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Abstract

Body movements in man are frequently observed in relation to musical rhythms. In this study we have investigated
the effect of strongly rhythmic music on corticospinal drive to the ankle extensor and flexor muscles involved in foot
tapping. Surface electromyograpHiEMG) recordings were made frombialis anterior (TA) andlateral gastrocne-
mius (LGN) muscles in 12 normal subjects. Rock music with a strong rhythmic beat or white noise was played.
Transcranial magnetic stimulatidifTMS) was delivered to the motor cortex in time with the music to produce motor
evoked potential§MEPs) in both muscles while relaxed. During white noise trials nine subjects showed a significant
correlation of MEP areas in TA with LGN, compared with only three subjects during music. Overall, there was a
significant decrease in the correlation coefficient during music. We conclude that correlated variations in MEP areas
between the muscles seen during white noise can be destroyed in the presence of music. This may be due to sub-
threshold variations in corticospinal excitability to ankle extensors and flexors, which are time-locked to the musical
beat but out of phase with one another.2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Thaut et al.(1999 suggest that enhancement of
motor function by auditory rhythms might be an
Musical rhythm clearly has a very strong link evolutionary advantage as it may help to entrain
with the motor system in man. When sitting idly motor tasks in the time domain. They further point
listening to rhythmic music, it is often very diffi-  gut that more autonomic functions, such as the
cult to suppress the natural urge to tap the feet or cargiac system, do not entrain to auditory rhythms:
strum the fingers along with the beat of the music. ¢,,c an entrainment would have no advantage and
might even be disadvantageous. However, other
work has revealed that music with a slow relaxing
Trresponding author. Tel:+44-20-8846-7284; fax+44- tempc_) can m_crease_ the heart rate during treadmill
20-8846-7338. exercise leading to increased enduraft€epeland
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It is well known that repetition of a motor tasks
improves performancéHummelsheim, 1999 A
functional MRI study (Krings et al., 200D has
shown that long-term motor practice in profession-
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The hypothesis of this study is that TMS of the
motor cortex may reveal less correlated, and maybe
even alternating, excitability patterns in corticospi-
nal pathways to ankle flexors and extensors while

al piano players can lead to a reduced degree ofrelaxed and listening to rock music with a strong

cortical activation of cortical motor areas than in
control subjects. Clearly the auditory rhythmicity

beat.

that is linked to this task may enhance this process 2. Methods

of brain plasticity. Musical rhythm is commonly

used to enhance training protocols in gymnasiums.

A study to reinforce dry-land training procedures
in competitive swimmer{Hume and Crossman,
1992 has shown that musical rhythm can be a
beneficial in enhancement of routine exercise
regimes. Another studyMetesdorf, 1994 has
shown musical tempo to be important in exercise
on a cycling ergometer whether internally driven
by feedback, or whether external. Young women
were found to have improved psychomotor func-
tion and mood together with decreased attention
reaction time on nights when they had spent the
night in a disco compared with a control night
(Saletu et al., 1982 Furthermore, learning tech-

2.1. Subjects

Twelve normal subjectéages 2132 years; nine
male; two left-handed were recruited for study.
None had ever been suffered from a neurological
or psychological disorder and none was taking
medication. All subjects gave informed written
consent. Ethical approval for the study was
obtained from the Riverside Research Ethics
Committee.

2.2. Electromyographic (EMG) recordings

Surface electromyographi€CEMG) recordings

nigues that use the musical rhythm and movement were made from theibialis anterior and lateral

can improve memory retentidiBoykin and Allen,
1988).
Work by Altenmuller (1986 suggests that,

gastocnemius muscles of the dominant leg. Self-
adhesive AgAgCI surface electrodeArbo Neo-
natal Blue; 2 cm diametg¢nvere positioned using

unlike language processing, music processing may palpation over the belly of each muscle. The
not be dominant in one cerebral hemisphere. The electrode pairs were positioned in parallel to the

difference in processing may allow music to be
considered an alternative channel of communica-
tion in rehabilitation(Borchgrevink, 1993, partic-

ularly in lateralised motor control deficits such as

long axis of the muscles. EMGs were filterégl 3
dB below 100 Hz and above 2 kiand amplified
(X 1000 before being samplet4000 sampless)
by a computer for storage and analy&Bambridge

stroke. Indeed, one study concludes that music Electronic Design 1401siGNAL software, IBM

enhances the general mobility and social interac-

tion of patients who have sustained cerebrovascular

accidents(Cross et al., 1984 Two other studies
have successfully used music to rehabilitate gait
patterns(Mclntosh et al., 199¥and general motor
and emotional statdPacchetti et al., 2000in
patients with Parkinson’s disease.

Corticospinal excitability to different limb mus-
cles is often correlated in relaxed individuéi&la-
way et al., 1998. If rhythmic music has an effect
on the motor cortex which tends to induce alter-

compatible PQ.
2.3. Transcranial magnetic stimulation (TMS)

Transcranial magnetic stimulation was delivered
to the motor cortex using a MagStim 200 stimu-
lator connected to an angled double-cone stimulat-
ing coil (maximum magnetic field strength 1.4
Tesla with its cross-over centred over the vertex
and the induced current flowing in a posterior to
anterior direction in the brain. The stimulus inten-

nating tapping movements in the feet, then such a sity was increased in steps of 1% maximum

correlation may be disrupted and break down while
listening to music with a strong rhythmic beat.

stimulator output(% MSO) until motor evoked
potentials(MEPS were produced in response to
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at least five out of 10 stimuli with both muscles 1. Practice foot-tapping to the music with no TMS,
relaxed. This intensity was designated threshold for approximately 2 min.
(T). Experimental trials were conducted using a 2. TMS (50 stimuli) during white noise, muscles

stimulus intensity equivalent to 1x2T. relaxed.
3. TMS (50 stimul) during music, delivered on
2.4. Protocol the beat, muscles relaxed.

4. TMS (50 stimul) during music, delivered mid-

i ) way between beats with muscles relaxed.
Subjects were seated comfortably on an upright 5 s (50 stimuli) during music, delivered on
chair. Trials consisting of 50 magnetic stimuli were the beat, with active foot-tapping.

conducted while taped music or white n_oise Was g TMS (50 stimul) during music, delivered mid-
played at a peak volume of 98 dB. White noise 5y hetween beats with active foot-tapping.
was recorded onto cassette tape from an un-tuned

FM radio. In the music trials, rock mus[@reathe

from the albumFat of the Land by Prodigy (XL / 2.5. Analyses

Maverick records; 1991 with a strong rhythmic

beat was used. When this was sampled and exam—av-g?: g’do ul\gipsa”;iegglhat\:gawiﬁre Srgf(;\t,:,f;g aggk_
ined on computer; the beat was approximately 2 9 9 9 ging P

2. I he musi s, an opertor, keeping tme 20°(CATLI0E Beclorlc Desigmens) Cur
with the music, activated the magnetic stimulator . o 9

. . : MEP; using these cursor positions the area of each
remotely on the beat. The stimulator trigger time

! . ; individual MEP in the trial was measured. The
was examined with reference to the music and was oo .
. areas of the 50 MEPs fromibialis anterior were
found to occur between 50 and 100 ms in advance lotted against the areas of the 50 MEPs from
of the middle of the drum burst of each beat. A P 9

clock circuit(Digitimer D 4030 was used in some lateral gastrocnemius, evoked in the same trial, on

trials to delay ?he stimulus by 250 ms so that it a stimulus by stimulus basis. Regression analysis
. L,

was delivered between beats. During the white was performed, the correlation coefficie&®)

noise trials the stimuli were delivered randoml calculated and the number of individuals with
. Lo X . Y- significant correlations for each trial-type were
In all trials the stimuli were delivered with an

. . . . counted. Chi-squared tests were used to assess an
inter-stimulus interval of between 3 and 6 s. This q y

i it | all d for th tic stimulat differences in the number of significant correla-
Ime nterval allowed tor the magnetic SUmuiator 4,5 he variability of MEP areaCoefficient of
to recharge and so stimuli were not delivered with

: X Variation (C of V)], in each muscle in each trial
respect to every successive _mu5|cal beat. As 8of 50 MEPs was calculated. Mean MEP areas and
result, each trial of 50 stimuli lasted between 4

q i Trial d 4 duri . 7 C of Vs of MEP areas were compared between
and 5 min. Trials were conducted during active o gigterent trials of 50 MEPs using Student's

foot tapping to the beat of the music and while - a4, tests. The level of significance throughout
completely relaxed. A practice trial was conducted |, -« taren a® <0.05.

initially to allow individuals to become accus-
tomed to the foot-tapping task. 3. Results

In order to avoid any effects of practice resulting
from the active trials, the same trial order was 3. MEP area and variability
used in all subjects. We were confident in using
this experimental design as there is no reported There was no difference in mean area between
progressive change in the character of MEPs eitherthe different trials (Student’s paired:-test; P>
within trials or between subsequent tria(see 0.05 with the muscles relaxed. During active foot-
Ellaway et al., 1998 The following order of trials  tapping mean (+S.E.M) MEP areas were
was used. The interval between trials was 3-5 significantly facilitated(? <0.01) in TA compared
min. with the relaxed white noise trigdd.0017+0.0003
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Fig. 1. Series of six sequential MEPs fravhialis anterior andlateral gastrocnemius muscles. The MEPs ifa) are part of a trial
conducted during white noise. The MEPs(im were evoked by TMS delivered midway between musical beats with both muscles
relaxed. Both sets of MEPs are from the same individi(a ). There is a tendency for MEPs in TA and LGN to show correlation
in their amplitudes during white noide; this is less evident during musi®).

mV ms) whether TMS was delivered on the beat during a relaxed music trial in the same subject

(0.0049+0.00097 mV m$ or midway between
beats(0.0068+0.0012 mV m3. In LGN, MEPs
were significantly(P < 0.05) facilitated when TMS
was delivered on the be#6.0014+0.00052 mV
ms) but not significantly(P>0.05 when deliv-
ered between beaf®.0017+0.002 mV m3 com-
trial

pared with the relaxed
(0.00078+0.00026 MV ms.

Coefficient of variation(C of V) of the areas
of MEPs were calculated for each individual in
each trial of 50 MEPs. When compared across
subjects (paired r-tesd there was no significant
(P>0.05) difference in the C of V of MEP areas,
between the white noise trial and any other trial.

3.2. Linear regression analyses

Fig. 1 shows a sequence of 6 MEP responses in
TA and LGN during a white noise triala) and

white noise

(subject KA with application of TMS midway
between beatdb). Visual inspection of MEPs
from the white noise trial suggests that there may
be some correlation of amplitudes between the two
muscles. In the music trial there is no suggestion
of such correlation.

When linear regression analyses were performed
on the data, nine of the twelve subjects showed
significant(P < 0.05) correlation between the areas
of MEPs from TA and from LGN during the white
noise trial. When TMS was delivered between
beats in relaxed music trials, only three subjects
showed significant correlation between MEP areas
in the two muscles. A chi-squared test showed this
change was greater than expected by chdifce
0.09.

Data from the nine individuals that showed no
correlation when TMS was applied midway
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Fig. 2. Correlations between areas of MEPstiinalis anterior muscle andateral gastrocnemius muscle to TMS of the motor

cortex. The left hand graph in each pair was constructed from data collected during white noise; the right hand graph was constructed
from data collected during music when TMS was delivered midway between beats. Muscles were relaxed in both trials. The nine
subjects illustrated showed no significait>0.05 correlation between the two muscles during the music. Each pair of graphs is
plotted using the same axis scales.

between beats during relaxed music trials are jects are shown in Fig. 3. Two of these three
shown in Fig. 2. Six of these subjects showed subjects(MC and NW) showed reduced correla-
significant correlation during white noise trials tions during the music trials witlR? dropping
which was destroyed during the music trials, the from 0.43 to 0.09 and from 0.22 to 0.09, respec-
other three(AS, BE, PH showed no correlation tively. The third subjectJR) showed no reduction
during white noise. in correlation during the music trial, in fact the
Three other subjects continued to show correla- R? value for this subject rose slightly from 0.27 to
tion during the relaxed music trials with TMS 0.29 during the music. The meatt-S.E) R?
delivered midway between beats. These three sub-value across all subjects decreased from
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Fig. 3. Correlations between areas of MEPsibialis anterior
muscle andateral gastrocnemius muscle to TMS of the motor
cortex. The left hand graph in each pair was constructed from
data collected during white noise; the right hand graph was
constructed from data collected during music when TMS was
delivered midway between beats. Muscles were relaxed in both
trials. The three subjects illustrated showed significah
0.05 correlation during the music trial. In two subjedt€IC,
NW) the correlation was reduced during music compared with
the white noise trial. Each pair of graphs is plotted using the
same axis scales.

0.1614+0.03 in white noise trials to 0.0490.02
during music(pairedz-test; P <0.05).

A similar pattern was seen in trials where TMS
was delivered on the beat during relaxed music
trials. Three subject6IR, KA, NW), two of whom
showed correlation when TMS was delivered mid-
way between beats, continued to display significant
correlation. In these three individuals correlation
coefficients(R?) rose in two individuals compared
with the white noise trialJR from 0.27 to 0.58;
NW from 0.22 to 0.29 while it remained constant
in the third (KA remained at 0.2%

Less consistent effects were seen when TMS
was applied during active foot-tapping trials. When
TMS was delivered on the beat two individuals
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(FB and KA) displayed a negative correlation
suggesting that small MEPs in TA were associated
with large MEPs in LGN. These same two indi-
viduals showed negative correlations when TMS
was delivered midway between beats in active
tapping trials. Both subjects showed significant
positive correlations when TMS was delivered
during white noise trials. Data from these subjects
are shown in Fig. 4. The three graphs are plotted
on the same scale and it is clear that the MEPSs in
both muscles are facilitated during the active-
tapping trials.

Two individuals (BE, JR showed significant
positive correlations during on the beat TMS active
tapping trials. Four individual§JR, MC, NE, PH
showed significant positive correlations when TMS
was delivered midway between beats in the active
foot-tapping trials.

4. Discussion

In this study we reasoned that the corticospinal
drive to the ankle dorsi-flexors and extensors
(tibialis anterior andlateral gastrocnemius) might
show rhythmic corticospinal facilitation and per-
haps inhibition during music which might, if per-
mitted, have induced subjects to tap their feet.
MEP responses become larger when corticospinal
drive is increased during voluntary contraction of
the target muscléLemon et al., 1986; see Roth-
well et al., 199), when the contralateral homon-
ymous or heteronymous muscles are contracted
(Stedman et al., 1998preceding a simple reaction
task (Davey et al., 1998and during non-specific
actions such as sticking out the tongiléufnagal
et al., 1990. In addition to these factors, other
synaptic inputs to the corticospinal system result
in a degree of variability in the area of MEPs
produced to a series of magnetic stimuli of the
same strengtiEllaway et al., 1998 We found
no overt change in the mean area of MEPs evoked
by TMS at different times during the beat with the
muscles relaxed. Neither did we find any change
in the variability of MEP areas.

When the subjects were foot-tapping to the
music the drive to both TA and LGN was increased
but waxing and waning with the phase of the task.
During this task MEPs in both muscles were
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the overall excitability level of the corticospinal
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Fig. 4. Correlations between areas of MEPstitnalis anterior muscle andateral gastrocnemius muscle to TMS of the motor

cortex. In the left hand graphs, both individuals show signific@h 0.05) positive correlations during while noise with both
muscles relaxed. The other four graphs were constructed while subjects tapped their foot in time with the musical beat. Data in the
centre graphs were produced with TMS delivered on the beat and data in the right hand graphs were produced with TMS delivered
midway between beats. Both subjects show signifi¢@t 0.05 negative correlations during active foot tapping trials.

facilitated. In TA, TMS delivered both on the beat different muscles(Ellaway et al., 1998 During
and midway between beats produced facilitated active foot-tapping the asynchronous activation of
MEPs whereas only the on-beat trials showed
facilitated MEPs in LGN. Examination of the raw
EMG during foot-tapping showed that bursts of 4).
activity in TA (when the foot was dorsi-flexed
were longer than in LGN, so both timings of TMS
delivery could catch TA with increased drive. The
LGN bursts were much shorter making it less
likely that TMS would be delivered during its
active phase in the task. The MEP facilitation seen
during active foot-tapping may therefore be
explained by an increased corticospinal drive to
the muscle at the time of TMS delivery.

TA and LGN can destroy this correlation and, on
occasions, generate a negative correlasse Fig.

Nine out of 12 subjects showed significant
correlation of MEP areas during white noise and
only three out of twelve when TMS was applied
midway between beats during music with the
muscles relaxed. Of these three subjects, two
showed a reduced correlation during the music. If
there are subliminal, but rhythmic, changes in
corticospinal drive to TA and LGN during music

while the subject is relaxed, then this might man-

ifest itself in rhythmic changes in MEP areas.
Since in a foot-tapping task TA and LGN are

system, it is possible that the pattern of background activated out of phase with one another, any
excitability change might alter with beat. In correlation of MEP areas seen during white noise
relaxed individuals, one characteristic of MEPs is may be obliterated or reduced during the music.

that, although they vary in area from stimulus to
stimulus, there is correlation of MEP area between can influence the corticospinal system, even when

These results indicate that strong rhythmic music
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the subject is asked to remain relaxed. This might Ellaway, P.H., Davey, N.J., Maskill, D.W., Rawlinson, S.R.,

help to explain why music improves exercise
training regimes(for example, Hume and Cross-
man, 1992 and helps improve motor recovery in
Parkinson’'s diseasé€Pacchetti et al., 2000or
following stroke (Cross et al., 1984 It would be
of interest to examine whether individuals trained
in rhythmic movements(for example dancejs

show a more pronounced link between musical

rhythm and motor output. Further investigation is

required to elucidate whether there are more effec-

Lewis, H.S., Anissimova, N.P., 1998. Variability in the
amplitude of skeletal muscles responses to magnetic stimu-
lation of the motor cortex in man. Electroenceph. clin.
Neurophysiol. 109, 104-113.

Hufnagal, A., Jaeger, M., Elger, C.E., 1990. Transcranial
magnetic stimulation: specific and non-specific facilitation
of motor evoked potentials. J. Neurol. 237, 416-419.

Hume, K.M., Crossman, J., 1992. Musical reinforcement of
practice behaviours among competitive swimmers. J. Appl.
Behav. Anal. 25, 665-670.

Hummelsheim, H., 1999. Rationales for improving motor
function. Curr. Opin. Neurol. 12, 697-701.

tive beat frequencies and the importance of tonal Kfings. T. Topper, R., Foltys, H., et al., 2000. Cortical

gualities and familiarity with the tune.
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