
HUMAN NEUROSCIENCE
ORIGINAL RESEARCH ARTICLE

published: 19 September 2014
doi: 10.3389/fnhum.2014.00738

Recovery after aerobic exercise is manipulated by tempo
change in a rhythmic sound pattern, as indicated by
autonomic reaction on heart functioning
John Wallert and Guy Madison *

Department of Psychology, Umeå University, Umeå, Sweden

Edited by:
Jessica Phillips-Silver, Georgetown
University Medical Center, USA

Reviewed by:
Paula Loreto Plaza, Georgetown
University, USA
Luis E. Penailillo, Universidad Finis
Terrae, Chile

*Correspondence:
Guy Madison, Department of
Psychology, Umeå University,
Behavioral Sciences Building,
Mediagränd 14, A-123, Umeå
SE-901 87, Sweden
e-mail: guy.madison@umu.se

Physical prowess is associated with rapid recovery from exhaustion. Here we examined
whether recovery from aerobic exercise could be manipulated with a rhythmic sound
pattern that either decreased or increased in tempo. Six men and six women exercised
repeatedly for six minutes on a cycle ergometer at 60 percent of their individual maximal
oxygen consumption, and then relaxed for six minutes while listening to one of two
sound pattern conditions, which seemed to infinitely either decrease or increase in tempo,
during which heart and breathing activity was measured. Participants exhibited more
high-frequent heart rate variability when listening to decreasing tempo than when listening
to increasing tempo, accompanied by a non-significant trend towards lower heart rate. The
results show that neuropsychological entrainment to a sound pattern may directly affect
the autonomic nervous system, which in turn may facilitate physiological recovery after
exercise. Applications using rhythmic entrainment to aid physical recovery are discussed.
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INTRODUCTION
The ability to recover quickly after exercise is desirable because
it facilitates subsequent high performance. Athletes display such
accelerated recovery while both hampered performance and
decelerated recovery is observed in physically impaired (Imai
et al., 1994; Seiler et al., 2007; Kontsas et al., 2013), malnour-
ished (Bollaert et al., 1992; Birmingham and Tan, 2003), over-
trained (Budgett, 1998), and sleep deprived (Samuels, 2009)
individuals. In addition to boosting performance, both endurance
and strength training seems to accelerate recovery after exer-
cise (Tomlin and Wenger, 2001; Heffernan et al., 2007; Otsuki
et al., 2007). Moreover, subsequent detraining has been found
to precede regression of such recovery-acceleration as subjects
return to their former lower level of fitness (Sinacore et al.,
1993; Heffernan et al., 2007). These converging data suggest
a close interplay where the quality of performance is depen-
dent upon the quality of recovery. Hence, it is worthwhile to
explore novel ways to manipulate performance indirectly through
recovery.

Different techniques are used to recover faster, including
stretching, light exercise and rest (Williams and Harris, 2006;
Mika et al., 2007). Several of these techniques include periodic
elements, for example breathing rhythms and mantras in various
meditational practices (Halsband et al., 2009; Yu et al., 2011),
as well as listening to rhythmic music (Karageorghis and Terry,
2008). The extensive use of music for this purpose seems to
indicate that it has particularly powerful effects, but data are
rather inconclusive. It can be concluded that music is used

extensively as an intervention, and found to reduce pain per-
ception (Barker, 1991; Cepeda et al., 2006; Pothoulaki et al.,
2008), induce relaxation (Barker, 1991; Smith and Joyce, 2004;
de Niet et al., 2009), reduce heart rate (Barker, 1991) and reduce
stress (Guzzetta, 1989) - variables often measured when assessing
recovery. On the other hand, studies involving effects of music
have repeatedly reported contradicting or null results (Good,
1995; Bartlett, 1996; Lazic and Ogilvie, 2007). See Bartlett (1996)
for a comprehensive review of physiological responses to music,
and Vasionytė and Madison (2013) for a review of music’s effect
with dementia patients. In light of these inconclusive results
it remains unclear why the use of music in conjunction with
exercise continues to increase (Yamashita et al., 2006), and why
we subjectively attest to its effects on our capacity to perform
and recover (Priest and Karageorghis, 2008). It has been proposed
that there are true effects, but that the difficulty to disentangle
components of the musical stimulus leads to inconsistent results
(Iwanaga and Moroki, 1999; Ellis, 2009). Music constitutes a
complex stimulus that involves several more or less independent
aspects or components, such as rhythm, melody, harmony, lyrics,
etc. Therefore, the “active component” in music used in inter-
vention studies may be one or the other, or several operating
in complex interactions with each other. Also, the influence of
music might lie more in recovery and relaxation between bouts
of performance. The available empirical data is insufficient to
delineate the extent of these possibilities, which highlights the
need for tighter experimental control, in particular regarding
music stimulus conditions.
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One can avoid the problem with stimulus complexity by
focusing on rhythmic entrainment without most other features
characteristic of music (Ellis, 2009; Eliakim et al., 2013). This
focus is motivated by the fact that almost all music used for recov-
ery and performance enhancement is rhythmic and thus enables
entrainment. This suggests that entrainment may be an essen-
tial component of the music-recovery relation worthy of study
in its own right. Entrainment is defined as the synchronizing
process that occurs when independent rhythmic systems interact
(Clayton, 2012). Synchronization among individuals would not
be possible without the ability to entrain (Phillips-Silver et al.,
2010; Phillips-Silver and Keller, 2012). It has been proposed
that human entrainment is made possible by our capacity to
(a) perceive stimuli as rhythmic; (b) produce rhythmic stimuli;
and (c) combine them both utilizing sensory feedback (Phillips-
Silver et al., 2010). These capacities make it possible to proac-
tively predict when the next rhythmic event will occur so that
motor behavior can be produced in precise temporal alignment
with such events, something that would be impossible if we
merely reacted on each event after it had occurred. Hence, this
predictive timing is regarded as a prerequisite for synchronizing
movements in group settings (Madison, 2009; Merker et al.,
2009). Moreover, focusing on entrainment allows for applying
highly controlled stimuli with deterministic properties, making
the specific musical content itself irrelevant. In support of this
approach, we note that several studies have found relationships
between exercise intensity and the preferred tempo of con-
current music, as reviewed in Karageorghis and Terry (2008),
and also effects of rhythm per se on recovery (Eliakim et al.,
2013).

Entrainment is also a robust physiological phenomenon at
the micro-level of electrochemical activity in neuronal groupings
in various parts of the mammalian brain (Ward, 2003; Gomez-
Ramirez et al., 2011; Lavallee et al., 2011; Heinrichs-Graham
and Wilson, 2012; Henry and Obleser, 2012). Entrainment at
the level of neuronal oscillations has been directly or indirectly
linked to how entrainment influences human behavior at the
macro-level, such as generating faster reaction speed (Stefanics
et al., 2010), enhanced attention (Jones et al., 2002; Henry
and Obleser, 2012), less depression (Cantor and Stevens, 2009),
and improved intentional motor behavior (Thaut et al., 1997;
Sommer and Rönnqvist, 2009; Johansson et al., 2012). These well-
established observations suggest three important things. First,
human entrainment is a reliable biological response that occurs
across the whole range from basic nerve cell activity to overt
behavior, both voluntarily (e.g., conscious motor coordination)
and involuntarily (e.g., unconscious neuronal oscillations). Sec-
ond, with the use of entrainable rhythmic stimuli it should within
limits be possible not only to entice a biologically measurable
response, but also manipulate it by means of the stimulus-specific
properties. Third, this response is likely to involve the general
nervous system function and therefore be detectable in at least
some select sub-parts, such as the autonomic nervous system
(ANS). It should be noted that whereas entrainment refers to the
synchronization of a neural predictive process with a stimulus,
overt entrainment is neither performed nor measured in the
present study. This is necessary because participant movement

would otherwise constitute a confounding variable of direct influ-
ence on heart functioning (e.g., Lunt et al., 2011).

In summary, rhythmic techniques involving entrainment are
used frequently to boost recovery, possibly because the ANS can
be down-regulated by entraining to rhythmic stimuli with an
appropriate tempo, for example one that feels relaxing or one
that is slightly slower than optimal for the preceding physical
exercise. We propose that a stimulus with infinitely decreasing
tempo should even more efficiently enhance relaxation. Moreover,
such a stimulus would be more general because it can be the same
for all participants and situations, as it is not fixed to any one
tempo. The effectiveness of such a stimulus is plausible because
the rate of a subjective pulse signifies the rate of bodily movement,
which in turn is related to energy expenditure, and so forth. While
athletes choose their music and its tempo carefully for each need,
e.g., a fast tempo for high speed treadmill walking or a slow tempo
for relaxation (Karageorghis and Terry, 2008), we generalize this
to increasing and decreasing tempo, respectively. In this way we
also avoid the issue of matching a particular tempo, because
the generalized stimulus entrains either to the slowest or the
fastest tempo each individual is inclined to entrain to (Madison,
2009).

The stimulus that is applied for this purpose is called Multiple
Level Pattern (MLP), which refers to multiple temporal levels as
found in music and reflected by the binary division of time used
in music notation. The algorithm underlying the sound pattern is
described in detail in Madison (2009). The MLP is amenable to a
series of manipulations that create an illusion of a continuously
increasing or decreasing tempo, based on certain properties of
the human perception of temporal regularity. For the present
purposes, we devise a slow linear change in the pattern’s inter-
event-intervals, well within our limits to use for predictive timing.
When this interval has doubled (in the case of tempo decrease)
or halved (in the case of tempo increase) the pattern sequence is
repeated from the beginning, but with the loudness of the various
rhythmical levels arranged such that the repetition boundary
is obscured. Under these conditions, the individuals’ internal
representation of the pulse is so salient that it “tags on” to a
slower level in the pattern (in the case of a tempo decrease)
as previously documented (Madison, 2009). Another important
point is that this kind of stimulus is uniform, apart from the
slow tempo change, which renders any section of the stimulus
identical in its central perceptual function (increase/decrease) and
also highly similar in its surface properties. Hence, the risk of
confounding variables or unsystematic variability due to stimu-
lus properties is greatly reduced when employing the MLP. To
summarize, the present stimulus is purely rhythmic and thus
avoids possible confounds that cannot fully be controlled in
musical or music-like stimuli because of the sheer number of
stimulus properties, and, it is also perfectly reversible. Together,
these two properties provide a very high level of experimental
control compared to previous studies using real music or music-
like stimuli. To the best of our knowledge, this is the first study to
use the MLP to investigate if entrainment rate may affect physical
recovery.

In addition to heart rate (HR) per se it was of particular
interest to detect possible inhibitory or excitatory regulation of
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bodily activity mediated by the ANS. Effects of stimuli on the
workings of this system can be indirectly studied through heart
rate variability (HRV). Heart rate variability can be partitioned
in different frequency components similar to how the electroen-
cephalogram power is divided into alpha, beta, etc. bands. It
was originally suggested that a low frequency (LF) and a high
frequency (HF) HRV component indicate variation in sympa-
thetic and parasympathetic nervous system activity (Sayers, 1973;
Akselrod et al., 1981). Aggregate data establish that HF power
reflects parasympathetic nervous system (PNS) activity, while LF
power reflects both sympathetic nervous system (SNS) activity
and PNS activity (Camm et al., 1996). It has been suggested
that increased LF components in HRV reflects more autonomic
sympathetic activity of the heart, and that, conversely, increased
HF activity reflects inhibition of sympathetic activity (Pagani
et al., 1997). However, increased background SNS activity was
accompanied by increased chronotropic activity in the PNS, sug-
gesting that possible concurrent PNS increase must also be con-
sidered when studying bodily up-regulation through the change
in heart functioning governed by SNS (Uijtdehaage and Thayer,
2000). Relating HRV to music, it has been found that so-called
excitative music produced less HF power, indicating decreased
PNS activation (Iwanaga et al., 2005), as would be intuitively
expected. Further investigation in the context of rhythm have
shown that HRV decreased as a function of faster isochronous
rhythm, indicating that faster tempo induced a withdrawal of
the steady-state resting PNS activity and subsequent “let-go”
effect on released and surging SNS activity (Ellis, 2009). Such
relationships have also been labeled as a tonic inhibition, exercised
by the PNS on heart activity through the vagus nerve (Thayer and
Lane, 2000, 2009; Ellis and Thayer, 2010). This tonic inhibition
dominates during rest but is gradually lifted as SNS activity
increases due to physical activity (Ellis and Thayer, 2010). In
conclusion, interacting mechanisms exert cardiovascular control
following both PNS and SNS activity, which have to be considered
when interpreting HRV indicators (Camm et al., 1996; Uijtde-
haage and Thayer, 2000; Weippert et al., 2013). Although some
have argued that compound measurements of HRV frequency
distribution such as LF/HF ratio, as a proxy for sympathova-
gal balance, should be abandoned pending further theoretical
development, others stress that the usefulness of sympathova-
gal balance is in relation to what research questions are asked
(Perini and Veicsteinas, 2003; Pagani et al., 2012). We argue
that it is highly relevant for the present study, since it is related
to the intensification-relaxation continuum of bodily activity
reflected in sympathovagal balance of the heart (Pagani et al.,
1986, 1997, 2012; Camm et al., 1996; Perini and Veicsteinas,
2003; Chuang et al., 2010; Boudreau et al., 2012), and therefore
likely to reflect the quality of recovery. Dominant PNS activity
reflected in more HF of HRV has also been observed during
rest in supine position and at sea level, while LF activity was
found to increase when subjects assume sitting posture and
when suffering from hypoxia induced by high-altitude. During
recovery after exercise, PNS assumes vagal control rapidly dur-
ing the first minute after exercise while SNS reacts later, slowly
reducing its activity during the second to fifth minute (Perini
and Veicsteinas, 2003). These conditions fit well with the design

of this study to derive LF/HF of HRV during recovery after
exercise with the participants’ studied at sea level, relaxing in
supine position, with eyes shut while listening to the MLP for
6 min.

We hypothesized that physically active adults would recover
faster from aerobic exercise when they heard a repetitive sound
pattern that seemed to decrease in tempo, compared to when it
seemed to increase in tempo. Faster recovery was defined as faster
decrease in mean HR, a smaller LF/HF frequency component
ratio in HRV, and faster decrease in mean breathing cycles (BC).
It was further hypothesized that listening to decreasing tempo
would be associated with a higher level of self-rated calmness and
relaxation and higher positive affect when compared to the inverse
condition.

MATERIALS AND METHODS
STATEMENT
The study was approved by the local ethics review committee
(Regionala Etikprövningsnämnden) in Umeå (Dnr 2012-211-
31M). The study was conducted in accordance with the Dec-
laration of Helsinki. All participants signed a written informed
consent before participating, and each received monetary com-
pensation equivalent to 40 USD, and individual max-test results
(as detailed below, worth approximately 120 USD).

PARTICIPANTS
Twelve participants (six male and six female, M = 24 yrs,
SD = 3.41) were recruited through billboards and various Inter-
net fora linked to Umeå University in Sweden. The following
information was given: the purpose of investigating physically
active adults’ ability to recover after exercise, with participants
required to complete a maximal test on a cycle ergometer (Ramp-
test, Test 1) at the University’s Sports Medicine Unit laboratory,
and attend six sessions of submaximal tests on cycle ergometer
(Submax tests, Test 2–7). During recovery after the submaximal
tests, the participants would lie down while listening to different
sounds through headphones. Compensation and the applicant
procedure was stated explicitly. A telephone interview followed to
establish suitability according to in- and exclusion criteria. Inclu-
sion criteria were: 20–35 years old, physically active individuals
who exercised regularly, defined as at least 3 × 30 min exercise-
periods per week maintained for at least 30 days prior to the first
test session. Exclusion criteria were: pregnancy, use of depressants,
non-caffeine stimulants, alcohol, ongoing infection, fractures,
diagnosed heart disease, anxiety, sleep disturbances, chronic pain
or other relevant health complications. Further requirements
were: E-mail and telephone access, to document sleep, food intake
and deviations from normality in a personal health diary during
experimental testing. Food intake and training routines required
abstaining from (a) heavy exercise ≤24 h; (b) eating a large meal
≤3 h; and (c) eating a small meal ≤1 h before experimental
sessions. To safeguard participants’ health and improve test-retest
reliability, it was required that each participant was physically
active relative to norms presented in a major review of healthy
untrained subjects in the USA, Canada and Europe (Shvartz
and Reibold, 1990). Thereafter, participants were scheduled for
the six testing sessions that were completed within a period of
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3–4 weeks. One participant’s data was excluded due to sleep
disturbances. He was allowed to complete the testing and received
full compensation.

GENERAL STUDY DESIGN
The present study aimed to establish a possible causal relation
between direction of tempo change and recovery-time after
exercise. All physiological data was therefore collected in an
exercise laboratory at Umeå University, assuring that nuisance
variables were kept constant. It was likely that physiological dif-
ferences between participants would obscure systematic exper-
imental effects, and a within-participant design was therefore
used. Even when having each participant as its own control,
variation in states, such as fatigue, glucose, or mood, might
blur induced differences between sessions. Also, because of the
repeated measures, significant learning/ordering-effects were pos-
sible. To counter this, three sessions per experimental condition
were conducted considering that a total of six sessions would
be a reasonable compromise in order to avoid attrition and
achieve proper counterbalancing. Counterbalancing demanded
half of the participants divided into two groups, each starting with
one of the two conditions and then alternating conditions until
3 × 2 sessions were completed for each participant. Repeated-
measures effects due to potential fatigue were controlled for by
the spacing between and the requirement of rest before each
session. It was expected that learning/ordering-effects would
be negligible with these applied countermeasures. Furthermore,
comparable effects across participants were attained by individ-
ualized levels of workload determined by individual maximal
aerobic capacity (VO2max), indicating physical fitness as detailed
below. To ensure comparability over all submaximal and maximal
test-sessions, participants exercised on the same cycle ergome-
ter (818E, Monark, Vansbro, Sweden). This ergometer adjusts
workload to cadence when cycling so if the latter fluctuates, a
constant amount of power is still produced. Instructions were
to keep the cadence between 60–70 rpm since the adjusting
function may become unreliable at extreme values. The cadence
range, rather than a specific value was chosen for participant
comfort.

Procedure and measurements for determining VO2max
The Ramp-test is an incremental maximal test that has been used
in other studies of fitness in physically active adults (Larsson
and Henriksson-Larsén, 2005; Gilenstam et al., 2011). It is also
specifically designed for low exercise thresholds seldom measured
with maximal tests. Before Ramp-testing, participants answered
a standardized questionnaire regarding health status and training
frequency, were weighed with a flat scale (Seca M877, GmbH &
Co. KG, Hamburg, Germany), fitted with a mouthpiece (7400
Vmask, Hans Rudolph Inc., Kansas, USA), a thoracic pulse-band
(RS800CX Wearlink Coded, Polar Electro, Kempele, Finland) and
instructed to adjust the seat and handle of the ergometer to
their liking. A professional operator guided the participants and
supervised all Ramp-testing.

The Ramp-test was executed incrementally on the ergometer
until maximal exertion, meaning that cycling was initiated and
kept at 60–70 cadence, becoming increasingly difficult as physical

resistance elevated. Test completion occurred when pedaling
speed dropped below 60 cadence due to exhaustion (judged by
the professional operator). Base and step-wise workload increase
was 30 watt for females and 40 watt for males, with 3 min for
each incremental step. Test completion time varied from 15 to
25 min. The total volume of expired carbon dioxide (VCO2)
and inspired oxygen (VO2) was analyzed at 30 s intervals by a
pulmonary measuring system (Oxycon Pro Jaeger, Carefusion,
San Diego, USA) connected to the mouthpiece, together with
breathing frequency. The gas analysis was calibrated with a three-
point procedure in relation to known gases. Data was monitored
and analyzed with a PC-computer using designated software
(LabManager, version 5.3). Heart rate was registered each minute
with a pulse-watch (Sport Tester, Polar Electro, Kempele, Finland)
receiving data from the thoracic pulse-band.

Ramp test maximal workload was later used to determine the
submaximal workload for the following six submaximal tests.
Several common measures were gathered at (i) exhaustion; (ii)
specific submaximal thresholds; or (iii) every incremental level
of exertion, as appropriate for; VO2max, Maximal heart rate
per minute (HRmax), Aerobic threshold (Ventilatory), Anaerobic
threshold (Wasserman), the first time when the VCO2/VO2 quo-
tient reaches 1 indicating exclusive glycolytic work in the body
(RER 1) and time endured on the highest workload.

Procedure for determining VO2submax
In order for participants to produce the individually appropriate
amount of work they had both to attain maximal stroke volume
plateau and avoid reaching the lactate threshold. In other words,
we made sure that (a) participants exercised enough so that
their hearts had reached the maximal stroke volume plateau,
defined in previous studies as occurring at 40–50% of individual
VO2max (Higginbotham et al., 1986; Zhou et al., 2001). Since
heart stroke volume reaches a plateau in most subjects, cardiac
output is at this plateau solely dependent on HR which then
becomes optimal at indicating the amount of physical exertion
and recovery. At the same time, we ensured that (b) participants
exercised at a lower intensity than their lactate threshold, defined
in physically active adults as 70–80% of individual VO2max
(Demello et al., 1987; Åstrand et al., 2003). Reaching the lactate
threshold indicates that the body is making a transition from aer-
obic to anaerobic energy consumption, rapidly switching to use
more glucose for metabolism and therefore potentially skewing
respiration-, cardiovascular and performance data (Åstrand et al.,
2003). Considering both (a) and (b), 60% of each participant’s
VO2max was chosen as the amount of physical exertion for the
submaximal tests. As explained, data from the Ramp-test was
then used to determine what amount of work corresponded to
60% of individual VO2max. This ranged from 120–180 watt
between participants due to varying physical capacity. Recovery
was operationalized as the decrease in heart rate after a steady-
state submaximal workload for 6 min, as detailed by Åstrand
and others (Åstrand et al., 2003; Andersson, 2011). The submaxi-
mal test is validated and produces reliable repeat-measurements
of steady-state activity (Åstrand et al., 2003; Andersson, 2011),
a requirement for comparability across the six experimental
sessions. The ideal use of this test is with physically active
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subjects free from infections and of normal weight (Andersson,
2011), criteria that were met with the exception of two minor
colds.

Procedure and measurements for the experimental sessions
After completing the Ramp-test, participants were scheduled for
six experimental sessions. To avoid performance-effects of varia-
tions in the awake-sleep cycle and fatigue, each participant’s total
number of sessions were scheduled at the same part of the day
with no more than 1 h difference and at least 24 h of spacing
between consecutive sessions. To avoid individual fitness-status
becoming obsolete, each participant completed all testing within
3 weeks after Ramp-testing. They were also instructed to maintain
usual training-frequency, limiting both exercise and food-intake
as detailed above. If participants reported any deviations from
instructions, and if judged to affect performance or participants’
health, the session was cancelled and re-scheduled.

Detailed information was given on the first session. The
amount of power, clothing (shorts/athletic pants/jeans), grip of
the handlebar (overgrip/undergrip), type of saddle, and the height
and depth of the saddle was kept constant over sessions for
each participant. Sessions began with the participant seated on
a bed answering a set of verbally administered standard ques-
tions targeting current health status, food and substance intake,
unusual physical pain, exercise activity, and sleep activity. The
diary was then checked for further deviations. Blood pressure
(BP) and HR were then measured. If it was the first session,
the participant was asked to adjust the cycle ergometer to their
liking, and the adjustment was documented. The participant was
then outfitted with the respiratory transducer, ECG electrodes
and the IR-sensor, and asked to mount the ergometer. Com-
municating any pain or discomfort during testing was encour-
aged. At this point the experimenter was informed about the
behavior required immediately after the cycling was finished
and during recovery phase. Instruction was then given to start
pedaling and keep the cadence at 60–70, joint-monitored via
the ergometer display. The experimenter set a timer to 6 min,
marking the start and duration of the submaximal test. During
the submaximal test, data recording and patient behavior was
corrected if needed by the experimenter such as adjusting the
electronic equipment, reminding the participant to maintain
cadence, not to speak or change type of ergometer handgrip.
When 15 s of the test remained, the participant was notified.
Directly after completing the submaximal test, instruction was
given to (1) stop pedaling; (2) dismount; (3) lay down in supine
position on the bed; (4) relax the muscles, and arms along
the body side; (5) report any discomfort or otherwise signal
thumbs-up when the experimenter placed the headphones on
the participant; and (6) keep eyes closed and lay still until
the experimenter removed the headphones. After completing
points (1)–(6), the sound pattern was administered simultane-
ously with initiating the recording of physiological data. This
marked the start of the recovery-phase. The experimenter then
moved a designated few feet away to ensure experimenter blind-
ness of condition and keeping relatively constant the effect
of experimenter presence. This continued until the stimulus
pre-programmed 6 min ended. The headphones were removed

and the participant asked to sit up and answer the question-
naires (PANAS and DCR, detailed below). Thereafter the partic-
ipant was stripped of the electronic equipment and the session
finished.

Sound pattern. For this particular study, the MLP was subjected
to a series of manipulations that create an illusion of a contin-
uously increasing or decreasing tempo. These are described in
detail elsewhere (Madison, 2009). Figure 1 depicts the general
principles of the stimulus, using a shorter pattern for clarity (96
events) than the one employed in the present study (1536 events).
It shows the local interval increasing gradually until it has become
double that of the beginning of the pattern, which occurs at
∼4.75 and∼9.5 s, at which point it is immediately and seamlessly
brought back to the initial interval. The ordinate depicts the
relative loudness of each sound event, and shows that loudness is
assigned according to a hierarchical binary division, which creates
the percept of a pulse with many alternative auditory levels. As the
most extreme levels are partially obscured by the listener’s audi-
tory threshold, the salient levels seem to be constantly present,
and the boundary when the pattern is repeated is unnoticeable.
A systematic manipulation of the relative loudness among all
levels makes the loudness of one level equal to the loudness of
the next higher or lower level, which completes the illusion that
the tempo changes infinitely, although it never reaches extremely
fast or slow manifest levels. This is because under these cir-
cumstances the level in the pattern that the entraining subject
chooses to lag on to is entirely subjective. When the entrained
tempo becomes uncomfortable, it switches automatically to one
or two levels higher or lower, depending on the direction of the
change, clearly demonstrated elsewhere (Madison and Merker,
2005). For administration of the sound patterns and blocking of
other sounds, a pair of combined hearing protectors/headphones
(PELTOR HTP79A, 3M Company, Saint Paul, Minnesota)
were used. Sound patterns were played at approximately
72 dBA SPL.

Heart rate, breathing cycles, and blood pressure. Heart rate
was measured with three electrodes attached at standard posi-
tions on the chest (RA; below the right clavicle, LA; below
the left clavicle, and LL; below the left pectoral muscle) using
surgical tape and designated paste after cleaning with rubbing
alcohol and skin-abrasive. A SIRECUST 311S ECG-monitor
(Siemens, Munich, Germany) detected R-R intervals and pro-
duced a pulse output for each heart beat that was recorded
by the computer producing the stimulus signal. A back-up
was also recorded using an infrared (IR) pulse sensor attached
to participant’s right ear lobe (MLT1020EC, AD Instruments,
Dunedin, New Zeeland). The pulmonary cycle rate was mea-
sured indirectly with a piezo-electric respiration transducer that
registers expansion/contraction of the thorax (model 1132 Pneu-
motrace II, UFI, Morro Bay, California). Blood pressure com-
prises a possible confound for HR (Loft et al., 2007; Conley
and Lehman, 2012), and was therefore assessed when initiating
each submaximal session on the upper left arm with a HR-
monitor (Omron M2, Omron Healthcare Europe, Hoofddorp, the
Netherlands).

Frontiers in Human Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 738 | 5

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Wallert and Madison Autonomic reaction to tempo change

FIGURE 1 | Graphical depiction of the main principles for the stimulus pattern with decreasing tempo. Each dot represents a sound event. See text for
further details.

Psychological measures. The positive and negative affect sched-
ule (PANAS) is a 20-item questionnaire, subdivided in two 10-
item subscales that measure independent positive affect (PA) and
negative affect (NA). Items are answered by rating (from 1–5)
the magnitude of affective states experienced in the moment,
such as anger, excitement and interest. The PANAS was chosen
because it has shown high internal consistency, test-retest relia-
bility and stability over at least a 2-month period (Watson et al.,
1988; Crawford and Henry, 2004) and has been used with a
Swedish sample before (Garcia and Moradi, 2012). The positive
and negative affect schedule aim to partially reflect stable, prob-
ably genetic emotion-temperamental dispositions (Lykken and
Tellegen, 1996) and probably relates to how biological emotional-
ity differs in individuals. Any systematic difference in PANAS sub-
scales due to exposure to decreasing or increasing tempo would
indicate a direct effect of entrainment on individual affective
mood-states reflecting subjective well-being or lack thereof. The
degree of calmness and relaxation (DCR) consisted of one item
with a nine point Likert-type scale where participants assessed
their degree of calmness and relaxation ranging from (1) “Very
little or not at all” to (9) “Very much”.

Data registration. The signal from the ECG-monitor was
directed through a Alesis DM-5 MIDI trigger (Cumberland,
Rhode Island) and a Roland MPU-401 (Hamamatsu, Japan)
MIDI interface into a computer (OptiPlex GX1, Pentium II,
Dell). Custom software recorded the inter-onset-intervals (IOIs)

between heart beats and produced the stimulus events that were
converted into sounds by the DM5 unit’s drum sound module.
IR-sensor HR, piezo-electrically transduced BC, and the stimu-
lus signal were registered by a Powerlab 8/30 electrophysiology
amplifier (AD Instruments) and recorded in another computer
(Pentium 2, Hewlett-Packard, Palo Alto, California) using the
provided software Chart 5 (AD Instruments). Demographic- and
descriptive data was registered in Statistica (Statsoft Inc, Tulsa,
Oklahoma).

HRV ANALYSIS
The relative power of frequency components in the ECG-data
over the eight consecutive time-series-intervals was assessed
with Detrended Fluctuation Analysis (DFA; Peng et al., 1994).
Detrended Fluctuation Analysis is a power spectral method
appropriate for analyzing 1/f noise, in which there is a systematic
relation between power and frequency across the frequency spec-
trum (Peng et al., 1995; Madison, 2004). Biological phenomena
that produce 1/f noise include HR and neuronal activity. 1/f noise
has regular properties but the statistical structure violates assump-
tions of stationarity and random (uncorrelated) errors, and can
therefore not be meaningfully analyzed with linear statistics. A
method such as DFA is required for the present study because
interest lies in changes within less than a minute and to detect
these changes during a few minutes of physical recovery. Fourier
analysis, which is the standard method for detecting HF and LF
components, requires a minimum of a few hundred data points,
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Table 1 | Individual data for exertion and exercise parameters.

Male A B C D E F

HRmax* (f/min) 188 188 193 189 x 189
VO2max** (l/min) 4.4 4.0 4.6 4.0 x 4.2
VO2submax*** (l/min) 2.64 2.4 2.76 2.4 x 2.52
Wsubmax**** (watt) 160 150 160 170 x 160
Female G H I J K L
HRmax* (f/min) 192 176 187 170 190 190
VO2max** (l/min) 3.3 3.5 3.3 3.2 3.2 3.2
VO2submax*** (l/min) 1.98 2.1 1.98 1.92 1.92 1.92
Wsubmax**** (watt) 120 180 120 120 120 120

From top to bottom for each sex beginning with participant code letter (A-L). * = Maximal heart rate from the Ramp-test measured as frequency per minute. ** =

Maximal oxygen uptake from the Ramp-test measured as ventilatory oxygen consumption in liters per minute. *** = Calculated estimates of 60% of each individual

maximal oxygen uptake and, **** = corresponding workload in watt used for the submaximal tests. Male E represents excluded data.

which corresponds to at least 5 min of data recording. To detect
changes within fractions of this time there is a need to use a fractal
method that can work with less than 100 data points, and DFA has
been found to work for series as short as 64 data points (Madison,
2006). Because physiological participant recovery was expected to
be highest at the start of recovery and thereafter diminish, and the
usage of DFA was planned for smaller windows of data points, the
total time of 6 min spent during recovery was divided into time
segments of 2 (180 s), 4 (90 s), 8 (45 s) and 16 (22,5 s). Arithmetic
means and standard deviations for each of these segmentations
were used in statistical treatment of data.

ADDITIONAL ANALYSIS
The present analyses were based on arithmetic means, standard
deviations, and percentages unless explained otherwise. Descrip-
tive data is presented in Table 1. Repeated measures ANOVAs were
applied for determining multivariate main and interaction effects.
The alpha level was set to 0.05 (two tailed). Data was analyzed in
Statistica (Statsoft Inc.).

RESULTS
No systolic or diastolic BP diverged more than two standard
deviations from the within-participant arithmetic mean, which
was our outlier criterion. Blood pressure was thus an unlikely
confounding variable and excluded from further analysis.

Mean VO2max was 3.28 l/min (SD = 0.117) for the females
and 4.24 l/min (SD = 0.261) for the males. This is substantially
above the selected norm of healthy, untrained subjects in Canada,
Europe, and USA (Shvartz and Reibold, 1990). In this review,
VO2max for the relevant age range was 2.2–1.8 l/min for females
and 3.4–3.2 l/min for males. Relative differences to norms were
129% for males and 164% for females. None of the participants
were lower than 121% of these norms (participant B and D). This
confirms that our participants were physically active (see Table 1
for individual details).

Breathing cycles (BC) were determined from the waveform
recorded in the Chart software, for each of the eight 45 s recovery
time segments. A three-way (2 direction of tempo change × 8
recovery time segment × 3 session) repeated measures ANOVA
with BC as dependent variable showed no main effect of direction
of tempo change (F1,48 = 2.63, p = 0.1325; 16.5 for increasing

tempo and 16.0 for decreasing tempo) or sessions (F2,48 = 0.82,
p = 0.45), or any significant interaction effects. The effect of
recovery time segment was statistically significant (F7,48 = 3.56,
p < 0.005), but since this was a trivial decrease from 17.6 cycles
per minute in the first segment to 14.9 in the last one, these results
are not further reported.

Figure 2 shows the mean HR across all participants, averaged
across the three sessions for the same stimulus condition. Heart
rate is expressed in terms of the IOI during the recovery phase,
separated into eight 45 s segments. Notice the steep increase in
IOI over the first two segments where most of the physiological
recovery occurred.

Although separate plots for sessions with increasing and
decreasing tempo show that HR was consistently slower when
tempo decreased, this difference was not statistically significant,
according to a three-way (2 direction of tempo change× 8 recov-
ery time segment × 6 session) repeated measures ANOVA with
HR as dependent variable. Only the main effect of recovery time
segment was statistically significant (F7,48 = 12.13, p < 0.0001),
while those of direction of tempo change (F1,48 = 3.93, p = 0.075)
and sessions (F2,48 = 2.25, p = 0.131) were not. No interactions
were significant, which together with the lack of main effect of ses-
sions indicated that no learning/ordering effects occurred. That
the main effect of tempo change was non-significant, although it
was in the expected direction and consistent across both recovery
time segment and session, seems to be due to the large variability
among participants and across sessions. Effect sizes were small
but nevertheless consistent: the grand mean effect size of tempo
change was∼0.10, whereas it was 0.24, 0.19, and 0.11 for the first
three time segments, respectively. A more detailed examination
showed that the means for the tempo conditions were sometimes
in the opposite direction to the expected. This was the case for
3 out of the 11 participants for time segment 1, for two other
participants for time segment 2, and for another two participants
across all eight time segments, for example. To avoid the lack of
power of the factorial analysis, we applied a univariate dependent
t-test across participants, sessions, and time segments, which also
showed the effect of tempo change on HR to be just short of
significance (t1,526 = 1.848, p = 0.065). Another relevant measure
is the proportional change in HR. It was on the order of 2–4% of
the mean HR, which is not trivial in this context (Chuang et al.,
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FIGURE 2 | Mean HR inter-beat-interval as a function of direction of tempo change and time in 45 s segments across the three sessions with the
same condition.

2010; Eliakim et al., 2013). Figure 3 describes the change in HR
during the recovery phase in terms of the proportional decrease
of the HR IOI across adjacent time segments. It shows that the
initially fast decline in HR levels off somewhere between 135–
180 s (segments 3–4).

Next, we tested if the trend for lower heart rate when listening
to decreasing tempo was related to ANS activity. DFA was used
to estimate the LF/HF frequency ratio in terms of the HRV
fractal dimension. The DFA produces an estimate of the Euclidian
dimension (D), which was transformed to the Hurst exponent (H
= 2-D). H can assume values from 0 to 1, where 0.5 corresponds
to white noise, and 1.0 to very strong positive serial correlation
(Brownian motion). A healthy heart operates in the 1/f range
between these values, and Figure 4 depicts the present values
as a function of direction of tempo change and recovery time
segment. A three-way (2 direction of tempo change × 8 recovery
time segment× 6 session) ANOVA with H as dependent variable
indicated significant effects of direction of tempo change (F1,48

= 6.15, p = 0.032), and recovery time segment (F7,48 = 3.87, p
= 0.001), while the effect of session and all higher-order inter-
actions were non-significant. Thus, decreasing tempo resulted in
relatively weaker low frequency than high frequency variability
in participants’ HRV. This suggests, according to the literature,
that decreasing tempo caused relatively less sympathetic arousal
or more parasympathetic arousal. Again, no effect of sessions on
target variable (H) was present, showing that no significant effect
of any confounding learning/ordering effects was present.

Finally, the direction of the sound pattern had no effects on
the relaxation rating (DCR) or the emotion ratings (PANAS),
according to one-way ANOVAs.

DISCUSSION
Decreasing tempo resulted in a comparatively smaller LF/HF
component ratio of HRV, which in turn was related to a non-
significant trend for lower HR. This is consistent with a host of
data indicating that relatively more HF than LF activity reflects
relatively more parasympathetic and/or less sympathetic activity
in sympathovagal modulation of heart functioning (Pagani et al.,
1986, 1997, 2012; Camm et al., 1996; Perini and Veicsteinas,
2003; Chuang et al., 2010; Boudreau et al., 2012). In line
with previous research (Camm et al., 1996; Ellis and Thayer,
2010), a probable explanation for the present findings is that
the parasympathetic control on heart functioning induced by
neuropsychological entrainment to decreasing tempo created an
increase in the parasympathetic control of HRV. This emerged as
a smaller LF/HF component ratio suggesting enhanced relaxation
in this group of physically active adults as they recovered from
short, aerobic exercise. During increasing tempo, in contrast,
entrainment probably had an arousing effect that induced a
larger LF/HF component ratio of HRV, reflecting disordered
relaxation.

The study design precluded any direct measurement of
entrainment, and we therefore relate how it was deduced to
occur. The most obvious evidence is the effect of tempo direction,
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FIGURE 3 | Mean HR decrease as a function of direction of tempo change and time in 45 s segments. The values are the differences in percent from the
preceding time segment. Error bars indicate 0.95% confidence intervals.

because this manipulation is extremely unlikely to have any effect
unless through entrainment. This is because the local properties
of the MLP are almost identical regardless of its direction, and
perception of the direction of the tempo change relies on entrain-
ment. The only alternative explanation for the effect would be that
the relative duration of adjacent time intervals in the pattern were
perceived as such. These differences are likely below the detection
threshold, however. The reason one cannot be sure is that being
a multiple-level pattern, it is unclear which level of comparison
would be used by the operator, and hence which threshold that
would correspond to the uni-level patterns employed in previous
studies of interval difference detection. Furthermore, previous
experiments with the MLP showed ubiquitous and highly accu-
rate entrainment with hand movements, so that this would not
take place is extremely far-fetched, also given human’s strong
propensity for entrainment and poor time interval discrimina-
tion ability. Most likely, entrainment was induced as shown in
several studies how neuronal groupings indirectly or directly are
enticed to oscillate in time with the fundamentals, harmonics or
subharmonics of external rhythms. This electrochemical neuronal
phenomenon occurs regardless of whether stimuli is auditory or
visual or if the entrainment is voluntary or involuntary (Lakatos
et al., 2005, 2008; Gomez-Ramirez et al., 2011; Henry and Obleser,
2012).

The present findings are conceivably generalizable to a wide
array of situations, tasks, and other conditions. Since human

entrainment consists of what may be characterized as biological
reflexes to a considerable extent, it is reasonable to assume that the
results derived from this sample of individuals are generalizable
to other humans. Across several types, lengths and intensities of
exercise, the response in the human body is substantially similar,
e.g., the initially increasing HR, plateauing HR and stroke volume
after about 2 min, deeper and faster BC, faster PNS withdrawal
followed by slower, gradually increasing SNS-activation (Plow-
man and Smith, 2011). To a considerable extent, this upwards reg-
ulatory pattern reverses in a similar fashion during recovery from
different exercise protocols, e.g., in decreasing or diminishing HR,
heart stroke volume, BC and breathing volume, body tempera-
ture, lowered BP, repair of damaged tissue and so forth. Of course
there are substantial recovery-differences between moderate
cycling for 6 min and running a marathon, but these are also to a
substantial degree dose-response related and qualitatively similar.
This supports substantial generalization of the findings to recov-
ery from other exercise conditions although precise limits for
other recovery-responses need to be investigated with high exper-
imental control similar to this study. The stimulus characteristics
are also deterministic, replicable, and have well-defined higher-
order properties that go beyond this particular implementation
of the perceptual constructs “increasing tempo” and “decreasing
tempo”. This means that strong conclusions can be drawn that the
differences in the dependent variable is caused by the perceived
tempo direction of the stimulus. Because the stimulus properties
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FIGURE 4 | Fractal dimension of HRV as a function of direction of tempo change and recovery time in 45 s segments, expressed as the Hurst
exponent (H) estimated with Detrended Fluctuation Analysis (DFA). A higher H reflects stronger LF power relative to the HF power in the HRV spectrum.

were pure in the sense that both conditions were locally identical
in terms of pitch, event density and so forth, and differed only in
the higher-order property “direction of tempo change” it is highly
probable that the small but significant physiological change was
caused by, and only by, rhythmic entrainment.

Future research should replicate the present findings, includ-
ing larger samples, since there was a non-significant tendency
(p = 0.075) in the predicted direction of the main hypothesis of
faster relaxation reflected by mean HR (Figure 2). If allowed to
speculate on non-significant results, this seems to harmonize well
with other findings that indicate an effect of rhythmic stimuli on
HRV but not on HR (Ellis, 2009). One should however consider
that those studies used isochronous rhythmic stimuli, which carry
less temporal information than does the MLP, and which also do
not change tempo. The effects of the MLP are largely uncharted
but can be expected to be more potent for entrainment purposes
(Madison and Merker, 2005) due to richer information or higher
event density. We also failed to find any effect of tempo change
direction on pulmonary activity, and conclude that at least in
this particular experimental setting, BC is not a valid measure
of entrainment. One limitation of BC is that it only considers
number of cycles in relation to time. Consequently, BC ignores
depth of the breathing cycles. It was qualitatively noted that
participants seemed to start taking heavier breaths shortly after
exercise was initiated, a pattern that seemed to reverse during
recovery as participants returned to lighter breathing. By also

considering total breathing volume one may improve the study
of entrainment in relation to breathing.

The effect found for the direction of tempo change on HRV
proves with almost certainty that participants in this study did
indeed entrain to the stimulus in the expected direction, although,
as mentioned in the Introduction section, their relaxation and
recovery precluded any form of overt behavior. The presence of
physiological responses validates further use of this new kind of
stimulus to study entrainment phenomena. A stimulus that slowly
changes its local pulse systematically may also shed particular
light on ritardando and accelerando aspects of music, such as
the sometimes gradually decreasing tempo at the end of a ballad
or increasing tempo of a piece of Russian folk music, which
are ecologically valid, entrainable phenomena closely similar to
the stimulus used. Ritardando and accelerando are particularly
demanding of timing capabilities in musicians, used as expressive
features and not extensively studied (Schultze et al., 2005).

There were no effects on ratings of relaxation or affect,
although the PANAS is considered to be quite sensitive (Crawford
and Henry, 2004). Given that physiological effects were found,
it seems they were too small to be consciously detected. This
explanation suggests that this kind of intervention exerts its
influence on physiological functioning directly rather than indi-
rectly by altering how participants perceive their exertion or
motivation. The MLP incorporates a central musical feature;
rhythm. However, in this study it was also bereft of further

Frontiers in Human Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 738 | 10

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Wallert and Madison Autonomic reaction to tempo change

complexity so common in music and its effect was physiological
but not psychological. This may align with a possible pattern of
more erratic physiological and more robust psychological results
found on target variables when stimulus complexity increases
as more music-like stimuli are used. Also, the opposite seems
reasonable when stimulus is stripped of complexity and much
of its musical qualities. For such highly controlled stimuli only
in part reminiscent of music, physiological effects are perhaps
more law-bound and consistent but because most musical fea-
tures are removed, psychological effects tend to diminish and
thusly generate inconsistency. Because the MLP is different from
musical constructs and no effects on psychological variables
was found, it indirectly points to the idea that music’s inher-
ent complexity affects us by means of our psychological sub-
jectivity rather than our biological reflexes. This may improve
our understanding of why physiological effects of music are
inconclusive (Bartlett, 1996) and yet we persistently and subjec-
tively advocate its central effect on us (Priest and Karageorghis,
2008).

Although the synthetic nature of the MLP stimulus may confer
limits in terms of ecological validity, it can be adopted to different
musical structures, adding more layers such as harmonic and
melodic movement, increasing its resemblance to real music. With
such alterations, it could within the artificial limits of the MLP
be possible to disentangle the effects on music style, harmony,
and melody from those of tempo change, since the stimulus is
otherwise identical.

Some limitations of the present study should be discussed.
The design does not allow comparisons of the MLP with silence
or other non-MLP conditions, since this study focused on the
effect of the tempo change direction. Although it caused a sig-
nificant difference in HR variability, we cannot tell whether the
relative difference in the LF/HF component ratio of HRV reflects
enhanced relaxation during decreasing tempo or an induced
stress response during increasing tempo. Hence, a future study
aimed at investigating absolute differences between conditions
compared to a control condition of an isochronous version of
the MLP holds potential for furthering our understanding of this
aspect.

Considering implications in the world of sports and exercise,
particularly between short bouts of training or performance
as suggested initially, physically active adults are thought to
have limited use of this method because the effect size was
small. Indeed, probably smaller than those of other methods to
enhance recovery. On the other hand, the use of this method
to aid recovery more indirectly or preventively may yield larger
benefits, as if used when having longer periods of recovery. A
recent study found that the effect of a rhythmic stimulus on
recovery was largest at the end of the recovery period (Eli-
akim et al., 2013) and a fairly recent review on randomized
control trial studies showed that recovery time increases the
recovering response independent of recovery-type (Pastre et al.,
2009).

As most of this research is still in its infancy, possible
future progression yields promise for beneficial applications. The
experimental effect of the MLP-induced, rhythmic entrainment
on LF/HF of HRV during recovery from aerobic exercise was

expectedly small, yet also causally strong. Many human activities
are rhythmic in different ways (Kolb and Wishaw, 2005; Ellis
and Thayer, 2010), such as turn-taking in spoken dialog or
in precise time-locking in joint musical behavior, dance and
drill (Greenfield, 1994; McNeill, 1995; Merker et al., 2009). One
could speculate that tempo change, because of its possibility for
entrainment and coupled physiological effect, may in some ways
be superior to other methods to recover after exercise. Future
research on the MLP may therefore lead to the development
of practical interventions for individuals who need to enhance
recovery after exercise due to problematic conditions, perhaps
if they train or perform in close proximity to their sleep-period
or if they suffer from anxiety or stress. Since potential side-
effects are mild and the monetary costs low for sound patterns
compared to psychotropic drugs, the possibility to create practical
applications using the entrainment phenomenon to the bene-
fit of human physiological functioning merits further scientific
exploration.
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