to the expert computer through
an Ethernet network.

The patient computer centralizes most of the specific
hardware, and controls most of the application logic: the
3D rendering, camera control, and data acquisition. The
second computer, ideally a laptop for greater flexibility,
is used by the expert to control the exercise and test flow

via specific software. Communication between all com-
ponents is set through a conventional Ethernet LAN
(see Figure 1).

5.1 Display Devices

Most VR setups for clinical applications revolve
around three different display alternatives. The simplest
of them is a regular computer monitor as in the stud-
ies by Cameirao, Badia, Oller, and Verschure (2010)
and Merians, Poizner, Boian, Burdea, and Adamovich
(2006). This option is the cheapest and easiest, and sub-
jects tend to be accustomed to the way it functions; but
it accounts for a lower sense of presence.

Other studies use CAVE-like setups (Keshner &
Kenyon, 2000; Whitney, Sparto, Furman, Jacobson,
& Redfern, 2002), which immerse the subject in a
screened room surrounding the user, thus creating a
whole immersive experience. This, though, requires
expensive equipment and assembly.

A third option, perhaps the most common nowadays,
is using an HMD, which offers an immersive environ-
ment as a lower-cost solution. In our case, the patient
wears a pair of immersive glasses with stereo capabili-
ties for further immersion. Although these devices have
been reported to increase the risk of cybersickness in the
user, none of the control test subjects manifested any
symptoms.

These devices also allow for an enhanced immer-
sive experience compared to a regular display monitor,
especially when head-tracking features are included.
The model used for the project was a lightweight
low-cost model, a pair of Vuzix iWear VR920 glasses
(http://www.vuzix.com/home/) with full motion
tracking and stereo imaging support, with a resolution
up to 1024 × 768 and a 60-Hz progressive scan display
update rate. Foam pads were used to further adjust the
glasses and prevent the intrusion of sensory information
from the real world.

An additional conventional display monitor is used in
parallel in the patient computer, which reproduces the
same image the user is viewing. In this way, the expert
can also keep track of what the subject is experiencing
and control the experience flow. Since the subject is
wearing the HMD, this secondary monitor is not visible.
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Figure 1. Scheme of the system: the main computer (Patient) renders the virtual environment and

camera control, while a second computer (Expert) controls the test.

5.2 Tracking Devices

To allow interaction of the user in the virtual envi-
ronment, a motion capture system specifically designed
for this test was incorporated. We use optical tracking
devices instead of other solutions, as they keep costs low
while offering a fast, high-frequency rate of capture.

Three infrared TrackIR4:PRO cameras from Natural
Point were set up to capture the position and orienta-
tion of several retroreflective markers. These cameras can
work at 120-Hz frequency and a resolution of 320 ×
288 pixels each. Stability and spatial disposition of the
cameras is granted by metallic supports designed by the
research team.

6 Software

A modular set of applications was built for
the project, consisting of three separate elements

Figure 2. Communication diagram.

(see Figure 2). This design allows for substitution or
scalability of the different modules independently while
keeping the interoperatibility of the system.
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The first module is in charge of 3D rendering and dis-
playing the virtual environment, the application logic
for the different tests, and the processing of the data
received from the different sources (UI, tracking mod-
ule, HMD, and other devices), as well as registering
data.

A graphical user interface application was also built to
allow supervision and full control over the course of the
test, indicating both the 3D application and the camera
tracking module the specific parameters of the exer-
cise. All settings can be altered in real time, as data are
constantly being streamed between the three modules.

A third module takes the role of handling the tracking
devices, gathering the data obtained by them, and adapt-
ing it to make it understandable by the 3D rendering
program.

All three components were designed so that by just
meeting a certain interface, any of them can be replaced
without major consequences. For example, the cam-
era management program could be replaced by another
module controlling a totally different motion capture
system and, by just forcing it to meet a certain inter-
face, the system would still be working. This, in fact, will
allow further test development using the same UI and
3D programs.

6.1 The Virtual Environment

To ensure a sense of presence in the different tests,
the environment must be as realistic as possible. To
implement this realistic virtual environment, we chose
the Ogre3D engine (http://www.ogre3d.org), as an
open-source, scene-oriented, flexible 3D engine written
in C++. We have proven over the years that Ogre3D is a
reliable, fast, and powerful engine that perfectly suits our
needs.

A 3D scenario was modeled for its use in the tests,
consisting of a big, square room in which a table and a
chair are laid out, along with the virtual character (see
Figure 3). To prevent the patient from being visually
distracted by other irrelevant objects for the experiment,
the rest of the room is kept empty and aseptic. Brown
and warm colors were applied to the scenery to dispel
the cold sensations that clinical environments usually

Figure 3. VR environment.

produce. This proves to be another advantage of VR
testing as opposed to real-life tests, as it is common for
users or patients to get distracted or overwhelmed by
clinical equipment and apparatus such as fMRI scans or
other laboratory settings during the course of the tests.

The main element in the 3D rendering program is
the virtual avatar. A generic human-like 3D model was
created using Maya and exported to Ogre format, with a
significant level of detail to ensure a realistic appearance
at the scene, and ensuring suspension of disbelief by the
patient.

This model was supplied with animations that simu-
late the movements required for the patient, to offer the
possibility for the expert to disable motion tracking and
control the motion at will.

6.2 Motion Tracking

The tracking system provides rotational and
positional information from a series of passive mark-
ers. This acquisition is done by the set of IR cameras
described in Section 5. Markers are made out of adhesive
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Figure 4. Layout of retrorreflective markers.

retroreflective material. Our software takes on the func-
tion of directly registering the positional information
returned by IR cameras, whereas rotational information
is obtained with the use of pairs of markers to get the
value of angles for each of the three axes. Figure 4 shows
the layout of the different markers.

The positions of the markers with respect to the
cameras are directly transformed to the virtual world
coordinate system. This is done without triangulation
due to the simple nature of the subject’s movements and
the cameras being set up in fixed positions. To account
for temporal and spatial consistency, extreme marker
displacements beyond a threshold are considered erro-
neous and discarded and the previous marker positional
information is used. Over the final result, a Kalman filter
(Jang, Kim, & Choi, 1996) was applied to reduce vibra-
tions caused by noise and to correct for timing errors in
tracking.

No markers are needed for the arms, since the spe-
cific spatial position of the hand is enough to interpolate
rotation and position of arm, forearm, and shoulder,
thanks to the use of inverse kinematics techniques.
Specifically, we have used a version of Cyclic-Coordinate
Descent Technique (Wang & Chen, 1991).

7 Variables Analyzed

The variables analyzed were tapping frequency
and the coefficient of variation (CV) of intertap interval.

The tapping frequency was calculated from the tapping
events acquired from the event dectector (expressed in
Hertz), which was also used to calculate the CV of the
intertap interval.

8 Statistical Analysis

The statistical analysis included tests of both
validity and reliability.

8.1 Validity

To evaluate the validity of FTVR for detecting
differences in rhythm formation between groups, an
ANOVA with repeated measures was used. Factor
Group (G; between-subjects factor) included three levels
(each of the groups, PD, EC, YC).

Testing was performed at three different tapping rates,
so a factor tapping rate (TR) was defined with three lev-
els (Comfort; Slow-Comfort; Fast-Comfort). Since the
evaluation included virtual and real-world testing, a final
factor (Condition; C) was defined, with two levels (Real
and Virtual). The evaluation of the main effect of factors
and interaction between them allows an understand-
ing of whether groups’ behavior was different in both
environments and tapping rates. If the ANOVA interac-
tions involving group were not significant, a subsequent
analysis was run, by pooling the groups.

8.2 Reliability

The reliability test compared the results obtained
in the VR and in the Real-world conditions. The authors
analyzed consistency in the execution between the VR
and the Real-world conditions by means of the intra-
class correlation coefficient (ICC), for each variable. The
mean difference between conditions was also analyzed
(real minus virtual for each subject); results closer to 0
indicated less difference in execution.

The normality of distributions was assessed by means
of one sample Kolmogorov–Smirnov test. When using
ANOVA, univariate approaches were used to analyze
within-subject effects; for this, the Greenhouse–Geisser
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coefficient was used in order to correct the degrees of
freedom for the case of sphericity violation.

The significance was set to .05. The results were
presented as the mean and standard of the mean
(SEM).

9 Results

9.1 Tapping Frequency;Validity and
Reliability of the VR System in the
Different Tapping Rates Performed

Figure A1, in the Appendix, shows how the fre-
quency of tapping was modulated at the three tapping
rates (p < .001). In all cases, the test was able to char-
acterize the groups, showing its ability to differentiate
between them (p = .006; PD had higher frequencies
than the other two groups at all tapping rates). Impor-
tantly, this was observed in both conditions, the VR and
the real-world conditions (p = .465), since no differ-
ence was observed between them; and this did not differ
depending on the group (p = .623).

Since we did not observe a difference in behavior
based on group factor, the subsequent reliability analysis
was performed with the groups pooled, which shows (as
seen in Figure A2 in the Appendix) a high level of con-
sistency when comparing execution in the VR and the
Real-world conditions (ICC = .98), with the mean dif-
ference between conditions not significantly different
from 0.

9.2 CV of Intertap Interval;Validity
and Reliability of the VR System in the
Different Tapping Rates Performed

If the analysis focuses on the CV, the same out-
comes as before (for frequency) can be observed. First,
no difference was observed between the Real-world and
VR conditions tested (p = .135), and this was not
different for the different groups in all tapping rates
(p = .928). The test was, however, able to character-
ize groups, showing a different behavior between them
(p = .003; higher variability in PD, then HE, and the
lowest for HY; see Figure A3). In all groups, variability

seemed to be higher at slow tapping rates (p = .056;
a representative example for each group is shown in
Figure A4 in the Appendix).

Again, as for the FQ, the reliability analysis showed
high consistency when comparing execution in the VR
and Real-world conditions (ICC = .89; groups pooled),
and also a mean difference between conditions at execu-
tion not significantly different from 0 was observed (see
Figure A5 in the Appendix).

10 Discussion

We introduced a VR system designed for clin-
ical evaluation of repetitive finger movements in
order to assess physiological alterations. Since the
test reflects central rhythm formation, our results,
showing that VR testing matches Real-world test-
ing, support the use of VR in neurophysiological
evaluations.

Remarkably, our results expand previous works on the
suitability of VR to clinical testing (Arias, Robles-García,
Sanmartín, et al., 2012). Here we show VR suitability is
not dependent on the frequency of movements executed
by the subjects. This is important, since there are reports
of differential activation patterns in several sensorimotor
processing structures, such as the somatosensory cortex,
the globus pallidus, and the cerebellum (Turner et al.,
1998). Even though some of these areas are impaired in
the Parkinson’s disease patients (globus pallidus belong-
ing to the basal ganglia, as pointed out in Olanow &
Tatton, 1999), the change in the features of execution
in the patients is similar in the VR and the Real-world
conditions. Also, the cerebellum has a clear role in the
control of the actual movement to the programmed
movement (Kandel, Schwartz, & Jessell, 2000), and it
also receives somatosensory and visual input (Kandel
et al.), for which its role might be of critical importance;
in the case of VR systems, the cerebellum creates a mis-
match between visual and somatosensory information
during the execution of the task, which would drift
execution in the VR away from that in the Real-world;
however, this was not the case, advocating the use of VR
in neurophysiological and behavioral evaluation.
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Sensorimotor integration is impaired in PD, including
haptic perception (Konczak et al., 2012); for this reason,
PD patients might rely more on other feedback systems
in order to improve the control of their movements, for
instance, visual feedback (Morris et al., 1996). In this
situation, even in tasks where primary sensory informa-
tion is proprioceptive input, such as finger tapping, PD
patients are more reliant on vision to control their move-
ments than are the healthy subjects. Further exploring
this situation, the VR environment might become use-
ful in order to evaluate and train subjects by presenting
predefined animated movements to be reproduced by
the user. However, this same argument might bring
into question the role of VR to evaluate PD patients or
healthy subjects if the system does not warrant undis-
tinguishable outcomes from those of the Real-world
condition when working in motion-capture mode;
this last topic is essential because of the role of visual
information on repetitive movement features, such as
movement frequency, either in PD patients or healthy
subjects (Levy-Tzedek et al., 2010; Levy-Tzedek,
Krebs, et al., 2011; Levy-Tzedek, Ben Tov, et al., 2011).
Therefore, in the repetitive task of our study, the combi-
nation of the visual information with the other sensory
resources (which might have a greater role in the task,
such as proprioceptive) induced multimodal afferent
integration with the motor system, which seemed not
to be distorted, depending on the source of the visual
information, be it the Real-world or VR condition.

This might be the case if the VR produces a mis-
match between different sensory systems; for instance,
a delay in motion capture might impact sensorimotor
integration and execution in the VR differently from
that of the Real-world conditions; this would bring
into question the validity of VR for neurophysiological
evaluation. However, end-to-end latency (the inter-
val from the moment a single frame is recorded by the
camera to when it is displayed to the subject) on our
system never exceeded 30 ms, which is a low enough
interval to ensure a sense of presence in terms of end-
to-end latency (Meehan et al., 2003; Myall, MacAskill,
Davidson, Anderson, & Jones, 2008). This value was
measured by registering the moment that a frame is sent
from the cameras, then obtaining the instant of time

when that specific frame is rendered to the screen. Ren-
dering frame rate on the test computer stretched to a
stable 300 fps (3.3 ms), limiting the sampling rate of
motion capture to that of the optical cameras, which
is 120 fps (8.3 ms). In this way, the HMD refresh rate
(60 Hz or a delay of 16.7 ms) was the ultimate lim-
iting element. All of these factors add up to a total of
around 28 ms, which keeps the system within the limits
of allowable latency to ensure that a sense of presence
is not lost (Rank, Shi, & Hirche, 2010; Meehan et al.)
Also, a different gain on the movement amplitude, pro-
ducing a larger or smaller avatar’s movement amplitude
from that actually executed by the subject might impair
a subject’s performance. It is important to note that sen-
sorimotor integration is also impaired, although to a
much lesser extent, in aging (Degardin et al., 2011),
and therefore we have also evaluated elderly subjects
and compared their execution in the VR system to
that of the young healthy subjects, who do not have
sensorimotor dysfunction.

On the other hand, the rate of movement produces
a different brain activation for the same movement
(Turner et al., 1998), and it might also impact the func-
tion of the VR system to capture motion from the real
world and to translate it into the VR environment. For
these reasons, accurate features of the user’s movement
are needed for evaluation of the VR system during the
execution of movements at different rates.

The induction of presence is a basic feature in VE.
The term presence (see Section 1 for a definition) is
hard to define and even harder to evaluate. There have
been several approaches to evaluate the sense of presence
induced by different VR systems, some of them from a
subjective point of view (e.g., Witmer & Singer, 1998),
which has been criticized (Slater, 1999), and the use
of objective measures has been encouraged (Schuemie
et al., 2001; Coelho et al., 2006).

Here we proposed that we should match execution
in VR to that in the Real-world condition to guarantee
a behavioral concept of presence. Both executions were
objectively evaluated by means of a universal and valid
motor test, useful in clinical practice and research—the
finger-tapping test. In all motor patterns, the resulting
VR tests matched the Real-world condition in terms of
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motor behavior. This is of importance because, even if
matching VR and real-world conditions had been pre-
viously shown (Arias, Robles-García, Sanmartín, et al.,
2012), in that case the execution was done at the default
comfort pattern, which becomes the automatic execu-
tion for each subject. In this case, by showing VR and
real-world condition execution at different frequencies
(which makes them less automatic) and with a differ-
ent brain activation profile (Turner et al., 1998), the
suitability of the test in terms of presence is reinforced.

For instance, the cerebellum has a deep role in motor
control for comparing the current movement with the
intended movement, but it immediately receives and
integrates such information with sensory input from
visual and somatic systems, so that any kind of mismatch
between current movements and motion capture and
reproduction would have, probably, an impact on motor
execution. Since this was not the case, this strengthens
the sense of presence and the suitability of the system for
the proposed objective.

In conclusion, presence may be evaluated by com-
paring executive function in VR versus the real-world
condition, and it is reinforced in the absence of different
behavior in both environments. VR is useful to charac-
terize rhythmic movements in PD patients and healthy
subjects in different tapping patterns.
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Appendix I: Illustrative Figures

Figures A1 through A5 represent results from the experiments discussed in the paper.

Figure A1. The tapping frequency in the three groups, at the three

tapping rates proposed (Comfort; Slow-Comfort; and Fast-Comfort), in

both the Real-world (solid lines) and VR (dashed lines) environments. It

is clear than the three groups modulated the tapping frequency, as

Slow-Comfact was slower than Comfort, and Comfort was slower than

Fast-Comfort. It is also clear than PD tapped faster than the other

groups at all tapping rates (reflecting the typical hastening tendency in

the disease) and proving validity, and this was observed in both

environments (VR and Real-world execution overlapped) showing the

lack of difference during virtual and real testing.

Figure A2. The plot represents the reliability analysis for the

frequency of execution while tapping. Taking all groups together, a high

level of consistency between execution in the VR and the Real-world

environment is shown by the high ICC. The closer the points lay on the

45◦ line, the less is the difference between execution in both conditions;

this is shown by the fact that the difference between execution in the

VR minus the Real-world condition was not significantly different from 0,

that is, no difference.
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Figure A3. For the CV of the intertap interval, execution in the VR and the Real-world environment did not present a different profile. Both

conditions were able to differentiate the three groups. Clearly PD patients had a larger variability than the other two groups, at all tapping rates;

and HE also had slightly larger variability than the HY group. There was a nearly significant trend to display larger variability at the fastest rate, but

remarkably, variability in the different rates was not differently assessed by VR or Real-world testing, and again this showed the validity of the VR to

differentiate groups.

Figure A4. Representative behavior by one subject from each of the groups. It is clear that the HY (a) presented the least variable pattern of

tapping along the 50-tap sequence. The EC (b) presented a slightly larger variability and in some cases the hastening phenomenon (increase in

tapping frequency) classic in aging. Overall, PD (c) showed the greatest variability, scaled to the same level of HY and EC in (d). In all cases, the

execution for VR and the Real-world condition overlapped, regardless of the tapping rate of execution and the kind of subject, advocating the use

of VR as an evaluation tool, as it does not distort execution from that obtained in the Real-world condition.
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Figure A5. The figure shows, again, a great deal of consistency between Real-world and VR testing for the variable CV of intertap interval,

ICC = 0.89. As mentioned before for the case of the frequency of execution, in the case of the CV, the mean difference between the execution in

the VR and in the Real-world condition was not significantly different from 0, showing the overall suitability of VR testing in the evaluation of

arrhythmokinesia. Color code: PD (black); HE (grey); YE (light grey).
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a b s t r a c t

Background: Impaired temporal stability and poor motor unit recruitment are key impairments in
Parkinsonian motor control during a whole spectrum of rhythmic movements, from simple finger tap-
ping to gait. Therapies based on imitation can be designed for patients with motor impairments and
virtual-reality (VR) offers a new perspective. Motor actions are known to depend upon the dopaminergic
system, whose involvement in imitation is unknown. We sought to understand this role and the un-
derlying possibilities for motor rehabilitation, by observing the execution of different motor-patterns
during imitation in a VR environment in subjects with and without dopaminergic deficits.
Methods: 10 OFF-dose idiopathic Parkinson’s Disease patients (PD), 9 age-matched and 9 young-subjects
participated. Subjects performed finger-tapping at their “comfort” and “slow-comfort” rates, while
immersed in VR presenting their “avatar” in 1st person perspective. Imitation was evaluated by asking
subjects to replicate finger-tapping patterns different to their natural one. The finger-pattern presented
matched their comfort and comfort-slow rates, but without a pause on the table (continuously moving).
Results: Patients were able to adapt their finger-tapping correctly, showing that in comparison with the
control groups, the dopaminergic deficiency of PD did not impair imitation. During imitation the
magnitude of EMG increased and the temporal variability of movement decreased.
Conclusions: PD-patients have unaltered ability to imitate instructed motor-patterns, suggesting that a
fully-functional dopaminergic system is not essential for such imitation. It should be further investigated
if imitation training over a period of time induces positive off-line motor adaptations with transfer to
non-imitation tasks.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The human ability to imitate is a key developmental element,
with profound influences on motor skills acquisition and social
interaction. Recently, imitation has gained interest in the clinical
domain [1] as it seems possible to establish rehabilitation programs
based on imitation by the learning of new, imitated actions to
replace or repair motor patterns altered by diseases like PD [2].
Impairment is known to be greater during performing automatic
movements (gait, repetitive handmovements, etc) even though the
motor program is available as demonstrated by “paradoxical
All rights reserved.
kinesia” [3], or auditory cueing in PD with freezing of gait [4].
Although neural networks ruling imitation have been fairly well
characterized [5,6], recent evidence has suggested a role for the
basal ganglia (BG) in such networks [7].

In PD imitation of movement may not be impaired, perhaps if
performed at the same time as observation, given that the motor
programs are available, though not properly implemented [8].
Thus, storing and subsequent retrieval (a characteristic of impaired
working memory in PD [9]), may be by-passed.

We propose to evaluate dopaminergic involvement in motor
imitation and the real-time effect of motor imitation on impaired
movement features in PD. This is a preliminary step taken to devise
a rehabilitation protocol based on imitation in PD. PD patients are
greatly impaired in carrying out over-learned motor programs [10]
and also in performing repetitivemovements [11], sowe focused on
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a simple intransitive task: finger tapping (FT). This movement is
usually imitated by the newborn [12] (therefore over-learned and
stored early in motor repertoire), which is easily controllable but
clearly altered in PD [11]. In linewith other work in healthy subjects
[5,13], this simple task allows control of the level of experience on
the kind of task to be imitated [14], and clinical studies support the
view that ideomotor apraxia involving intransitive movements is
not present in PD [15]. We therefore focused on imitation not in the
classic sense of learning a new behavior, but trying to improve an
impaired pattern already stored in the motor repertoire.

The classic form of FT test is repetitive flexion-extension
movements of the metacarpo-phalangeal joint; the test can
detect arrhythmokinetic/hypokinetic alterations of movements in
PD and aging [11]. Regulation of the tapping cycle during the FT is
balanced between the time the finger is moving and the time the
finger rests on the table. A whole set of different cyclic (motor)
patterns are therefore available for a fixed tapping frequency, which
includes the natural pattern. Here we investigated dopaminergic
involvement in imitation of movement by evaluating PD’s ability to
imitate customized finger tapping patterns and compare their
ability with appropriate control subjects. Also we would like to
obtain evidence for an effect of real-time movement imitation on
motor execution in PD, by evaluating if some specific movement
impairments in the disease can be modified during imitation, and
therefore gaining grounds for devising a training protocol with the
objective of inducing lasting improvements in motor execution
after an imitation program.

We used a Virtual Reality (VR) environment, an advantageous
resource for evaluating and treating a number of pathologies [16]. It
provides outcomes indistinguishable from real world in evaluating
motor patterns [17] and allows presentation of motor patterns to be
imitated in controlled and customized ways, not easily achievable
in the real world. The VR system [17] presented a virtual avatar
seated at a table, executing finger tapping movements in pre-
defined patterns to be imitated by the subjects. Therefore we
compared execution during self-paced, natural patterns with the
new patterns to imitate. While the system allows presentation in
1st person (egocentric) or 3rd person perspective the 1st person
perspective may offer advantages; much like children preferring a
“like-me” model during imitation [13].

In basic science terms, our research hypothesis investigated the
involvement of the dopaminergic system in motor imitation, by
evaluating subjects inwhich this system is deficient. The initial step
characterized natural finger tapping patterns for each subject/pa-
tient; PD vs. age-matched or young controls. These patterns were
then either directly translated into VR (“Self-PacedVR”) or modified
to be imitated (“ImitationVR”) by the different sets of subjects.
Success in such an imitative action is a necessary small step to-
wards testing VR as an environment suitable for rehabilitative work
in motor system disorders. A second hypothesis predicts that dur-
ing the imitation PD can use the information available (the stimulus
presented e a moving hand-) to reduce some of parkinsonian
motor impairments, like arrhythmokinesis. This will produce a
reduction of the cycle time variability while imitating the avatar’s
finger tapping movement.

2. Methods

All experimental subjects signed consent forms. The protocol conformed to the
declaration of Helsinki and was approved by the Ethics Committee of the University
of A Coruña (Spain) (CE-UDC 23/09-2009).

2.1. Participants

28 participants were recruited: 9 healthy young (HY), 9 healthy elderly (HE) and
10 non-demented idiopathic Parkinson’s Disease (PD) subjects. Because one objec-
tive of the study was to investigate the potential influence of the dopaminergic
system on motor imitation, PD were evaluated in absence of dopaminergic drugs;
disease severity was rated as in stages II-IVOFF of the Hoehn and Yahr scale. OFF-dose
was at least 12 h since their last antiparkinsonian medication intake; 24 h for slow-
release drugs. All PD had no history of freezing of gait, and were examined using the
motor part of UPDRS scale (Supplementary Table 1). Participants were excluded if
they presented any neurological disease (other than PD in the case of the patients);
musculoskeletal impairment disturbing the execution of the task, not-correctable
visual deficiency, or dementia (MMSE score < 24). PD had a mean age of 67.1 yrs
(�2.9, Standard Error of Mean, SEM). HY and HE were 27.3 yrs (�2.1) and 66.2 yrs
(�2.9), respectively.

All groups were screened for hand dominance through Edinburgh Handedness
Inventory [18], PD were also asked about their hand dominance before the first
manifestation of the disease.

2.2. Protocol

Self-paced tapping in VR is known to match self-paced tapping in the real world
in the groups of interest [17]. We performed 3 blocks of tapping: Self-PacedREAL, Self-
PacedVR, and ImitationVR; the 3 blocks were performed at comfort, and slow-comfort
rates.

Subjects were asked to tap with their index finger of their dominant hand. For
self paced conditions each subject was told “tap at your comfortable rate”, and “tap at
your comfortable slow rate”, either in Self-PacedREAL, and Self-PacedVR while looking
at their index finger. For imitation, ImitationVR, they were asked to tap imitating the
avatar’s animated finger pattern, “tap imitating the movement of the finger” while
looking at the index finger of the avatar.

For Self-PacedREAL subjects executed the movements in the real environment, at
both the comfort and slow-comfort rates (for slow-comfort conditions subjects were
asked to tap at the most comfortable tapping rate slower than the natural comfort
pattern). Subsequently, subjects tapped at the same rates but immersed in the vir-
tual world (Self-PacedVR). In this condition the VR system tracked real-time the
finger tapping executed by the subject and reproduced it by means of the virtual
avatar adopting the same posture and position as the subject. Subjects also tapped in
VR during the imitation protocol. Here they were asked to imitate the pattern
animated by the avatar (Fig. 1). During ImitationVR we used each subject’s own Self-
PacedREAL comfort and slow-comfort tapping-rates as the frequencies of movement
to be imitated, but modifying the structure of the movement. This was done by
reducing contact-time to z0 and increasing movement-time (Fig. 1c), so that the
finger was moving throughout the cycle. In all VR cases, actions were observed
through the head mounted display (HMD, Fig. 1).

Each block of 50 tapping cycles was performed twice at Comfort and Slow-
comfort tapping-rates. Imitation abilities were evaluated in VR conditions (Self-
PacedVR vs. ImitationVR); the order of presentation was randomized. Self-PacedREAL,

always performed first and was used to set the avatar’s tapping frequencies for
ImitationVR.

2.3. Material

The tapping cycle was recorded by an event detector comprising a conductive
plate and flexible conductive ring attached to each subject’s distal phalange. For PD
and HE only, we recorded surface EMG activity on the extensor digitorum (SX230
electrodes, Biometrics Ltd, amplified �1000; filtered: 20e450 Hz; sampling fre-
quency 1 KHz). One of the investigators (blind to the condition) determined the start
and end of each burst off-line in MatLab (The Mathworks, Ltd). The signal was
amplitude normalized, full-wave rectified and averaged using a 10 ms time window.
Normalization involved dividing each point by a maximum obtained during a
maximal voluntary contraction (index extension against an un-moveable load).

2.4. Variables

We calculated the tapping cycle frequency (FQ, in Hz); Contact-time (ms, finger
in contact with the plate); Movement-time (ms, finger moving); and Coefficient of
Variation (CV, %) of tapping cycle duration. EMG power was expressed (mV, RMS
(root mean squared)) for each burst, as % of Self-PaceREAL EMG value.

2.5. Statistical analysis

2.5.1. Preliminary analyses
We characterized the tapping profile during Self-PacedREAL at comfort and slow-

comfort tapping-rates. For this an ANOVA with repeated measures (2 � 3 ANOVA-
RM) was performed for FQ, with factor TAPPING_RATE at two levels (comfort;
slow-comfort), and GROUP at three levels (HY, HE, PD).

Another 2 � 2 � 3 ANOVA-RM was performed; with an extra factor, CYCLE_-
PHASE with two levels (Contact-time and Movement-time, each in ms, as % of
tapping cycle).

In the patients group, we also evaluated any potential interaction between the
tapping rate and its CV with disease severity (UPDRSmotor section). This was done for
both comfort and slow-comfort rates, when not imitating in VR. For this, we
calculated Pearson’s Correlation Coefficients.



Fig. 1. Virtual Reality System. a) Subjects wore a Head-Mounted Display unit (HMD) and were “immersed” in VR, showing the avatar in 1st person perspective; observing the world
only through the HMD, (the PC monitor illustrated was a copy of the display for the experimenter). b) The “field of view” of the immersed subject was arranged such that their own
hands were “in register” with those of the avatar. c) Normal tapping was translated from the subjects own recorded movements, left, to the VR avatar, right, showing still-frame
illustrations of contact and movement components of the tapping patterne these could be adjusted while maintaining the required frequency.
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2.5.2. Main outcomes: movement imitation and clinical relevance
2.5.2.1. Imitation abilities. The subject’s ability to imitate the motor pattern pre-
sented in VR was evaluated by a 2 � 2 � 2 � 3 ANOVA-RM; as above but adding the
factor CONDITION, with two levels (Self-PacedVR; ImitationVR). This allowed us to
evaluate changes in CYCLE-PHASE (Contact and Movement-times) between
GROUPs, when the CONDITION was imitation (compared to self-pace) at comfort
and slow-comfort TAPPING_RATEs.

2.5.2.2. Clinical relevance: electromyographic and kinematic profile during imitation.
Because PD show an impaired execution of FT, we analyzed EMG activity, CV of cycle
time, and cycle time (as FQ). This would provide insight on a potential role for
imitation in movement rehabilitation in PD. We use the same 3 � 2 � 2 ANOVA-RM
model for this analysis, with factors GROUP, CONDITION and TAPPING_RATE.

Normality of distributions was assessed by a one-sample KolmogóroveSmirnov
test. Univariate-ANOVA was used and therefore degrees of freedom were corrected
with Greenhouse Coefficients (ε) in the case of sphericity violation, assessed by the
Mauchly test. Significancewas set at p< 0.05. In each figure, values aremean� SEM.

3. Results

3.1. Characterization: execution in absence of imitation

3.1.1. Self-paced tapping patterns at comfort and slow-comfort rates
Participants significantly reduced their tapping rate at slow-

comfort vs. comfort self-paced tapping rates, as expected
(F(1,25) ¼ 25.394 p < 0.001). At both tapping rates, however, PD
tapped faster than the other two groups (F(2,25) ¼ 5.918 p ¼ 0.008,
Fig. 2a). Unexpectedly, there was a significant difference in the
pattern of slowing seen. All groups increased contact-time as tap-
ping frequency reduced over time (Fig. 2b), but PD and HE slowed
their tapping frequency by increasing both Contact andMovement-
times, maintaining the ratio of Contact and Movement time
within the cycle (Fig. 2c,d) while HYMovement-timewas unaltered
but Contact-time increased (Fig. 2b) a significant difference
(F(2,25) ¼ 4.740 p ¼ 0.018). Supplementary Table 2 shows the
correlation between disease severity (UPDRSmotor section) and motor
execution (CV and tapping rate), at slow-comfort and comfort self-
paced rates.
3.2. Main outcomes: motor imitation and clinical relevance

3.2.1. Dopaminergic deficiency has no effect on imitating motor
patterns

Having defined tapping profiles at self-paced Comfort and Slow-
Comfort rates, the subject’s ability to imitate was evaluated by
examining how they adapt their tapping when asked to imitate the
avatar’s animated pattern, a pattern showing a continuously mov-
ing finger at the appropriate frequencies.

The main finding is that PD were clearly able to imitate this
change in finger tapping pattern successfully, at both tapping rates.
The way they adapted their execution to the finger movement to be
imitated was not significantly different to HE or HY subjects
(F(2,25) ¼ 1.954 p ¼ 0.163). All groups successfully modified their
tapping pattern when imitating by reducing contact-time and
increasing movement-time (F(1,25) ¼ 9.658 p ¼ 0.005); the effect
was significantly greater, however, at the Slow-Comfort rate
(F(1,25) ¼ 5.246 p ¼ 0.031; Fig. 3ab, Fig. 4a).

When the tapping frequency was analyzed, unsurprisingly, all
groups tapped slower during the slow condition (F(1,25) ¼ 36.235
p < 0.001), regardless of whether this was during Self-
pacedVR or ImitationVR (F(1,25)¼ 0.820 p¼ 0.374). Interestingly, the
tapping frequency during Self-pacedVR and ImitationVR was not
significantly different at each rate, Comfort or Slow-comfort
(F(1,25) ¼ 1.932 p ¼ 0.177; see Figs. 3c and 4b). This means that



a b

c d

Fig. 2. Tapping pattern characterization. a) Tapping rates were significantly reduced when subjects were instructed to use slow comfort tapping-rate e slow-comfort vs. comfort
(F(1,25) ¼ 25.394 p < 0.001), though PD tapped significantly faster than the other groups (F(2,25) ¼ 5.918 p ¼ 0.008). b) In relation to Comfort (100%), this reduction in the tapping
rate was due to increased contact time (p ¼ 0.001 PD & HE; p ¼ 0.018 HY). Movement time was unchanged by HY; PD & HE’s movement times significantly increased (p ¼ 0.007). c,
d) The proportion of movement and contact times within the cycles was similar in all groups at Comfort and Slow (w40% contact andw60% movement time), except for HY at Slow.
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the change in tapping pattern observed during imitation was not
influenced by a change in tapping frequency.

3.2.2. Clinical relevance: inter-tap variability and EMG power
during imitation

As expected, variability was different between groups
(F(2,25) ¼ 5.731 p ¼ 0.009), and PD was larger than HE or HY
(p ¼ 0.033 and p ¼ 0.003 respectively). However, ImitationVR
induced a change in CV which depended upon the tapping-rate.
Slow-Comfort rate CV was significantly reduced during Imi-
tationVR (F(1,25)¼ 6.131 p¼ 0.020, see Fig. 4c). This reduction in CV
when imitating at slow rates was observed in all groups
(F(2,25) ¼ 1.461 p ¼ 0.251).

Further, comparing PD with HE, the power of the EMG was
increased during ImitationVR (F(1,17)¼ 28.870 p< 0.001), though to a
different extent in both groups (F(1,17) ¼ 5.443 p ¼ 0.032). At Slow
both PD andHE increased theirmyoelectric activity (p¼ 0.007); such
effectwasonly significant atComfort for theHE (p< 0.001; Fig. 4def).

4. Discussion

We present two main results. Firstly, successful imitation by our
PD suggests that dopaminergic systems known to be damaged
are not involved in imitation of simple motor patterns within
the subject’s motor repertoire. Secondly, despite the fact that a high
temporal variability ofmovements and lower recruitment efficiency
are well known features of PD and aging, these subjects increased
the power of their myoelectric activity during imitation, and
reduced variability in imitated movements at slower tapping rates.

4.1. Imitation and dopaminergic system

Since one objective of the studywas to understand the role of the
DAergic system in imitation in the task proposed, we evaluated PD
OFF-dose. It can be approached by comparing subjects with patho-
logic vs. physiologic DAergic systems (HE and HY). This way the
DAergic role in imitation is better understood if comparing PD OFF-
dose to healthy subjects rather than to PD ON-dose, because ON-
dose PD do not actually have a normal, functional DAergic system,
despite the DA replacement, which sometimes leads to motor
manifestations like dyskinesias. However, considering the reduction
in the CV observed in our healthy subjects, it is likely than a putative
therapeutic effect of imitationmight be also present in ON-dose PD.

4.2. Mechanism for improving motor control

Instability in finger tapping frequency is a known feature in
both PD and aging [11], associated with disruption to stride and
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Fig. 3. Imitation at Comfort rate. a) There was no significant difference between groups’ behavior when imitating (F(2,25) ¼ 1.561 p ¼ 0.230). b) All groups reduced the proportion
of the cycle in contact time while imitating (pooling the three groups; p ¼ 0.004). c) Tapping frequency during Self-pacedVR and ImitationVR was not significantly different at each
rate.
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gait patterns [19] and falling [20]. Sensory cueing is a well-
studied strategy used in order to induce sensorimotor synchro-
nization, leading to movement facilitation, chiefly in PD [4,21]. Its
physiological basis seems to be an apparently decreased
involvement of the BG-SMA loop, which is known to be altered in
the disease, if movements are executed in presence of rhythms
[22,23]. However, while reduction in the variability of the
movements has been reported using auditory sensorimotor
integration [21], this seems to be less effective if temporal visual
cues are presented [21]. The difference here is that by using
imitation of an observed moving hand, rather than an abstract
“temporal pattern stimulus”, PD might become less dependent
on the BG-AMS loop or learn to compensate for the deficit by
means of the involvement of the mirror neuron system (MNS)
[24]. These neurons respond both during observation and
execution of appropriate motor actions, including digit move-
ments [5], and studies involving imitation of simple finger
extension presented in 3rd person perspective also show the
involvement of mirror structures [5].

Our study utilized a 1st person perspective, instead of the 3rd
person perspective [5]. While “natural” imitation, by definition,
uses a 3rd person perspective, it is known than imitation of a 1st
person perspective shares networks involved in the 3rd person
perspective, though with a larger involvement of the somatosen-
sory cortex [13]. This might involve the sense of “agency” [25], and
was the reason for our choice in this study. Also, a “like-me”model
of imitation seems to be preferred during childhood development
[26] e a common example is learning to dance, where a teacher
adopts a 1st person “role model” position.
It is not then surprising that the reduction in the temporal
variability of the pattern during imitationwas observed at comfort-
slow rate, since comfort rate is likely to bemore “locked”within the
motor repertoire and therefore less adaptable. Interestingly, the
pattern we presented might be not the better to reduce variability
in finger tapping (for that purpose a pattern with a stable and
similar contact-time and movement-time to the natural tapping
pattern would be required), though it allowed a proper character-
ization of imitation capabilities. Remarkably, the tapping frequency
was not changed by the process of imitating (ImitatingRV vs. Self-
paceRV; either at comfort or slow-comfort rates) ruling out an effect
of tapping-rate drift on outcomes. From a clinical point of view
increased EMG power in the extensor digitorum muscle when
imitating is important, since impairment in the pattern of muscle
activation is a reported feature in PD [2]. Therefore, this suggests
that a rehabilitation program based on imitation might be useful to
induce central adaptations leading to lessening of symptoms of the
disease.

4.3. Motor control adaptation underlying slowing finger tapping-
rate in different groups

At both rates PD had faster tapping rates than the healthy
groups, reflecting the PD tendency to hasten their rhythmic
movements [19]. We have also described how different subjects
slowed their self-paced tapping-rate. HE and PD increased both
movement and contact-times, on the other hand HY kept constant
movement time, but increased contact-time. PD and aging are
associated with impairment in rhythm formation [11], thus



Fig. 4. Imitation at Slow rate (a,b), and effect of imitation on stability of movement (c), and on motor recruitment (d-f). a) Group responses while imitating at slow-comfort rate
were not significantly different (F(2,25) ¼ 2.200 p ¼ 0.132), suggesting that Parkinsonian-induced dopaminergic deficiency did not affect performance in the task. All subjects
adapted their finger movement in response to observing the continuously moving finger pattern by significantly reducing their contact times (p ¼ 0.004). b) Imitation did not
induce significant changes in the slow tapping rates of the different groups. c) At Comfort rate none of the groups significantly changed the temporal stability of the movement
when imitating. However, at slow rate imitation lead to a significant reduction in the variability of movement (F(1,25) ¼ 6.131 p ¼ 0.020), an effect which was also not different for
the Groups (F(2,25) ¼ 1.461 p ¼ 0.251). d) shows a representative EMG-recording in a subject (PD) tapping at Slow comfort either during Self-paceVR (upper trace), or ImitationVR

(lower trace). e) The EMG power (expressed in relation to RMS-Self-PacedREAL) was increased during imitating in the HE (p ¼ 0.001) at comfort rate; f) at slow rates, however,
imitation induced also greater EMG power (p ¼ 0.007) in both PD and HE.
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increasing movement-time might be a compensatory mechanism
mediated by a greater involvement of cerebellum [27] (considered
a comparator of current movement vs. movement intent), to be
less dependent on the BG, and allowing better rhythm
maintenance.
5. Conclusion

The dopaminergic system seems not to have a key role during
imitation of motor patterns available in PD subject’s motor
repertoire. Improvement in motor control observed in subjects
suggests a possible use for imitation protocols oriented to reha-
bilitate motor patterns impaired in aging and PD. Further
research is needed in order to know if imitation training for
several days leads to off-line motor adaptation in patients’ motor
control.
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