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Validity of the finger tapping test in Parkinson’s disease, elderly
and young healthy subjects: Is there a role for central fatigue?
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HIGHLIGHTS

e Finger tapping test at comfort rate is a valid and reliable test used to detect alterations in rhythm formation in
parkinsonian and elderly subjects.

e In the young subjects fatigue induces a fast slowing of the tapping rate if the finger tapping test is performed as
fast as possible.

e 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.

ABSTRACT

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 analyzed, 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-potentiated 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 possible.

Significance: COMFORT maode is recommended in protocols including the FT for evaluating rhythm formation.

1. Introduction

The finger tapping test (FT) is a basic tool for evaluating rhythmic movement patterns. It is commonly
used in clinical assessments 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 hastening, faltering, or freezing in the
tapping pattern (Nakamura 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 conceptual 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 methodological 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 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 hypokinetic movement profiles.

In addition, there is another important methodological point to be considered: determining test
duration. Most experiments (Shimoyama 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) x 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 alteration of rhythm formation in PD and aging. We will control the effect 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 performing each protocol
twice (one week apart) under the same conditions. 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 defined as an exercise-induced reduction in maximal
voluntary muscle 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 recruit spinal motor-neurons
fully, in fully motivated subjects (Di Lazzaro et al., 2003). CS fatigue is manifest by an initial
enhancement 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 Corufia 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, Asociacion Parkinson Galicia (A Corufia), and
Asociacion Parkinson Bueu (both in Spain), were recruited as participants. 17 PD diagnosed 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 average 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 institution, were recruited for the study. They
were on average 23.90 yrs old (SEM 1.93). In experiments specifically aimed at studying cortico-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 idiopathic 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 system 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 pointing 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 (Digitimer, Welwyn Garden City, Herts) band-
width filtered between 3-3000 Hz. Data was sampled at 10KHz and stored in the computer by means of a
CED 1401 Power mkll A-D converter (Cambridge 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 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.

Two condition modes were included: Tapping at their fastest rate (FAST), and tapping at their
preferred, comfortable rate (COMFORT). Before the FAST condition subjects were reminded to tap as
fast as they could from the very beginning of the test. Because intra-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 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 & DAY?2), 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 tapping rate during tapping in the FAST
mode (see results section below). 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 responses of 50 UV in ten consecutive stimuli. For CS fatigue



evaluation 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 evaluated
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.
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Fig. 1. (a) Finger tapping protocol. Each Subject performed 3 sets of 50 cycles of finger tapping (FT) at COMFORT and other 3 sets
at FAST (modes). The order of modes was randomized, and there was a rest of 3 min between sets and 6 min between modes. (b)
During the central fatigue protocol an overlapping sequence of corticoespinal excitability evaluations was also included: (i) PRE;
(if) FT, (iii) POST; (rest periods); (iv) POST-2. Each TMS block (TMS1, TMS2. . .) comprised the recording of 10 MEPs,
performed just before, immediately after, and again after 1 min, with respect to the 50 finger tapping cycles. Averaging of the 3 sets
of evaluations allowed a total recording of 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).

(i) The coefficient of variation (CV) of inter-tap interval, defined as: CV (%) = (sd/mean) x 100.

(iii) Tapping fatigue: Reduction in the FREQUENCY from the first 10 (FREQUENCY ;_1¢) to the last 10
taps of the sequence (FREQUENCY 41_50). Complementary analysis was performed taking all intervals
of ten taps from 1 to 50 (FREQUENCY;; FREQUENCY 1 ,; FREQUENCY_3;
FREQUENCY 31_4; FREQUENCY 41_5).

(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 phenomenon, its impact on the
MEPs was controlled. Therefore the level of EMG-background (area (mV x 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 analyzed 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 subject factors were also defined, DAY (with two levels, DAY1 and



DAY?2, each of the days of evaluation) and TAPPINGRATE (FAST & COMFORT maodes). 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 scores. This was done by
means of a Student t-test for independent samples, applied to the variables CV and tappingfrequency
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 execution between days was significantly different from 0.

(iv) An ANOVA-RM was performed to analyze the effect of fatigue in the tapping frequency. Two
within-subjects factor were set, factor FREQUENCY with two levels (FREQUENCY ., &
FREQUENCY 4 5) 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 (FREQUENCY 1_4y,
FREQUENCY 11_5. . . FREQUENCY 41_5).

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

(vi) TAPPING_RATE, with two levels (COMFORT & FAST).

(vii) Factor PRE_POST_POST2 with three levels. PRE: MEP amplitude averaged at TMS sets 1, 3, and 5
(all recorded immediately 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 Kolgomorov—-Smirnov test of one sample. During ANOVA analysis the degrees of
freedom were corrected with Greenhouse Coefficients (¢) 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 difference was dependent on the tapping rate (F(2,55) = 7.869 p =
0.001Grour TarpiNG_RATE)- CV 0btained 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 execution 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 < 0.0011appinG_RATE GrROUP- 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



CV COMFORT CV FAST

(a) 30- (b) 30+ p<0.001
= 001
25+ 25
mDAY 1
201 p=0.002 20
) HDAY 2
. p=0.794
15 p=0.087 15
% %
10- 10
5- 5-
0-
PD HE HY PD HE HY
TAPPING RATE COMFORT TAPPING RATE FasT ~ MDAY1
W DAY 2

(c)s- (d)e- pe0.001 o PO001 o

7- 7- . *
6 6
Hz 5 5-
ad p=0.076 Hz
3- 3-
2- 2-
1 1]
0 0

PD HE HY PD HE HY

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.
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Fig. 3. PD severity had an effect on the variability of tapping, either at COMFORT or FAST rates. The more affected the greater
variability.



FAST tapping rate, and, in addition, difference in execution between days was never significant different
from O (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< 0-001FATIGUEiTAPPINGiRATEiGROUP- FO"OW-Up with groups Spllt 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 = 0.001raTicuE_TAPrING 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 <
0.001kamicuE TaPPING RATE- [N 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 < 0.001pge-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 = 0.001preposT-rosT2xevenT; again this did not depend on the rate of tapping
(Fig 6¢ and d). There was no delayed depression in MEPs from 30 s onwards, after tapping (Fig 6¢ 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 = 0.5711appiNnGRATE;
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 differences in rhythm formation amongst three different
groups of subjects. 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 differences in rhythm formation between the three groups of subjects. In this mode, the test
is also sensitive to alterations in rhythm formation 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 variability to elderly subjects. At FAST rate, however, an effect of
fatigue appears in the HY group. Therefore the observed drift in frequency, which clearly affects inter-tap
variability, may not reflect an alteration in rhythm formation. Further, when variability is considered 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 tapping 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 characterization of rhythm formation, it also allows a closer
investigation of the hypokinetic elements of the movement, as a frequency-amplitude trade-off at faster
rates will require all subjects to perform short-amplitude movements to get faster frequencies.
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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.

DAY 1

DAY 1

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 116 = 1.652; p = 0.118 t19 = -0.405; p = 0.690 120 = 0.107; p = 0.916
FQ-COMORT t16 = -0.990; p = 0.337 119 =-1.371; p = 0.186 120 = -1.068; p = 0.298
CV-FAST t16 = -0.061; p = 0.952 t19 = 0.558; p = 0.583 120 = -0.628; p = 0.537
FQ-FAST t16 = 0.074; p = 0.942 t19 = -0.708; p = 0.488 120 = 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.

Fatigue in the tapping rate may have a central or peripheral origin. 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 | waves evoked by TMS recorded in the
epidural space at the cervical 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 immediately after tapping. Such post-
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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)



exercise facilitation is in agreement 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 fatigue 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 seconds
after the task ended. This has to be acknowledged as a limitation of this study. Of course, some other
forms of central fatigue might be responsible for our findings, ranging from central homeostatic
regulation (Hilty et al., 2011) to adaptations of afferent feedback to the spinal cord (Gandevia, 2001;
Duchateau and Hainaut, 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 contraction, for
instance the maximal ATP re-synthesis from the phosphocreatine system, which decays at about 6-8 s
(Wells et al., 2009). Notably, the metabolic cost in human adductor pollicis is larger 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 Ilb fibers (Lee et al., 2006), thus it is
conceivable that these fastest 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 maintained. This, beside central mechanisms altered by aging might account 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 tapping rate not
due to impairment in central rhythm formation but due to fatigue. However the value of the FAST mode
as a test cannot be denied, since there may be some objectives which cannot be properly achieved with
COMFORT mode. This is the case, for instance, in bradykinetic profiles, because the test duration is
(usually) 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 avoiding
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 investigated. In conclusion, the finger tapping test at FAST
mode induces fatigue, questioning its validity as a means to evaluate rhythm formation across
populations.
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