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Physiological responses after maximal and submaximal exercise are routinely monitored in 
a plethora of diseases (e.g. cardiovascular diseases, cancer, diabetes, asthma, neuromuscu-
lar disorders), and normal populations (e.g. athletes, youth, elderly), while slower or irreg-
ular  post-exercise recovery usually indicates poor health and/or low fitness level. Abnormal 
 post-exercise recovery (as assessed via blunted post-exercise heart rate dynamics) helps to predict 
the presence and severity of coronary artery disease, while differences in recovery outcomes in 
athletes might discriminate between fit and unfit individuals. Disturbances in post-exercise 
recovery might be due to acute or persistent changes in: (1) adaptive responses mediated by the 
autonomic nervous system and vasodilator substances, (2) cellular bioenergetics, and/or (3) 
muscular plasticity. Preliminary evidence suggests possible role of time-dependent modulation 
of nitric oxide synthase and adenosine receptors during post-exercise recovery, yet no molecular 
attributes of post-exercise recovery are revealed so far. Currently several markers of post-exercise 
recovery are used (e.g. heart rate measures, hormone profiles, biochemical and hematological 
indices); however none of them meets all criteria to make its use generally accepted as the gold 
standard. In addition, recent studies suggest that different pharmacological agents and dietary 
interventions, or manipulative actions (e.g. massage, cold-water immersion, compression gar-
ments, athletic training) administered before, during or immediately after exercise could posi-
tively affect  post-exercise recovery. There is a growing interest to provide more evidence-based 
data concerning the effectiveness and safety of traditional and novel interventions to affect 
 post-exercise recovery.

The goals of this research topic are to critically evaluate the current advances on mechanisms and 
clinical implications of post-exercise recovery, and to summarize recent experimental data from 
interventional studies. This knowledge may help to identify the hierarchy of key mechanisms, and 
recognize methods to monitor and improve post-exercise recovery in both health and disease. 
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The Editorial on the Research Topic

Post-Exercise Recovery: Fundamental and Interventional Physiology

Post-exercise Recovery: Fundamental and Interventional Physiology is a Frontiers in Physiology
Research Topic aimed to provide new advances in the basic and applied study regarding recovery
after exercise in the context of both physiological and pathophysiological conditions. During
the past decade or so, a plethora of novel findings has been provided concerning attributes of
post-exercise recovery in health and disease, and different physiological, medical, and nutritional
interventions targeted tomanage post-exercise recovery. Since 2000, more than 1200 peer-reviewed
papers have been published in the leading biomedical journals describing the biology and medicine
of post-exercise recovery. In this Research Topic, we presented perspectives, opinion pieces, and
original research and review articles focused to understand a complex physiology of post-exercise
recovery, and to outline recent experimental data from interventional studies.

Interpreting the physiology of time period immediately after exercise as an authentic biological
phenomenon recently becomes of notable importance for both clinical exercise physiologists and
sports scientists. Irregular or abnormal physiological responses during this time window might
indicate much more than poor health or low fitness level (Terziotti et al., 2001; Lind et al., 2009;
Hausswirth and Le Meur, 2011; Rattray et al.), with the physiology of recovery period should
be investigated in a more distinctive and multidisciplinary manner. On this regard, Luttrell and
Halliwill present an interesting perspective paper that conceptualizes post-exercise recovery as a
discrete event from exercise itself. Authors discussed that post-exercise recovery might help us
to identify and monitor several clinical conditions, being a perfect time window for therapeutic
interventions in both athletic and clinical environment, and/or prognostic time span providing
predictive information regarding sport performance and health outcomes. This novel concept
encourages multi-faceted approach to the research field of “physiology of recovery” and merits
further investigation.

Another new and compelling idea explored in this Research Topic is the specificity concept for
the recovery after exercise. Minett and Costello present an opinion article on the need for post-
exercise recovery protocols to be suitably matched and specifically prescribed to the individual
and environmental characteristics and needs. Here, authors discuss the controversy surrounding
the effectiveness of post-exercise cooling for recovery, suggesting more specific approach should
be emphasized for this and other post-exercise interventions in future studies. Nutrition seems
to be another important player in post-exercise recovery game, requiring more specific modus
operandi. Specific timing of food ingestion, food content, and quality are some distinct factors that
might dictate recovery dynamics (Howe et al., 2014). Recent studies have focused on post-exercise
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protein intake to enhance metabolic adaptations and maximize
training adaptations (Pasiakos et al., 2014; Beck et al., 2015).
On this regard, Morton et al. present a comprehensive
overview of the current knowledge of the field on nutritional
manipulation to augment resistance-training induced skeletal
muscle hypertrophy during the recovery period. Importantly, a
variety of nutritional factors affecting balance between muscle
anabolism and catabolism are highlighted, and more specific
information about protein and carbohydrate co-ingestion during
recovery should arise from future studies.

Important players in post-exercise recovery are the cytokines,
small proteins involved in cell signaling and apoptosis (Nieman
and Pedersen, 1999). Cytokines, such as tumor necrosis factor-
α (TNF-α) or interleukin 6 (IL-6), are critical in the regulation
of inflammation, muscular injury, and repair after exercise
(Philippou et al., 2012). In this Research Topic, Townsend et al.
present an original article that compared the effects of different
interventional recovery protocols administered following intense
resistance exercise on circulating TNF-α and TNF-α receptor
expression. Authors show favorable cytokines response after
specific recovery intervention, implying that the efficacy of
a recovery protocol depends on both the modality of the
intervention and the particular time point of its administration
during recovery. However, more research is needed concerning
the identification of time frames in which the recovery
interventions are most beneficial to muscle function and repair.

Can recovery rates from single- and multiple-bout exercise
help us to better understand “physiology of recovery”? In their
opinion article, Girard et al. advance a link between neural drive,
environmental stress and recovery dynamics in repeated exercise,
suggesting possible role of perceptual recovery to augment
athletic performance. Same group present an original paper
addressing the recovery of performance during repeated sprints
in manipulated hypoxia (Girard et al.), providing insight about
an association between external stressors and neuro-mechanical
alterations during recovery. Disturbances in autonomic neural
drive during post-exercise recovery are also prominent in clinical
populations (Sheppard et al., 2007; Minai et al., 2012; Florea
and Cohn, 2014). Here, Trevizani et al. present an original
paper that describes cardiac autonomic recovery after single
resistance exercise session in hypertensive men. The concept
that exercise promotes neuromuscular modulation can be a link

between exercise and its performance- and health-related effects.
In addition, Akazawa et al. report an original research about
the effects of regular aerobic training on post-exercise reduction
of blood pressure in post-menopausal women, suggesting
the clinical importance of monitoring central hemodynamic
responses after exercise.

In addition to all these outstanding contributions, this
research topic also presents captivating original articles
evaluating how low-volume high-intensity training affects
tissue-specific circulating microRNAs as related to conventional
biochemical and performance indices (Cui et al.); and the
correlation of non-invasive recovery measures, heart rate (HR)
variability and post-exercise HR recovery, with increases in
physical activity and cardiorespiratory fitness in non-exercising

women (Tonello et al.). Both articles support the use of novel or
improved markers of post-exercise recovery that may provide
new insights into the physiological perturbations that occur in
the body during and after exercise.

Besides presenting contemporary knowledge and viewpoints
on the issue of post-exercise recovery, hopefully this Research
Topic will further advance the field of “physiology of recovery”
by generating innovative ideas, multidisciplinary approaches and
experimental studies.
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Previous studies have suggested that physical activity (PA) levels and cardiorespiratory

fitness (CRF) impact on the autonomic control of heart rate (HR). However, previous

studies evaluating PA levels did not discriminate between incidental PA and regular

exercise. We hypothesized that incidental PA “per se” would influence cardiac autonomic

indices as assessed via HR variability (HRV) and HR recovery (HRR) in non-exercisers.

Thus, the objective of this study was to investigate the relationships between objective

PA levels, CRF, and cardiac autonomic indices in adult, regular non-exercising female

workers. After familiarization with procedures and evaluation of body composition,

21 women completed a submaximal cycling test and evaluation of HRR on four

different days. Resting (2-min seated and standing) and ambulatory (4-h) HRV were also

recorded. Levels of PA were assessed by accelerometry over five consecutive days (i.e.,

Wednesday to Sunday). Maximum oxygen consumption (VO2max) was measured as an

index of CRF. As reliability was low to moderate for most HR measures, relationships

between these and PA and CRF were examined using the 4-day average measures.

Significant correlations were identified between post-exercise HRR in the first min with

various PA indices (daily moderate PA, daily vigorous PA, and the sum of vigorous and

very vigorous daily PA). Additionally, VO2max was significantly correlated to HRV but not

to HRR. The current results indicated that CRF was influential in enhancing HRV while

incidental or non-exercise based PA was associated with greater autonomic reactivation

in adult overweight women. Therefore, both CRF and non-exercise based PA contribute

significant but diverse effects on cardiac health. The use of 4-day averages instead of

single measures for evaluation of autonomic control of HRmay provide a better indication

of regular cardiac autonomic function that remains to be refined.

Keywords: heart rate variability, heart rate recovery, cardiorespiratory fitness, incidental physical activity, females,

work, allostatic load, autonomic nervous system
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INTRODUCTION

Regular exercise and physical activity (PA) contribute to human
health and its maintenance (Kruk, 2007; Garber et al., 2011)
in similar ways for both men and women (Schumann et al.,
2015). While exercise refers to structured repetitive movements
that are planned for improving or maintaining physical fitness,
PA refers to any body movement produced by muscular
activity which results in energy expenditure above resting levels
(Ainsworth et al., 2000). Undertaking regular aerobic exercise
and maintaining appropriate levels of PA are simple and low-cost
interventions for the improvement of cardiorespiratory fitness
(CRF), a factor strongly linked to the incidence and risk of most
cardiometabolic diseases (LaMonte et al., 2005; Jae et al., 2007;
Jakicic et al., 2009). That is, high levels of CRF are related to lower
rates of mortality and morbidity among individuals, especially
those with cardiovascular disease (Lee et al., 1999, 2010; Wei
et al., 1999). Further, low CRF has been reported to affect health
more negatively in women compared to men (Skaug et al., 2014),
therefore, gender differences may be of key importance when
examining CRF and cardiovascular health.

Like the relationship between CRF and cardiovascular
health, greater cardiac autonomic control, specifically enhanced
parasympathetic and reduced sympathetic activity, has been
associated with lower rates of mortality and morbidity in a
range of chronic conditions (Nolan et al., 1998; La Rovere
et al., 2001; Stein et al., 2008; Pei et al., 2015). This relationship
may also be a resultant of greater CRF with improvements in
cardiac autonomic activity coinciding with increases in CRF
following chronic exercise training (Leicht et al., 2003; Kiviniemi
et al., 2010). Previously, Davy et al. (1998) found that cardiac
autonomic control and cardiac baroreflex sensitivity decline
similarly with age in healthy sedentary and physically active
women, however, physically active women demonstrate higher
levels of cardiac autonomic control and cardiac baroreflex
sensitivity compared with their sedentary peers, regardless of age.
All of these factors (PA, CRF, and cardiac autonomic control)
have strong effects on health (Ramsbottom et al., 2010). However,
the interplay between these factors has not been fully elucidated,
possibly as a result of different methods employed to evaluate
cardiac autonomic control.

Heart rate variability (HRV) is a simple and widely utilized
non-invasivemethod for evaluation of cardiac autonomic control
during basal, orthostatic, and ambulatory conditions (Task Force,
1996). Additionally, post-exercise HR recovery (HRR) has been
widely utilized as a simple measure of cardiac autonomic control,
particularly parasympathetic reactivation (Cole et al., 1999;
Boullosa et al., 2009; Gordon et al., 2011; Daanen et al., 2012).
Both HRV and HRR have been extensively utilized in different
settings (Gordon et al., 2011; Uusitalo et al., 2011; Boullosa
et al., 2012) with a variety of methodological constraints such
as reliability, body posture, duration and number of recordings,
and parameters selected (Young and Leicht, 2011; Boullosa et al.,
2013, 2014; Plews et al., 2014). For example, previous studies
have indicated that HRV during the monitoring of training was
related to CRF (Kiviniemi et al., 2007; Hautala et al., 2009) while
HRR was influenced by the applied exercise load (Buchheit and

Gindre, 2006; Guerra et al., 2014). More recently, studies within
sport settings (Plews et al., 2012, 2014; Boullosa et al., 2013)
have suggested the need for multiple HRV measures (e.g., 3–
4 weekly measures; Boullosa et al., 2013; Plews et al., 2014)
instead of isolated single measures for a better evaluation of
autonomic adaptations. Consequently, it is possible that variable
selection for cardiac autonomic control measure, along with
frequency of assessment (i.e., 1 vs. >1 recording) may have
a substantial impact upon its relationship with other health
measures (e.g., PA or CRF). This is especially important in light of
the variable reliability values reported for HRV measures during
different conditions such as ambulatory (Myrtek, 1990; Ziegler
et al., 1999) and following sub-maximal and maximal exercise
testing (Arduini et al., 2011; Dupuy et al., 2012; Boullosa et al.,
2014).

Similarly, the assessment of PA via different tools (e.g.,
accelerometers, questionnaire) may also influence its relationship
with health indicators (Ara et al., 2015). Most studies to date
have evaluated PA levels by questionnaires which are vulnerable
to bias (Lindholm et al., 2012; Pavey et al., 2013; Ara et al.,
2015). Consequently, objective tools (e.g., accelerometers) have
been increasingly utilized to document PA levels (Buchheit et al.,
2005, 2006; Hansen et al., 2011). While these devices provide a
more precise indication of PA levels, particularly the intensity of
the PA, very few studies have differentiated between structured
exercise and incidental PA (i.e., non-purposeful PA accrued
through activities of daily living; Ross and McGuire, 2011).
Therefore, the positive relationships between objective PA and
health indicators (e.g., CRF) may be a result of incidental PA
and exercise undertaken. Recently, incidental PA was reported
to influence CRF improvements during an exercise intervention
with recreational athletes (Hautala et al., 2012) while the duration
and intensity of incidental PA was positively correlated with
CRF in obese individuals (Ross and McGuire, 2011). Therefore,
examinations between objective measures of PA and other health
indicators (e.g., CRF, HRV) should account for incidental PA and
exercise.

Given the significant relationships noted between cardiac
autonomic control, CRF and PA, and the impact of these
for improved health, further examination of the interaction
between these variables was required for clarification. Thus, the
objective of the current study was to evaluate the relationship
between different cardiac autonomic measures (HRV, HRR), and
CRF and objective PA levels in overweight but healthy female
adults.

MATERIAL AND METHODS

Participants
Twenty-one young, non-menopausal, overweight but healthy
women, free from pathological conditions (i.e., diabetes,
hypertension, cardiovascular disease, depression, etc.) and
medications that could interfere with the outcome measures,
volunteered for this study. All participants were full-time
service workers (e.g., cleaning and administrative positions) of
the Catholic University of Brasilia and were not undertaking
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any structured exercise regime at the time of the study.
The inclusion of non-exercising participants enabled a better
isolation of the effects of incidental PA levels on health
related parameters. All participants performed all procedures
and adhered to similar work schedules during the day (i.e.,
work day beginning at 7 a.m.). The ethical committee of
the Catholic University of Brasilia approved this study and
all participants provided informed written consent before
participation.

Study Design
This study was conducted over an 11-day period (Figure 1)
following a familiarization session (1-week earlier). On Day 1
(i.e., Friday), participants were screened, familiarized with all
procedures and assessed for body composition. During Days
4–8 (i.e., Monday–Friday), participants visited the laboratory
each morning and completed an orthostatic test and a constant-
load cycling exercise bout for the determination of HRV
and HRR measures. Following this bout, an ambulatory 4-
h R-R recording was obtained from each participant during
working hours and assessed for ambulatory HRV. Participants’
PA levels were recorded over 7 days (i.e., from Tuesday to
Monday) of the study. On the final day (i.e., Monday, day 11),
participants performed an incremental cycle ergometer test for
the determination of maximum oxygen consumption (VO2max),
an index of CRF.

Anthropometry
Body mass (kg) was evaluated using a digital scale (G-Tech, 05,
China R©) and height (cm) assessed via a stadiometer (Sanny R©,
ES2040, São Bernardo do Campo, Brazil) for determination of
body mass index (BMI). Waist circumference was determined
at the smallest girth of the trunk using a metal anthropometric
tape (Sanny, SN4010, Medical R©, Brazil). Body composition
(% fat) was assessed from skinfold measurements obtained
using skinfold calipers (Lange Skinfold Caliper R© California,
USA) in accordance with Jackson and Pollock (1985). Three
measurements were made at the following sites: triceps,
subscapular, abdominal, axillary, thigh, chest, and suprailiac.
Body fat composition (%) was calculated from the average of the
three measurements at each skinfold site using the Siri equation
(Siri, 1961).

Heart Rate Variability
Assessment of HRV was conducted in two stages, an orthostatic
test and during normal work activities (08:00–12:00). The daily
orthostatic test was performed in the laboratory (07:00–08:00)
within standard environmental conditions. The orthostatic test
consisted of participants sitting for 3min followed by 4min
of standing. All analyses were conducted during the last 2min
of each position. Following the orthostatic and submaximal
exercise tests (see below), participants left the laboratory and
undertook their normal, morning (08:00–12:00) work activities

FIGURE 1 | Study design. Par-Q, Physical Activity Readiness Questionnaire; HRV, Heart Rate Variability; HRR, Heart Rate Recovery; HR, Heart Rate; VO2max,

Maximum oxygen consumption.

Frontiers in Physiology | www.frontiersin.org January 2016 | Volume 6 | Article 405 | 9

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


Tonello et al. Heart Rate and Physical Activity

while wearing a telemetric HR monitor (see below). Assessment
of daily HRV during work was determined from the entire 4-h
HR recording.

All HR recordings were obtained using a HR monitor
(RS800CX, Polar Electro Oy, Finland) reported to provide valid
recordings for HRV assessment (Wallén et al., 2012) at a sampling
rate of 1000Hz. Recordings were uploaded into a computer and
filtered using the manufacturers’ software (Polar ProTrainer R©

version 5.0, POLAR Electro Oy, Kuopio, Finland) followed by
exportation to a dedicated program (Kubios HRV v2.0, Kuopio
University, Finland) for the HRV analyses. The HRV variables
examined included those previously examined in other studies of
exercise and HRV (Leicht et al., 2011; Boullosa et al., 2014): time
domain (SDNN and RMSSD), frequency domain (LF and HF in
both absolute and normalized units), and non-linear measures
(SD1, SD2, Sample Entropy, and α1) (Task Force, 1996; Acharya
et al., 2004; Boullosa et al., 2014). Based on previous studies
(Boullosa et al., 2013; Plews et al., 2014), daily HRV measures for
each of the 4 days (from Tuesday to Friday) as well as the average
of the 4 days were used for further analyses.

Heart Rate Recovery
A submaximal, square-wave, exercise bout was undertaken by
participants each day over 4 consecutive days and utilized for
the determination of HRR. Participants exercised on a cycle
ergometer (Monark model 8348, Monark, Sweden) at 60 rpm for
6min (Arduini et al., 2011) with the workload increased every
30 s for the first 3min to achieve a target HR and thereafter
remained constant for the exercise bout. The set target was a
workload that induced a HR of∼86% of age-predictedmaximum
HR (HRmax,Tanaka et al., 2001) with the target HR and
protocol determined during the familiarization session to ensure
a consistent exercise response. This target HR was suggested to
provide the most reliable HRR measures (Lamberts et al., 2011).

The change (1) in HR during the first 1, 2, 3, and 5min
of recovery were evaluated as HRR measures (Arduini et al.,
2011). Additionally, the HRR index, as proposed by Imai et al.
(1994), was calculated via semi-logarithmic regression. Briefly,
the natural logarithm of the instantaneous HR during the initial
rapid HR decrease (from the 10th to the 40th s) was plotted
against the elapsed time of recovery and a linear regression
analysis was applied. The time constant of the short, post-exercise
HR decay (T30) was thus determined as the negative reciprocal
of the slope of the regression line. Following the same rationale
for the HRV measures (Boullosa et al., 2013), the daily HRR
measures (Imai et al., 1994; Arduini et al., 2011), as well as
the average HRR for the 4 monitoring days were utilized for
analyses.

Physical Activity Assessment
PA was objectively measured by an accelerometer (GT1M,
Actigraph, USA) for 7 consecutive days. The devices were used
on the right hip of participants and recorded continuously from
Tuesday to the next Monday, except during the bathing, sleeping
and the cycle ergometer evaluations.

The start and end days of the accelerometer recording
(i.e., data from Tuesday and Monday) were excluded with the

final analysis of PA comprising 5 full days (i.e., Wednesday
to Sunday only). Three to five days of PA assessment have
been suggested to be sufficient to accurately reflect weekly PA
patterns of adults (Trost et al., 2005). Technical details of this
accelerometry device and its measurement of PA intensity have
been published elsewhere (John and Freedson, 2012). Briefly,
these devices measure accelerations in the vertical plane at a
sampling frequency (epoch) of 5Hz, which is preferable over
longer epochs (example 60 s) (Orme et al., 2014). The unit of
measurement of the accelerometer was counts per minute with
higher counts per minute indicating greater accelerations and
intensity of the activity. In the present study, the well-established
(Freedson et al., 1998) cut-off limits were chosen to determine
moderate (1952 counts/min), vigorous (5725 counts/min), and
very vigorous (>9499 counts/min) PA categories. These cut-
off limits represent PA intensities of 3, 6, and >8.99 METS,
respectively (Freedson et al., 1998). The accumulated time spent
(minutes per day) in physical activities for each of these PA
categories was calculated.

In addition to PA intensity, step count was also included in the
analysis. TheGT1M includes a step countingmodewhich records
the number of positive accelerations followed immediately by a
negative acceleration (i.e., steps and steps/day) undertaken by
the user. This measure was included as an easily interpretable
indicator of overall volume of PA (Tudor-Locke et al., 2011).

Cardiorespiratory Fitness
Cardiorespiratory fitness was assessed as the VO2max during a
maximal incremental test on a cycle ergometer (Lode Excalibur,
Lode, Netherlands; or Monark model 8348, Monark, Sweden).
The test started with a load of 0W and thereafter the load
was increased at a rate of 20W·min−1, maintaining a constant
cadence of 60 rpm. Throughout the graded exercise test, HR
was recorded using a telemetric monitor (POLAR Electro Oy,
Finland) while ventilatory parameters (e.g., oxygen consumption,
VO2) were assessed breath-by-breath via a metabolic cart
(Metalyzer 3B, Cortex, Leipzig, Germany). All participants were
verbally encouraged to exercise until voluntary exhaustion with
HR similar to or greater than age-predicted HRmax (Tanaka et al.,
2001) and respiratory exchange ratio greater than 1.1 (Howley
et al., 1995) defining VO2max.

Statistical Analysis
Statistical analysis was performed with a statistical package
(SPSS, v 20.0, IBM). Descriptive statistics were used to present
means, standard deviations (±SD) and 90% confidence interval
(90% CI). Normality was assessed by Shapiro-Wilk test. Variables
with non-normal distribution were log-transformed (Ln) for
analysis but presented in original units. As varying degrees of
reliability have been reported for HR measures during various
conditions (Arduini et al., 2011; Young and Leicht, 2011; Dupuy
et al., 2012; Boullosa et al., 2014), reliability for HRV and HRR
measures were assessed via typical error of measurement (TEM)
expressed as the coefficient of variation (CV, %) for absolute
reliability and intra-class correlation coefficient (ICC) for relative
reliability (i.e., ratio of variance due to differences between
subjects to the total variability in the data) (Hopkins, 2000a).
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Reliability measures were calculated using a reliability spread-
sheet (Hopkins, 2000b) with known thresholds for varying levels
of reliability. For the HRR kinetics, data were modeled with
a monoexponential fit (Sigmaplot 12; SPSS Science, Chicago,
IL) as previously described (Boullosa et al., 2014) with the
time constant (τ) used for further analysis. Pearson product
correlation coefficients (r) with 90% confidence intervals (90%
CI) were calculated to assess the relationships between selected
parameters. The level of significance was set at p < 0.05.

RESULTS

Demographic characteristics and PA levels of participants are
shown in Table 1. Briefly, all females were overweight (BMI>25),
with low CRF, undertook an average of >10,000 steps/day and
were engaged mainly in moderate levels of PA.

Seated and standing HRV measures during the orthostatic
test, ambulatory HRV measures, and HRR measures on the 4
different days are presented in Tables 2A,B, 3, 4, respectively.
Average reliability for the HRV measures during seated rest
(see Table 2A) was moderate while low to moderate during
orthostatic stress (see Table 2B). Similarly, the HRV ambulatory
measures exhibited variable reliability from poor to excellent (see
Table 3). For the HRR measures, reliability was low to moderate
(see Table 4). As reliability was low to moderate for most HR
measures, relationships between these and other variables were
examined using the 4-day average measures.

Relationships between Autonomic Indices

and PA
When considering the 4-day average ambulatory HRVmeasures,
correlations were observed between VPA and: RMSSD
(r = −0.449, p = 0.041), HF (r = −0.520, p = 0.016), and SD1
(r = −0.463, p = 0.035); and between VPA+VVPA and: RMSSD

TABLE 1 | Demographic characteristics and physical activity levels of

participants (n = 21).

Parameters Mean (SD)

Age (years) 34.5 (6.4)

Height (m) 1.60 (0.06)

Weight (kg) 67.0 (11.37)

BMI (kg/m2) 26.3 (4.1)

% Fat 37.0 (4.7)

WC (cm) 79.7 (9.7)

VO2max (ml·kg−1·min−1 ) 24.6 (5.3)

Steps·day−1 10424 (3047)

MPA (min/day) 57.22 (18.23)

VPA (min/day) 1.16 (0.93)

VVPA (min/day) 0.08 (0.11)

VPA + VVPA (min/day) 1.24 (0.96)

SD, Standard Deviation; BMI, body mass index; WC, waist circumference; VO2max,

Maximum oxygen consumption. PA variables are presented as a daily mean for the 5 days

of data collection; Steps·day-1, mean daily steps; MPA, mean daily moderate physical

activity; VPA, mean daily vigorous physical activity; VVPA, mean daily very vigorous

physical activity; VPA+ VVPA, sum of vigorous physical activity and very vigorous physical

activity.

(r = −0.453, p = 0.039), HF (r = −0.526, p = 0.014), and SD1
(r = −0.473, p = 0.030). Additionally, 4-day average HRR1
was correlated to MPA, VPA, and VPA+VVPA (see Figure 2)
but not with Step·day1 (r = 0.376, p = 0.093). No correlations
were found between HRV measures in the orthostatic test and
measures of PA.

Relationships between Autonomic Indices

and CRF
Significant relationships were identified between CRF and 4-day
average HRV measures with VO2max correlated to standing HF
(r = 0.523, p = 0.015), standing LF (r = 0.550, p = 0.01),
standing RMSSD (r = 0.641, p = 0.002), standing SDNN (r =

FIGURE 2 | Relationships between heart rate recovery in the first min

and physical activity measures. (A) Relationship between heart rate

recovery in the first min and mean daily moderate physical activity. (B)

Relationship between heart rate recovery in the first min and mean daily

vigorous physical activity. (C) Relationship between heart rate recovery in the

first min and sum of vigorous physical activity and very vigorous physical

activity. HRR1, 4-day average heart rate recovery within the first minute; VPA,

mean daily vigorous physical activity; VPA+VVPA, sum of vigorous physical

activity and very vigorous physical activity.
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Table 2A | Heart rate variability measures seated during the orthostatic test and their corresponding reliability measures.

Tuesday Wednesday Thursday Friday Average CV, % ICC

SDNN (ms) 38.9 ± 13.0

(34.2–43.5)

42.1 ± 12.0

(37.8–46.4)

42.7 ± 12.0

(38.4–47.0)

42.6 ± 17.6

(36.3–48.9)

41.5 ± 11.3

(37.5–45.6)

8.6

(7.4–10.5)

0.63

(0.45–0.79)

RMSSD (ms) 26.1 ± 13.2

(21.3–30.8)

27.0 ± 12.7

(22.4–31.5)

24.5 ± 9.2

(21.1–27.8)

29.8 ± 17.7

(23.4–30.3)

26.8 ± 9.8

(23.3–30.3)

10.4

(9.0–12.7)

0.43

(0.22–0.64)

LF (ms)2 520 ± 398

(377–663)

540 ± 463

(373–706)

611 ± 580

(403–820)

777 ± 671

(553–926)

615 ± 456

(451–779)

310

(267–378)

0.69

(0.52–0.82)

LF (n.u.) 65.48 ± 23.79

(56.94–74.02)

64.37 ± 23.15

(56.06–72.68)

68.39 ± 20.14

(61.16–75.62)

69.71 ± 23.11

(61.41–78.00)

66.99 ± 18.83

(60.23–73.75)

14.42

(12.45–17.60)

0.32

(0.12–0.55)

HF (ms)2 324 ± 322

(208–439)

291 ± 278

(191–391)

267 ± 214

(190–344)

451 ± 663

(213–689)

333 ± 289

(229–437)

281

(243–343)

0.55

(0.35–0.73)

HF (n.u.) 34.51 ± 20.42

(27.18–41.85)

35.63 ± 19.99

(28.45–42.80)

31.60 ± 15.18

(26.15–37.05)

30.28 ± 18.78

(23.54–37.03)

33.00 ± 19.93

(28.00–38.01)

14.42

(12.45–17.60)

0.32

(0.12–0.55)

SD1 (ms) 19.7 ± 8.9

(16.4–22.8)

20.0 ± 10.3

(16.3–23.7)

16.5 ± 7.3

(13.8–19.1)

20.8 ± 12.6

(16.3–25.3)

19.2 ± 13.0

(16.6–21.8)

7.6

(6.5–9.2)

0.43

(0.23–0.64)

SD2 (ms) 53.4 ± 15.7

(47.8–59.1)

57.8 ± 16.8

(51.8–63.8)

54.0 ± 16.8

(47.9–60.0)

58.7 ± 24.2

(50.0–67.3)

56.0 ± 15.6

(50.3–61.5)

11.7

(10.1–14.2)

0.63

(0.54–0.76)

α1 1.13 ± 0.30

(1.02–1.24)

1.24 ± 0.28

(1.14–1.34)

1.21 ± 0.17

(1.15–1.28)

1.25 ± 0.27

(1.16–1.36)

1.21 ± 0.27

(1.14–1.28)

20.3

(17.5–24.8)

0.43

(0.22–0.64)

SampEn 1.42 ± 0.35

(1.29–1.55)

1.25 ± 0.40

(0.72–2.26)

1.34 ± 0.35

(1.25–1.50)

1.47 ± 0.30

(1.36–1.57)

1.38 ± 0.35

(1.23–1.90)

0.98

(0.84–1.19)

0.05

(−0.12–0.28)

Values are mean ± SD (confidence intervals, CI 90%); standard deviation of all R-R intervals (SDNN), root mean square of successive differences between normal sinus R-R intervals

(RMSSD), low-frequency (LF), high-frequency (HF), Very-low frequency (VLF), Total power, short-term beat-to-beat R-R variability from the Poincaré plot (SD1), long-term beat-to-beat

variability from the Poincaré plot (SD2), and detrended fluctuations of short fractal scaling (α1), sample entropy (SampEn), TEM expressed as the coefficient of variation (CV%), intra-class

correlation coefficient (ICC).

Table 2B | Heart rate variability measures standing during the orthostatic test and their corresponding reliability measures.

Tuesday Wednesday Thursday Friday Average CV, % ICC

SDNN (ms) 34.1 ± 9.6

(30.7–37.6)

33.1 ± 12.0

(28.8–37.4)

33.1 ± 10.6

(29.2–36.9)

37.5 ± 14.1

(32.4–42.5)

34.4 ± 9.9

(30.9–38.0)

6.85

(5.91–8.36)

0.68

(0.51–0.82)

RMSSD (ms) 16.0 ± 4.8

(14.3–17.7)

17.3 ± 8.9

(14.0–20.4)

16.9 ± 7.3

(14.3–19.5)

19.1 ± 8.9

(15.9–22.3)

17.3 ± 6.4

(15.0–19.6)

4.47

(3.85–5.45)

0.68

(0.51–0.82)

LF (ms)2 598 ± 638

(306–818)

524 ± 548

(327–721)

469 ± 305

(359–578)

577 ± 694

(327–826)

540 ± 505

(358–721)

324

(280–395)

0.69

(0.53–0.83)

LF (n.u.) 82.13 ± 20.48

(74.30–89.48)

78.91 ± 20.65

(71.50–86.33)

79.26 ± 21.09

(71.69–86.83)

78.13 ± 21.94

(70.25–86.00)

79.61 ± 19.19

(72.72–86.49)

10.45

(9.02–12.75)

0.25

(0.05–0.49)

HF (ms)2 106 ± 60

(85–128)

129 ± 124

(84–173)

120 ± 86

(89–151)

140 ± 125

(95–184)

124 ± 71

(98–149)

83

(72–101)

0.36

(0.15–0.58)

HF (n.u) 17.87 ± 10.34

(14.16–21.58)

21.08 ± 12.37

(16.64–25.52)

20.73 ± 12.94

(16.09–25.38)

21.86 ± 14.63

(16.61–27.12)

20.39 ± 9.25

(17.06–23.71)

10.45

(9.02–12.75)

0.25

(0.05–0.49)

SD1 (ms) 12.5 ± 6.1

(10.3–14.7)

13.6 ± 7.3

(10.9–16.2)

12.5 ± 5.6

(10.5–14.5)

13.4 ± 6.7

(11.0–15.8)

13.0 ± 5.4

(11.0–14.9)

3.98

(3.44–4.86)

0.43

(0.23–0.64)

SD2 (ms) 45.7 ± 21.1

(38.1–53.2)

46.2 ± 15.6

(40.5–51.8)

51.4 ± 19.5

(44.3–58.3)

49.7 ± 21.2

(42.0–57.2)

48.2 ± 15.5

(42.6–53.8)

13.23

(11.42–16.15)

0.56

(0.36–0.74)

α1 1.40 ± 0.24

(1.31–1.49)

1.33 ± 0.19

(1.31–1.45)

1.46 ± 0.20

(1.40–1.54)

1.46 ± 0.18

(1.40–1.53)

1.42 ± 0.17

(1.39–1.47)

19.2

(16.5–23.4)

0.14

(−0.05–0.38)

SampEn 1.30 ± 0.39

(1.16–1.44)

1.19 ± 0.36

(1.06–1.32)

1.14 ± 0.28

(1.04–1.24)

1.20 ± 0.39

(1.06–1.34)

1.21 ± 0.36

(1.13–1.29)

0.95

(0.82–1.16)

0.10

(−0.08–0.34)

Values are mean ± SD (confidence intervals, CI 90%); standard deviation of all R-R intervals (SDNN), root mean square of successive differences between normal sinus R-R intervals

(RMSSD), low-frequency (LF), high-frequency (HF), Very-low frequency (VLF), Total power, short-term beat-to-beat R-R variability from the Poincaré plot (SD1), long-term beat-to-beat

variability from the Poincaré plot (SD2), and detrended fluctuations of short fractal scaling (α1), sample entropy (SampEn), TEM expressed as the coefficient of variation (CV%), intra-class

correlation coefficient (ICC).

0.445, p = 0.043), seated SDNN (r = 0.475, p = 0.030), seated
SD2 (r = 0.491, p = 0.024), and ambulatory LF (r = 0.554,
p = 0.009). Average 4-day HRR measures were not correlated
to CRF.

Relationships Among Autonomic Indices
Significant relationships were determined between the 4-day
average values for HRV measures during the orthostatic test
and the 4-h ambulatory period (see Table 5). Most of these
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Table 3 | Heart rate variability ambulatory measures (4 h) and their corresponding reliability measures.

Tuesday Wednesday Thursday Friday Average CV, % ICC

SDNN (ms) 95.0 ± 29.3

(82.2–107.7)

94.9 ± 20.0

(84.8–104.9)

102.3 ± 36.7

(87.1–117.4)

101.9 ± 29.6

(88.2–108.8)

98.5 ± 20.2

(88.2–114.8)

25.7

(22.2–31.4)

0.25

(0.05–0.49)

RMSSD (ms) 26.4 ± 10.0

(22.6–30.2)

24.3 ± 10.2

(20.3–28.1)

24.7 ± 8.9

(21.0–28.3)

26.2 ± 9.8

(22.2–28.3)

25.3 ± 8.6

(21.8–28.8)

5.0

(4.3–6.1)

0.75

(0.60–0.86)

LF (ms)2 905 ± 413

(740–1067)

887 ± 468

(708–1071)

876 ± 412

(709–1037)

954 ± 529

(753–1160)

905 ± 428

(736–1075)

191

(165–234)

0.84

(0.73–0.91)

LF (n.u.) 80.16 ± 19.11

(73.30–87.02)

80.24 ± 19.37

(73.29–87.19)

80.62 ± 19.57

(73.60–87.65)

79.94 ± 19.33

(73.00–86.88)

80.24 ± 19.00

(73.42–87.06)

4.42

(3.81–5.39)

0.76

(0.62–0.87)

HF (ms)2 239 ± 172

(189–286)

234 ± 186

(168–295)

232 ± 174

(166–288)

256 ± 199

(191–338)

240 ± 168

(183–298)

81

(70–99)

0.82

(0.70–0.90)

HF (n.u.) 19.84 ± 8.30

(16.86–22.82)

19.75 ± 8.48

(16.58–22.93)

19.37 ± 9.22

(16.06–22.68)

20.05 ± 9.06

(16.80–23.30)

19.75 ± 8.09

(16.85–22.66)

4.42

(3.81–5.39)

0.76

(0.62–0.87)

SD1 (ms) 18.2 ± 7.3

(15.4–20.9)

17.5 ± 6.9

(14.7–20.1)

17.3 ± 6.2

(14.8–19.9)

18.7 ± 6.9

(15.8–21.5)

17.9 ± 6.1

(15.4–20.4)

3.5

(3.1–4.3)

0.75

(0.60–0.86)

SD2 (ms) 141.4 ± 59.5

(117.4–165.3)

131.9 ± 28.2

(117.8–146.0)

142.4 ± 51.7

(121.1–163.7)

142.9 ± 41.5

(124.7–161.0)

139.6 ± 31.5

(124.2–155.0)

39.4

(34.0–48.1)

0.30

(0.10–0.53)

α1 1.48 ± 0.12

(1.33–1.57)

1.45 ± 0.14

(1.33–1.57)

1.46 ± 0.12

(1.34–1.58)

1.44 ± 0.12

(1.32–1.56)

1.45 ± 0.11

(1.33–1.57)

0.07

(0.06–0.09)

0.69

(0.53–0.83)

SampEn 0.92 ± 0.23

(0.82–1.03)

1.01 ± 0.67

(0.76–1.27)

0.84 ± 0.19

(0.74–0.93)

0.90 ± 0.19

(0.81–1.00)

0.92 ± 0.38

(0.80–1.04)

0.95

(0.82–1.16)

0.11

(-0.07–0.35)

Values are mean ± SD (confidence intervals, CI 90%); standard deviation of all R-R intervals (SDNN), root mean square of successive differences between normal sinus R-R intervals

(RMSSD), low-frequency (LF), high-frequency (HF), Very-low frequency (VLF), Total power, short-term beat-to-beat R-R variability from the Poincaré plot (SD1), long-term beat-to-beat

variability from the Poincaré plot (SD2), and detrended fluctuations of short fractal scaling (α1), sample entropy (SampEn), TEM expressed as the coefficient of variation (CV%), intra-class

correlation coefficient (ICC).

Table 4 | Heart rate recovery over 5min during 4 days and their corresponding reliability measures.

Tuesday Wednesday Thursday Friday Average CV, % ICC

HRend 155 ± 6

(152–157)

153 ± 4

(152–155)

155 ± 4

(153–157)

155 ± 3

(153–156)

154 ± 5

(153–156)

2.67

(2.31–3.26)

0.74

(0.59–0.85)

HR RECOVERY

1 1′ (bpm) 36 ± 7

(33–39)

34 ± 7

(31–37)

33 ± 8

(29–35)

34 ± 11

(30–38)

34 ± 7

(32–37)

6.33

(5.46–7.72)

0.51

(0.31–0.70)

1 2′ (bpm) 49 ± 6

(46–51)

44 ± 9

(40–47)

46 ± 8

(43–48)

45 ± 8

(42–48)

46 ± 5

(44–48)

6.50

(5.61–7.93)

0.39

(0.18–0.61)

1 3′ (bpm) 51 ± 8

(48–54)

50 ± 13

(45–55)

50 ± 7

(47–52)

51 ± 9

(47–54)

50 ± 7

(48–53)

8.32

(7.18–10.15)

0.50

(0.29–0.69)

1 5′ (bpm) 58 ± 10

(54–61)

53 ± 8

(50–56)

56 ± 6

(54–58)

55 ± 8

(52–58)

55 ± 5

(53–57)

6.90

(5.95–8.42)

0.37

(0.16–0.59)

T30 253 ± 100

(217–288)

266 ± 100

(230–301)

226 ± 69

(201–251)

238 ± 57

(217–258)

246 ± 84

(216–275)

75.29

(64.98–91.86)

0.20

(0.01–0.44)

HRR τ (s) 67 ± 27

(54–80)

65 ± 14

(57–72)

74 ± 31

(58–89)

60 ± 18

(51–69)

67 ± 23

(56–78)

31.3

(26.3–39.7)

0.36

(0.14–0.59)

Values are mean ± SD (confidence intervals, CI 90%); end heart rate in the test (HRend), negative reciprocal of the slope of the regression line of heart beats during the initial rapid HR

decrease (from the 10th to the 40th s) (T30); heart rate change in first minute (1 1′), heart rate change in two first minute (1 2′), heart rate change in three first minute (1 3′), heart rate

change in five first minute (1 5′), heart rate recovery in time constant (HRR τ). TEM expressed as the coefficient of variation (CV%), intra-class correlation coefficient (ICC).

correlations were moderate. No correlations were found between
HRR and HRV measures.

No correlations were identified between CRF and levels of PA.

DISCUSSION

The current study has confirmed that cardiac autonomic
indices were associated with PA and CRF in a group of
healthy, overweight women who did not exercise with different

relationships identified based upon the HRV condition (i.e.,
seated, standing, or ambulatory). Specifically, greater measures
of HRV were associated with greater CRF. Similarly greater
HRR1 was associated with greater PA including MPA, VPA,
and VVPA. Therefore, CRF may be a more important influence
than PA in enhancing HRV while PA may be integral for
enhancing parasympathetic reactivation. Given the low-to-
moderate levels of reliability exhibited by these HR measures,
the use of average weekly recordings in further studies is
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Table 5 | Matrix of correlations between 4-day average values for HRV measures during the orthostatic test and 4-h ambulatory recordings.

Ambulatory HRV

RMSSD SDNN LF HF SD1 SD2 SampEn α 1

r (p) r (p) r (p) r (p) r (p) r (p) r (p) r (p)

RMSSD Standing 0.602 (0.00) 0.316 (0.16) 0.651 (0.00) 0.493 (0.02) 0.602 (0.00) 0.311 (0.17) 0.522 (0.01) −0.208 (0.20)

Seated 0.640 (0.00) 0.203 (0.37) 0.586 (0.00) 0.524 (0.01) 0.672 (0.00) 0.199 (38) 0.297 (0.19) −0.234 (0.07)

SDNN Standing 0.407 (0.06) 0.262 (0.25) 0.517 (0.01) 0.701 (0.00) 0.406 (0.06) 0.257 (0.26) 0.442 (0.04) −0.246 (0.28)

Seated 0.598 (0.00) 0.718 (0.00) 0.733 (0.00) 0.924 (0.00) 0.596 (0.00) 0.710 (0.00) 0.385 (0.08) −0.654 (0.00)

LF Standing 0.651 (0.00) 0.456 (0.03) 0.570 (0.00) 0.634 (0.00) 0.719 (0.00) 0.455 (0.03) 0.372 (0.09) −0.294 (0.10)

Seated 0.594 (0.00) 0.386 (0.08) 0.618 (0.00) 0.338 (0.15) 0.406 (0.06) 0.383 (0.08) 0.568 (0.00) −0.007 (0.92)

HF Standing 0.535 (0.01) 0.308 (0.18) 0.548 (0.01) 0.547 (0.01) 0.510 (0.01) 0.299 (0.18) 0.455 (0.04) −0.508 (0.01)

Seated 0.541 (0.00) 0.231 (0.31) 0.388 (0.07) 0.632 (0.00) 0.577 (0.00) 0.226 (0.32) 0.348 (0.12) −0.422 (0.05)

SD1 Standing 0.602 (0.00) 0.386 (0.08) 0.751 (0.00) 0.480 (0.02) 0.596 (0.00) 0.383 (0.08) 0.471 (0.03) −0.222 (0.33)

Seated 0.641 (0.00) 0.634 (0.00) 0.615 (0.00) 0.597 (0.00) 0.926 (0.00) 0.626 (0.00) 0.481 (0.02) −0.753 (0.00)

SD2 Standing 0.733 (0.00) 0.570 (0.00) 0.569 (0.00) 0.615 (0.00) 0.773 (0.00) 0.564 (0.00) 0.276 (0.22) −0.081 (0.72)

Seated 0.460 (0.03) 0.456 (0.04) 0.680 (0.00) 0.405 (0.07) 0.461 (0.04) 0.455 (0.04) 0.389 (0.08) −0.055 (0.81)

SampEn Standing 0.357 (0.11) −0.047 (0.84) 0.409 (0.06) 0.309 (0.17) 0.361 (0.10) −0.060 (0.79) 0.314 (0.16) −0.175 (0.44)

Seated 0.585 (0.00) 0.313 (0.16) 0.404 (0.07) 0.511 (0.01) 0.557 (0.00) 0.327 (0.14) 0.527 (0.01) −0.583 (0.00)

α 1 Standing 0.562 (0.00) 0.303 (0.18) 0.643 (0.00) 0.480 (0.03) 0.562 (0.00) 0.299 (0.19) −0.211 (0.36) −0.236 (0.30)

Seated 0.672 (0.00) 0.250 (0.27) 0.570 (0.00) 0.597 (0.00) 0.673 (0.00) 0.245 (0.28) −0.079 (0.73) −0.466 (0.03)

Root mean square of successive differences between normal sinus R-R intervals (RMSSD), Standard deviation of all R-R intervals (SDNN), absolute low-frequency (LF), absolute high-

frequency (HF), short-term beat-to-beat R-R variability from the Poincaré plot (SD1), long-term beat-to-beat variability from the Poincaré plot (SD2), sample entropy (SampEn), and

detrended fluctuations of short fractal scaling (α1).

recommended for a more precise evaluation of autonomic
control of HR.

The most novel finding of the current study was the moderate
relationships between PA measures and the 4-day average of
HRR1. To our knowledge, this is the first time a relationship
between objectively measured PA levels and parasympathetic
reactivation has been reported and reinforces the important
role that incidental PA has on the autonomic control of HR
and potential cardiovascular health (Cole et al., 1999). This
relationship was identified in a unique sample of overweight
women who did not exercise and clearly highlights the impact of
incidental PA on HR control unlike previous studies evaluating
the relationship between PA levels and autonomic indices
(Buchheit et al., 2005, 2006; Buchheit and Gindre, 2006).
Previous studies failed to differentiate between incidental and
exercise based PA (Buchheit et al., 2005, 2006) and employed
questionnaires for the identification of training load (Buchheit
and Gindre, 2006). These factors may have masked potential
associations between PA and HR control with further studies
warranted to verify this relationship in other populations of
different gender and age.

In line with a previous report (Hautala et al., 2010), we
observed negative relationships between short-term, vagally
related HRV measures (e.g., RMSSD, HF, and SD1) during
ambulatory conditions and objectively measured PA levels. This
was an expected finding that reinforces the robustness of long-
term HRV measures (i.e., SDNN and SD2) for autonomic
evaluations in ambulatory conditions as these measures were
unaffected by PA levels. Further, these results may indirectly
reflect the relationship between CRF, PA, and HRV with those
adults undertaking more PA likely to exhibit greater CRF and

subsequently higher HRV.While we did not find any relationship
between PA and CRF, maybe because of the low levels of VPA and
VVPA recorded, further longitudinal interventionsmay elucidate
the possible influence of greater levels of incidental PA on CRF in
different populations.

In our study, a greater CRF (i.e., VO2max) was positively
related to greater weekly average HRV levels during a range
of conditions (e.g., postures, ambulation). These moderate
relationships were in line with previous studies that reported
a greater autonomic control of HR in those individuals with
greater CRF or running capacity (Buchheit and Gindre, 2006;
Kiviniemi et al., 2007; Hautala et al., 2009; Boullosa et al.,
2013). However, and in contrast to previous studies (Boullosa
et al., 2009; Daanen et al., 2012), no relationship was observed
between CRF and HRR measures. Although speculative, this
lack of significant correlation could reflect the homogeneous
sample of women that were not engaged in regular exercise (i.e.,
low VO2max). In addition, the absence of correlations between
CRF and HRR measures could reflect a differential regulation
of HRR in females with gender differences in post-exercise,
autonomic control previously reported (Mendonca et al., 2010;
Barak et al., 2014). Further, the females undertook incidental
PA of varying intensities that may have impacted HRR in a
similar way that training load impacted on HRR in previous
studies with regular exercisers (Buchheit and Gindre, 2006;
Guerra et al., 2014). This consideration is important as previous
studies were conducted within sport settings and participants
with high CRF. In contrast, the current study has been the
first to our knowledge, to report these relationships within a
work environment (i.e., non-athletes). Overall, these findings
highlight the various contributors (i.e., exercise and incidental
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PA) to different cardiac autonomic indices and reinforce the
value of considering both HRV and HRR when evaluating the
autonomic control of HR and its relationship with CRF in
different populations. The exact contributions of incidental PA
and exercise-based PA to cardiac autonomic control in physically
active individuals remains to be differentiated in future studies.

The relationships between average HRV measures during the
orthostatic test and the averaged ambulatory HRV measures
(Table 5) were primarily moderate with long-term HRV
measures unrelated to ambulatory measures. Previously, long-
term HRV indices were reported to be more robust during
ambulatory conditions (Hautala et al., 2010). Within the current
study, short-term (i.e., RMSSD, SD1, and α1) and frequency
domain (i.e., HF and LF) HRV measures exhibited better
absolute and relative reliability during ambulatory conditions
(i.e., 4 h) when compared to shorter recordings (i.e., 2min) in
seated and standing postures. The moderate reliability for a
range of HRV measures reinforces the variable nature of HRV
over a normal week with special attention to the reliability
of HRV parameters in different conditions encouraged for
better assessments of cardiac autonomic adaptations. Finally,
the absence of a relationship between HRR and HRV was in
agreement with a previous study of healthy individuals (Esco
et al., 2010), and reinforces the specific and unique contributors
to these different autonomic measures.

The cross-sectional design of the current study suggests some
caution and the necessity of further longitudinal studies for
verifying the direction and strength of the relationships between
these health related parameters. Additionally, our findings were
limited to adult female workers with further studies of other
populations needed for elucidating the possible role of age on
these relationships. Of note, recent evidence (Triggiani et al.,
2015) suggests that HRV seems to be reduced in overweight

healthy adult women therefore further studies should verify if
the current results would be different in males and females with
different percentages of body fatness. Finally, different protocols
for HRV and HRR evaluations were conducted with further
studies encouraged to employ other recent protocols such as
recording HRmeasures during walking at a fixed speed (Boullosa
et al., 2014) and ultra-short term HR measures (Ostojic et al.,
2010; Nakamura et al., 2015).

In conclusion, the current study has defined the relationships
between cardiac autonomic indices and PA and CRF in a group
of healthy, non-exercising overweight women. Greater HRV
was associated with greater CRF that highlighted the merit
of improving CRF as a means to enhance cardiac autonomic
control. In contrast, greater post-exercise HRR was associated
with greater PA that reflects the unique pertinence of PA for
enhancing parasympathetic reactivation. Finally, relationships
between cardiac autonomic indices and other health indicators
(PA and CRF) were influenced by the type and frequency
of measure utilized with further studies recommended for
an enhanced understanding of the contributors to autonomic
control of HR for health.
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Low-volume high-intensity interval training is an efficient and practical method of

inducing physiological responses in various tissues to develop physical fitness and

may also change the expression of circulating microRNAs (miRNAs). The purpose of

the present study was to examine whether miRNAs for muscle, heart, somatic tissue

and metabolism were affected by 30-s intervals of intensive sprint cycling. We also

examined the relationship of thesemiRNAs to conventional biochemical and performance

indices. Eighteen healthy young males performed sprint interval cycling. Circulating

miRNAs in plasma were detected using TaqMan-based quantitative PCR and normalized

to Let-7d/g/i. In addition, we determined the levels of insulin-like growth factor-I,

testosterone and cortisol, and anaerobic capacity. Compared to plasma levels before

exercise muscle-specific miR-1 (0.12 ± 0.02 vs. 0.09 ± 0.02), miR-133a (0.46 ± 0.10

vs. 0.31 ± 0.06), and miR-133b (0.19 ± 0.02 vs. 0.10 ± 0.01) decreased (all P < 0.05),

while miR-206 and miR-499 remained unchanged. The levels of metabolism related

miR-122 (0.62 ± 0.07 vs. 0.34 ± 0.03) and somatic tissues related miR-16 (1.74 ±

0.27 vs. 0.94 ± 0.12) also decreased (both P < 0.05). The post-exercise IGF-1 and

cortisol concentrations were significantly increased, while testosterone concentrations

did not. Plasma levels of miR-133b correlated to peak power (r = 0.712, P =

0.001) and miR-122 correlated to peak power ratio (r = 0.665, P = 0.003). In

conclusion sprint exercise provokes genetic changes for RNA related to specific muscle

or metabolism related miRNAs suggesting that miR-133b and miR-122 may be potential

useful biomarkers for actual physiological strain or anaerobic capacity. Together, our

findings on the circulating miRNAs may provide new insight into the physiological

responses that are being performed during exercise and delineate mechanisms by which

exercise confers distinct phenotypes and improves performance.

Keywords: plasma microRNAs, biomarkers, blood lactate, blood hormones, anaerobic capacity

18

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://dx.doi.org/10.3389/fphys.2015.00311
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2015.00311&domain=pdf&date_stamp=2015-10-30
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:cyzhang@nju.edu.cn
mailto:xichen@nju.edu.cn
mailto:mjz_mjj@163.com
http://dx.doi.org/10.3389/fphys.2015.00311
http://journal.frontiersin.org/article/10.3389/fphys.2015.00311/abstract
http://loop.frontiersin.org/people/287211/overview
http://loop.frontiersin.org/people/264385/overview


Cui et al. Circulating microRNAs and sprint training

INTRODUCTION

Sprint interval training, interspersed with sufficient recovery
periods (2–4min), can produce the best possible average
sprint performance over a series of sprints (<45 s; Weston
et al., 2014). Therefore, sprint interval training is a commonly
used intervention to maintain skeletal muscle health and to
improve exercise performance, especially in individuals who
require a high contribution of glycolytic energy (e.g., track-
and-field sprint athletes and some team sport athletes; Buchheit
and Laursen, 2013). Similarly, sprint interval cycling (SIC),
which is modeled on the Wingate Anaerobic test, is extremely
demanding and involves all-out 30-s sprints interspersed with
4min active recovery periods with no resistance (Burgomaster
et al., 2005). The high-intensity nature of SIC is thought to
recruit all types of muscle fibers (Weston et al., 2014). However,
repeated all-out 30-s bouts of exercise separated by 4min of
rest increasingly depend on aerobic metabolism (Burgomaster
et al., 2005). Exercise intensity places mechanical and/or
metabolic stress on contracting muscles (Laursen, 2010). The
anabolic (e.g., growth hormone, testosterone, and insulin-like
growth factor-1) and catabolic (e.g., cortisol) processes of tissue
remodeling following exercise loading are typically reflected
by acute changes in hormonal concentrations (Schoenfeld,
2012).

The microRNAs (miRNAs) are typically small, ∼19–22
nucleotides long, non-coding RNA molecules that post-
transcriptionally regulate gene expression by base-pairing
with the 3′ untranslated region of complementary messenger
RNA targets (Bartel, 2004). Recently, some miRNA species
(particularly muscle-specific miRNAs and inflammatory-
related miRNAs) have been found to change in human
serum/plasma after acute prolonged endurance training,
eccentric exercise, and strength exercise (Baggish et al., 2011,
2014; Aoi et al., 2013; Banzet et al., 2013; Gomes et al., 2014;
Mooren et al., 2014; Uhlemann et al., 2014). Studies have
suggested that they can be used as potential biomarkers for
aerobic capacity and as markers or mediators of physiological
adaptations (Baggish et al., 2011, 2014; Aoi et al., 2013; Banzet
et al., 2013; Mooren et al., 2014; de Gonzalo-Calvo et al.,
2015).

Exhaustive exercise has a deep effect on cellular, humoral,
and metabolic processes of the body (Spencer et al., 2005;
Meckel et al., 2011; Gibala et al., 2012). We hypothesized
that a single session of low-volume sprint interval cycling
can change the circulating miRNAs (c-miRNAs) profile.
Accordingly, the levels of the myomiR family (miR-1, miR-
133a, miR-133b, and miR-206) and other muscle-specific
miRNA (miR-499), metabolism-related miRNA (miR-
122), and somatic tissues-related miRNA (miR-16) were
evaluated in response to extreme SIC. In addition, to provide
insight into the potential roles of these c-miRNAs, we also
determined whether alterations in the levels of these miRNAs
in response to extreme SIC are correlated with changes in
conventional anabolic-catabolic hormonal biomarkers or
anaerobic capacity.

MATERIALS AND METHODS

Ethical Approval and Participants
Eighteen healthy young male participants (age, 20.23 ± 0.97
years; height, 1.75 ± 0.06m; body mass, 68.90 ± 8.83 kg; and
BMI, 22.39 ± 2.06 kg·m−2) who were habituated to a regular
exercise regimen were recruited to participate in this study.
University cadets were contacted to volunteer for this study who
led similar lives and who had the same dietary habits for 2 years
prior to the study. None of the subjects had any current or
prior chronic disease, a history of smoking or current use of any
medications. Written informed consent was obtained from all of
the participants. Ethical approval for this study conformed to
the standards of the Declaration of Helsinki, and the protocol
was approved by the Institutional Review Board of Nanjing
University.

Study Design
Before the SIC session, the participants refrained from exercise
for at least 72 h. Sprint interval cycling was performed on
a mechanically braked stationary cycle ergometer (Monark
Ergomedic 839E, Monark, Sweden) against a pre-determined
force load of approximately 7.5% of the subject’s body weight
in kilograms. Sprint interval cycling involved two 30-s all-
out sprints (Sprint 1 and Sprint 2) with 4min of active
recovery between them (Burgomaster et al., 2005). The tests were
conducted between 10:00 am and 11:30 am.

Anaerobic Capacity
The first 30 s of Wingate data for each participant were used to
assess anaerobic power. Fatigue index was calculated as ([Peak
Power−Minimum Power]/Peak Power)× 100%. The change in
Wingate data for Sprint 1 and Sprint 2 were used to assess the
ability to maintain anaerobic power.

Plasma Sampling
Venous blood was collected at two different time points during
the acute exercise test. Five milliliters of blood was collected in
standard anticoagulant (EDTA)-treated Vacutainer tubes prior to
acute exercise testing (Pre) and within 1min of exercise testing
completion (Post). All of the blood samples were centrifuged
at 1500 × g for 10min to pellet cellular elements immediately
after each blood draw and were then centrifuged at 10,000 ×

g for 5min at 4◦C to completely remove cell debris. To
minimize freeze–thaw degradation, the supernatant plasma was
then aliquoted and immediately frozen at−80◦C.

Blood Lactate and Hormones
The blood lactate (LA) concentration was measured with
an automatic lactate analyzer (EKF Diagnostic, Germany).
Blood samples were analyzed for conventional physiological
markers, including lactate, insulin-like growth factor-1 (IGF-1),
testosterone, and cortisol. The IGF-1 level was measured
with an IMMULITE 2000 Analyzer (EuroDPC Med Limited,
Llanberis, UK). The assays were conducted using the solid-phase,
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enzyme-labeled, chemiluminescent immunometric method
in accordance with the manufacturer’s instructions. The
testosterone and cortisol levels in the plasma were determined
by a chemiluminescence immunoassay (UniCel DxI 800, Access
Immunoassay System, Beckmann Coulter GmbH, Krefeld,
Germany). The IGF-1, testosterone and cortisol levels were
considered normal according to the reference ranges for ages
provided by the kit manufacturer.

miRNA Isolation and RT-qPCR
Total RNA, including miRNAs, was isolated from the plasma
samples using a 1-step phenol/chloroform purification protocol
as previously described (Liu et al., 2011). A panel of miRNAs
was investigated that are related to either skeletal/heart muscle
(miR-1, miR-133a, miR-133b, miR-206, and miR-499) or to
metabolism and somatic tissue (miR-122 and miR-16; Aoi
et al., 2013; Boettger et al., 2014; Bandiera et al., 2015). To
quantify the abundance ofmaturemiRNAs, real time quantitative
polymerase chain reaction (RT-qPCR) was performed. RT-qPCR
was performed using a TaqMan PCR Kit and an Applied
Biosystems 7300 Sequence Detection System as previously
described (Wu et al., 2014). The cycle threshold (Ct) data were
determined using default threshold settings, and the mean Ct was
determined from triplicate PCRs. In addition, we calculated the
Ct values of Let-7d, Let-7g, and Let-7i because the use of this
combination of reference genes (Chen et al., 2013) in human
serum for normalization has been demonstrated to be superior
to that of the other commonly used single reference genes. The
relative levels of miRNAswere normalized to a Let-7d/g/i trio and
were calculated using the 2−11Ct method.1Ct was calculated by
subtracting the Ct values of Let-7d/g/i from the average Ct values
of the target miRNAs. △Ct values were then compared (11Ct)
with each participant’s own resting baseline at the Pre time point
(normalized to fold change of 1).

Statistical Analyses
GraphPad Prism 5 and SigmaPlot 10.0 packages were used.
Subject characteristics, exercise testing data and blood
parameters were reported as the mean± standard deviation, and
c-miRNA data were presented as the mean ± standard error of
the mean (SEM). Paired variables were compared in Student’s
t-test or a Wilcoxon’s matched pairs test as appropriate for the
data distribution. Correlation analyses were performed using
the Spearman or Pearson’s method as appropriate for the data
distribution. Values of P < 0.05 were considered significant.

RESULTS

Wingate Performance
After the SIC,Wingate peak power was significantly decreased by
11% following two 30-s periods of all-out SIC (659.48± 217.64W
vs. 562.78 ± 146.38 W, P = 0.006). The average power was also
significantly decreased by 16%. The average power of Sprint 1 was
6.69± 0.78 W·kg−1 and that of Sprint 2 was 5.58± 0.80 W·kg−1

(P < 0.001). There was no significant difference in the fatigue
index between the first and second 30-s sprint (62.87± 11.22% vs.

60.26± 12.44%, P = 0.820). In addition, there was no significant
difference in maximum speed between the first and second sprint
(151.96± 16.83 rpm vs. 150.57± 20.04 rpm, P = 0.740).

Blood Lactate
After exercise, the LA concentration significantly increased
(1.56± 1.90mmol·L−1 vs. 11.27± 1.90mmol·L−1, P < 0.001).

Plasma Hormones
Compared to plasma levels before exercise, the post-exercise IGF-
1 concentration was significantly increased by 13% following
two 30-s periods of all-out SIC (298.94 ± 50.13 ng·mL−1

vs. 332.72 ± 57.76 ng·mL−1, P < 0.001). Testosterone
concentrations were similar between pre- and post-exercise
(40.59 ± 8.45 nmol·L−1 vs. 41.74 ± 11.57 nmol·L−1, P =

0.608). The cortisol concentration increased by 45% (216 ±

87 nmol·L−1 vs. 278 ± 91 nmol·L−1, P = 0.028) and a decrease
in testosterone/cortisol ratio tended to be statistical significant.

The Plasma miRNA Levels in Response to

an Acute Bout of Sprint Interval Cycling
The Ct values of Let-7d/g/i at pre- and post-SIC show low
variability (Figure 1; P = 0.280). Acute sprint interval cycling
significantly decreased the levels of miR-1, miR-133a, miR-133b,
miR-122, and miR-16 (Figure 2). Levels of miR-206 and miR-499
were not significantly changed by acute sprint interval cycling
(Figure 3).

Correlations between Blood, Anaerobic

Parameters and c-miRNA Levels
To explore the feasibility of using c-miRNAs as biomarkers of
an acute exercise response, the association of specific changes

FIGURE 1 | The Ct values of Let-7d/g/i in plasma samples before and

after the sprint interval cycling. The total amount of Let-7d/g/i trio was

simultaneously measured in a same RT-qPCR reaction. Let-7d, Let-7g, and

Let-7i were reverse-transcribed in a single reaction using a mixture of

stem-loop primers of Let-7d, Let-7g, and Let-7i (in the ratio of 1:1:1).

Accordingly, real-time PCR was performed using a TaqMan miRNA probe pool

of Let-7d, Let-7g and Let-7i (in the ratio of 1:1:1). Ct values of every

individual’s Let-7d/g/i before (Pre) and after (Post) the exercise almost

remained unchanged.
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FIGURE 2 | The plasma miRNA levels in response to sprint interval

cycling. Plasma levels of miR-1, miR-133a, miR-133b, miR-122, and miR-16

decreased significantly after an acute bout of sprint interval cycling. Values

represent the mean ± SEM obtained from 18 subjects. **P < 0.01,

***P < 0.001.

FIGURE 3 | Changes in circulating miR-206 and miR-499 in response to

acute exercise. Plasma levels of miR-206 and miR-499 showed no

significant difference after an acute bout of sprint interval cycling. Values

represent the mean ± SEM obtained from 18 subjects.

in c-miRNA was examined in relation to the changes in blood
hormonal and anaerobic parameters. No correlations were found
between the changes in the plasma IGF-1, testosterone, and
cortisol levels, or the testosterone/cortisol ratio and the changes
in the miR-1, miR-133a, miR-133b, miR-122, and miR-16 levels
(Table 1).

There were not correlations among the levels of peak
power, average power and fatigue index and levels of
plasma miR-133a, miR-1, and miR-16 levels (Table 1).
However, there was a significant correlation between the
levels of peak power of Sprint 1 and levels of plasma miR-
133b (Figure 4A). These results suggest a potential role
for plasma miR-133b as a marker of anaerobic capacity.
Furthermore, there was a significant correlation between
the levels of the peak power ratio of Sprint 1/Sprint 2 and
plasma miR-122 level (Figure 4B), suggesting a potential

role of plasma miR-122 as a restriction marker of anaerobic
capacity.

DISCUSSION

Sprint interval cycling is one of the most frequently used training
methods in anaerobic sports. Our data indicated that several
miRNA species in plasma responded to sprint interval cycling.
These acute responses may be more critical to tissue growth
and remodeling than chronic changes in resting concentrations
(Kraemer and Ratamess, 2005). Exercise rapidly and transiently
regulates several miRNA species in circulation, suggesting that
they could be used to precisely monitor physiological acute
responses to exercise.

Sprint interval exercise involves very high intensity, and
the myosin heavy chain (MHC) IIa and IIx fibers are highly
responsive to intense exercise at the transcriptional level for
genes involved with muscle growth and remodeling (Trappe
et al., 2015). miR-1 and miR-133a are expressed in both skeletal
and cardiac muscles (Boettger et al., 2014). miR-133b and miR-
206 are specific to skeletal muscle and preferentially detected in
slow myofibers (Boettger et al., 2014). Pervious study has shown
that circulating plasma miR-1 levels were significantly decreased
in patients with supraventricular tachycardia, while miR-133
significantly increased in patients with ventricular tachycardia
(Sun et al., 2015). The interactions of miRNAs (such as miR-1
and miR-133) with ion channel-encoding genes and calmodulin
regulate cardiac contractility, rhythm and excitement (Terentyev
et al., 2009). However, cardiac contraction during exercise is
the physiological process most sensitive to calmodulin integrity,
which can be affected by acute exercise (Sondergaard et al.,
2015). Moreover, extracellular miRNAs are dynamic indices of
pathophysiological processes in skeletal muscle (Roberts et al.,
2013). Endurance also increased the miR-1 and miR-133a levels
both in plasma and skeletal muscle (Nielsen et al., 2010; Baggish
et al., 2014; Gomes et al., 2014; Mooren et al., 2014). During
high intensity exercise the heart rate can greatly increase. In the
present study, miR-1 and miR-133a levels in plasma decreased,
and miR-1 and miR-133a expression in adult mice decreased
during skeletal muscle hypertrophy (Mccarthy and Esser, 2007).
These results indicate that these miRNAs may partly reflect the
cardiac or skeletal muscle responses induced by exercise or a
temporal regulation controlled by miRNAs during exercise.

Furthermore, miR-133b, miR-206, and miR-499 levels in
plasma decreased or remained unchanged in the current study
but significantly increased after acute endurance exercise in a
previous study (Mooren et al., 2014). Training with high intensity
exercise induces expression of fast-twitch fibers. Therefore, no
change of circulating miR-206 and miR-499 observed in the
present work, associated with slow myofibers or oxidative red
fibers (Gan et al., 2013; Boettger et al., 2014), might reflect a non-
predominance of slow-twitch fibers in SIC. However, at present,
specific miRNAs related to fast-twitch fibers in human, such as
MHC IIa and MHC IIx muscle fibers, have not been found.

Two miRNAs not restricted to muscle in origin (miR-122 and
miR-16) also deceased in plasma following acute high intensity
exercise. A previous study has shown that miR-122 is a key factor
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TABLE 1 | Correlations between changes in exercise-related blood parameters and anaerobic parameters and changes in plasma levels of miRNAs

(n = 18).

IGF-1 Testosterone Cortisol Testosterone/ Peak Power Average Power Peak Power Ratio Fatigue

Cortisol of Sprint 1 of Sprint 1 of Sprint1/Sprint2 Index

r P r P r P r P r P r P r P r P

miR-1 −0.101 ns −0.060 ns −0.111 ns 0.165 ns 0.410 ns −0.018 ns −0.057 ns 0.201 ns

miR-133a −0.379 ns 0.078 ns −0.155 ns 0.060 ns 0.441 ns −0.145 ns −0.078 ns −0.087 ns

miR-133b −0.179 ns 0.086 ns 0.284 ns −0.118 ns 0.712 0.001 0.076 ns −0.053 ns −0.059 ns

miR-122 −0.045 ns 0.023 ns 0.037 ns 0.009 ns 0.257 ns −0.132 ns 0.655 0.003 0.012 ns

miR-16 0.066 ns −0.137 ns −0.143 ns 0.102 ns 0.189 ns 0.050 ns −0.104 ns 0.096 ns

ns, not significant.

FIGURE 4 | Correlations of plasma miRNAs and exercise-related anaerobic parameters. For each participant, baseline c-miRNAs levels before the exercise

were assigned a fold change of 1, to which measurements obtained after the exercise were compared. A direct correlation was observed between levels of peak

power of Sprint 1 and levels of plasma miR-133b (Post exercise) (A) A direct correlation was also observed between the peak power ratio of Sprint 1/Sprint 2 and

levels of miR-122 (Post exercise) (B).

in liver development, differentiation, homeostasis, and metabolic
function (Bandiera et al., 2015). The peroxisome proliferator-
activated receptor (PPAR) γ coactivator 1-α (PGC-1α) plays a
pivotal role in the regulation of the expression of mitochondrial
proteins cytochrome c and cytochrome oxidase subunit I in the
liver in response to a single exercise bout (Haase et al., 2011).
Exercise induced beneficial alterations in the liver mitochondrial
morphology and increased mitochondrial biogenesis (PGC-1α
and mitochondrial transcription factor A) (Santos-Alves et al.,
2015), and liver AMP-activated protein kinase (AMPK) activity
increased during heavy exercise (Carlson andWinder, 1999). The
putative effectors of miR-122-mediated metabolic control in the
liver may be involved in both circadian metabolic regulators of
the PPAR family and AMPK (Bandiera et al., 2015). Thus, the
currently observed decrease of circulating miR-122 might reflect
a liver cellular temporal regulation controlled by miRNAs during
exercise. In addition, circulating miR-16 level also decreased,
suggesting that non-muscle tissue is also needed to cope with this
stress.

Exercise is a potent stimulus for the release of many hormones
in response to the specific demands of the particular exercise

type (Stokes et al., 2013). Changes in the anabolic-catabolic
hormonal balance were found following brief sprint interval
exercise training, may be used to gauge training adaptation
to different anaerobic exercises (Kraemer and Ratamess, 2005;
Meckel et al., 2011). But in the present study, there was no
significant correlation between the change in these plasma
hormone levels and the change in the c-miRNAs levels. Given
their different physiological roles, it is likely that the c-miRNAs
would show different expression patterns induced by SIC.
However, in our study a negative correlation was observed
between the reduced magnitudes in miR-133b and peak power
and between the reduced magnitudes in miR-122 and the
ability to maintain anaerobic power. In this case, the reduction
in miR-133b and miR-122 in circulation may be considered
a biomarker that reflects internal physiological stress caused
by SIC.

At present, the mechanism(s) and clinical significance of an
exercise-induced decrease in specific c-miRNAs remains poorly
understood. An exercise-induced miRNA uptake by certain
recipient cells has been postulated (Aoi et al., 2013; Aoi and
Sakuma, 2014). Given the transportability of vesicles, the role
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of miRNAs in exosomes is gaining increasing attention. In the
present study, high-intensity exercise may destroy exosomes,
leading to degradation of miRNAs by RNases. However, the miR-
206 and miR-499 in circulation remained unchanged, suggesting
that significant degradation of exosomes did not occur as a
result of SIC (Aoi et al., 2013; Aoi and Sakuma, 2014). The
miRNAs in the exosomes are selectively packaged rather than
included indiscriminately (Etheridge et al., 2013; Zhang et al.,
2015). Moreover, the exosomal miRNA expression levels are
altered under different physiological conditions (Etheridge et al.,
2013; Zhang et al., 2015). It is reasonable to consider that acute
high-intensity exercise may promote the uptake of some c-
miRNAs into certain recipient cells (Aoi et al., 2013; Aoi and
Sakuma, 2014). Further investigation is required to validate this
hypothesis.

In conclusion, our data demonstrate that extreme
sprint interval cycling affects the expression patterns of
plasma miRNAs. Selective c-miRNAs, such as miR-133b
and miR-122, may be potentially suitable for use as novel
biomarkers to monitor training-induced acute changes within
diverse tissues in response to low-volume sprint interval
cycling.
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Central arterial blood pressure (BP) is more predictive of future cardiovascular events

than is brachial BP because it reflects the BP load imposed on the left ventricle with

greater accuracy. However, little is known about the effects of exercise training on central

hemodynamic response to acute exercise. The purpose of the present study was to

determine the influence of an aerobic exercise regimen on the response of aortic BP

after a single aerobic exercise in postmenopausal women. Nine healthy postmenopausal

women (age: 61 ± 2 years) participated in a 12-week aerobic exercise training regimen.

Before and after the training, each subjects performed a single bout of cycling at

ventilatory thresholds for 30min. We evaluated the post-exercise aortic BP response,

which was estimated via the general transfer function from applanation tonometry. After

the initial pre-training aerobic exercise session, aortic BP did not change significantly:

however, aortic pulse pressure and augmentation pressure were significantly attenuated

after the single aerobic exercise session following the 12-week training regimen. The

present study demonstrated that a regular aerobic exercise training regimen induced the

post-exercise reduction of aortic pulse pressure and augmentation pressure. Regular

aerobic exercise training may enhance post-exercise reduction in aortic BP.

Keywords: augmentation pressure, aortic blood pressure, aerobic exercise, aerobic training, postmenopausal

women

Introduction

Aging can increase both blood pressure (BP) and arterial stiffness, both of which are major risk
factors for cardiovascular disease (Blacher et al., 1999; O’Rourke, 1999). Central BP, including
aortic or carotid pressures, reportedly has a greater influence on cardiovascular disease than
dose peripheral BP (Roman et al., 2007). In addition, the pulsatile component of central
arterial pressure (e.g., pulse pressure) is strongly correlated with cardiovascular events and
outcome than is systolic pressure (Benetos et al., 1998; Safar et al., 2002; Roman et al., 2007).
Central aortic pulse pressure can be subdivided into amplitude of the first systolic peak and
augmentation pressure. The augmentation pressure is influenced by aging, body height, and arterial
stiffness (Nichols and Edwards, 2001; Nichols and O’Rourke, 2005). In women, the increase in
arterial stiffness with age accelerates around menopause (Tomiyama et al., 2003). In addition,
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the increase in central pulse pressure in women is much
greater than that in men (McEniery et al., 2005). Therefore,
the management of central BP, especially pulse pressure and
argumentation pressure, may be of great pathophysiological
importance in postmenopausal women.

Exercise is beneficial for the treatment of BP and vascular
aging. A single bout of aerobic exercise can cause a transient
reduction in peripheral BP (Kaufman et al., 1987; MacDonald,
2002). Kingwell et al. (1997) reported that arterial stiffness
decreases after acute aerobic exercise in young men. Recently,
we demonstrated that a single bout of aerobic exercise decreased
not only arterial stiffness but also the central pulse pressure in
young men (Sugawara et al., 2015). Alternatively, a previous
study by our group reported that arterial stiffness in older
women did not change after acute aerobic exercise: however,
after a period of regular exercise training, arterial stiffness
was significantly decreased after acute aerobic exercise (Maeda
et al., 2008). This study implied that long-term exercise training
may enhance the cardiovascular response to acute exercise.
However, little is known about the effect of exercise training
on the post-exercise response of central hemodynamics in older
women.

The present study aimed to determine the effect of exercise
training on the central BP response to an acute single bout of
aerobic cycling. We hypothesize that persistent exercise training
can enhance the aortic BP response to a single bout of aerobic
exercise. To test our hypothesis, we measured aortic pulse
pressure and augmentation pressure during recovery from a
single bout of exercise before and after 12 weeks of aerobic
exercise training.

Methods

Subjects
Nine sedentary postmenopausal women (52-66 years old)
participated in the study. The subjects were nonsmokers, non-
obese, and free of cardiovascular disease, as assessed by medical
history. None of the subjects were taking medications affecting
the cardiovascular system or hormone replacement therapy.
All potential risks associated with the study were explained
to the subjects, and they gave written informed consent for
participation in the study. All procedures were reviewed and
approved by the ethical committee of the University of Tsukuba.

Experimental Protocol
All 9 subjects completed an aerobic exercise training regimen.
Before and after aerobic exercise training, each subject performed
an acute exercise test that consisted of a 30-min aerobic cycling
exercise at the intensity of the individual’s ventilatory threshould
(VT). All participants were at least 3 h postprandial, and did not
consume caffeine and alcohol for 12-h and strenuous exercise for
24 h. We measured brachial BP, central BP and heart rate (HR)
before and 30 and 60min after the single bout of exercise. At least
2 days before the acute exercise test, VT and blood chemistries
were measured after overnight fast. All measurements were
performed at a constant room temperature (24-26◦C).

Measurement
Pressure waveforms were obtained simultaneously in the
common carotid artery using an applanation tonometry sensor
(FormPWV/ABI, Colin Medical Technology, Komaki, Japan).
Carotid arterial pressure waveforms were sampled at 1000Hz
for off line analysis and resampled at 128Hz with data analysis
software (AcqKnowledge, BIOPAC system Santa Barbara, CA)
(Sugawara et al., 2010). And then, pressure waveform transferred
into aortic pressure waveforms with an arterial waveform analysis
software involving a validated generalized transfer function
(SphygmoCor software, AtCor Medical, Sydney, Australia)
(Karamanoglu et al., 1993). Pressure waveforms were calibrated
to brachial mean arterial pressure and diastolic BP. To qualify
the magnitude of wave reflection from the periphery to the
heart, the first and second systolic peak, defined as P1 and P2,
respectively, of the aortic pressure waveforms were analyzed.
Aortic systolic arterial pressure, diastolic arterial pressure, and
augmentation pressure (peak pressure—pressure at the inflection
point at systolic shoulder) was computed from synthesized aortic
pressure waveforms. Pulse pressure was calculated systolic blood
pressure—diastolic blood pressure. The day-to-day coefficient of
variation for systolic blood pressure, diastolic blood pressure,
pulse pressure and augmentation pressure was 4 ± 1, 5 ± 1, 6 ±
2, and 11± 3%, respectively.

Carotid-femoral pulse wave velocity (cfPWV) was measured
as arterial stiffness by a semi-automated vascular testing system
(Sugawara et al., 2015). Briefly, carotid and femoral pressure
waveforms were obtained by two applanation tonometry sensors
incorporating an array of 15 transducers (Form PWV/ABI, Colin
Medical Technology, Komaki, Japan). The distance between the
left common carotid and left common femoral arterial recording
sites divided by the transit time resulted in the calculation of
cfPWV.

VT was measured during the incremental cycle ergometer
exercise by using online computer-assisted circuit spirometry
(AE300S; Minato Medical Science, Osaka, Japan). All subjects
performed a symptom-limited cycling exercise test (after a 2min
warm-up at 20 W, followed by 10 W increases every min) until
they felt exhaustion or reached their age predicted maximal HR.
The peak oxygen consumption (VO2peak) was defined at the
highest value recorded during the test. Each individual VT was
calculated by using regression analysis of the slopes of carbon
dioxide production, oxygen uptake and the minute ventilation
plot.

A blood sample was collected from the antecubital vein
after overnight fasting. Serum total cholesterol, triglycerides,
and plasma glucose were determined using standard enzymatic
technique.

Aerobic Exercise Training Regimen
The subjects underwent aerobic exercise training 4-6 days
per week (three supervised sessions and additional home-
based sessions) for a total 12 weeks (Akazawa et al., 2012).
Initially, the subjects performed cycling and walking sessions
for 30min/day at a relatively low intensity (60% of their
individually determined maximal HR). As their exercise
tolerance improved, the intensity and duration of aerobic exercise

Frontiers in Physiology | www.frontiersin.org October 2015 | Volume 6 | Article 268 | 26

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


Akazawa et al. Training and post-exercise central hemodynamics

was increased to 40–60min/day at an intensity of 70-80% of the
maximal HR.

Steady-state Aerobic Exercise Test
Before and after the exercise training program, the subjects
performed a steady-state exercise test at their individual VT for
30min using an electrically braked cycle ergometer (75XLIII;
Combi Welness, Tokyo, Japan). An investigator monitored the
subject’s working load, oxygen uptake, heart rare, and rating
of perceived exertion (RPE) during exercise and supervised
each subject to perform the cycling exercise around the target
intensities at 60 rpm.

Statistical Analyses
Data are expressed as mean ± SE. Student’s t-test for paired
data was used to evaluate the difference in the body mass, blood
chemistry, VT, and VO2peak at test and oxygen uptake, heart rate,
and RPE during a single bout of exercise before and after exercise
training. A two-way analysis of variance with repeated measures
was performed to identify an interaction ormain effect. ADunnet
post hoc test was used, when indicated for a significant main
effect or interaction. Univariable correlation analyses were used
to determine the relations between variables of interest. Statistical
significance was set a priori at P < 0.05 for all comparisons.

Results

There were no significant differences in measurement of body
mass, triglyceride and blood glucose between before and after
the 12-week exercise training regimen (Table 1). However,
after the regimen, total cholesterol was significantly decreased
and individual VT and VO2peak were significantly increased
(Table 1).

The oxygen uptake and heart rate increased during exercise
and increase in oxygen uptake and heart rate was higher after
exercise training than that of before training, but RPE was
not different from between before and after training regimen
(Table 2).

There were no differences in baseline measures of brachial
and aortic blood pressure, HR and cfPWV between before and
after exercise training (Table 3). Participants completed a 30-
min of aerobic cycling exercise test at the intensity of their
specific VT before and after the training regimen. Measures of

TABLE 1 | Subjects characteristics before and after exercise training.

Before training After training

Age (years) 61±2

Height (cm) 154±1

Weight (kg) 52±2 51±1

Total cholesterol (mg/dL) 231±9 216±7*

Triglyceride (mg/dL) 127±42 138±28

Blood glucose (mg/dL) 94±2 92±2

Oxygen uptake at VT (mL/kg/min) 12±2 16±2*

Peak oxygen uptake (mL/kg/min) 23±1 26±1*

Data are means ± SE. VT, ventilatory threshold. *P < 0.05 vs. before training.

brachial and aortic blood pressure, HR, and cfPWV did not
change following the single exercise bout before the training
regimen. By use of relative change from the baseline (i.e., pre-
exercise), aortic pulse pressures did not change significantly after
the initial acute exercise bout, whereas following the training
regimen aortic pulse pressures siginificantly decreased with the
acute aerobic exercise bout (P < 0.05 vs. baseline; Figure 1).
The relative changes in brachial pulse pressure with acute exercise
bout did not alter significantly either before or after the training.
Likewise, the single exercise bout augmentation pressure was
not changed before the training regimen but was significantly
reduced following the regimen (Figure 2). Significant reductions
of these measurements did not last for 60min.

Although cfPWV did not change significantly with acute
exercise bout, the individual post-exercise cfPWV response (post

TABLE 2 | Work load, oxygen uptake, heart rate, and rating of perceived

exertion during 30min steady-state exercise.

Before training After training

Work load (Watt) 31± 4 59± 3*

Oxygen uptake (mL/kg/min) 12± 1 17± 1*

Heart rate (bpm) 106± 5 125± 4*

Rating of perceived exertion 13± 1 13± 1

Data are means ± SE. *P < 0.05 vs. before training.

TABLE 3 | Hemodynamics responses to a single bout exercise before and

after training.

Baseline P30 P60

BRACHIAL

Systolic blood pressure (mmHg) Before 116± 4 115±3 115± 3

After 115± 3 114±4 116± 3

Diastolic blood pressure (mmHg) Before 71± 3 71±2 71± 2

After 69± 3 70±3 71± 3

Pulse pressure (mmHg) Before 45± 3 43±2 44± 2

After 46± 2 44±3 45± 3

AORTIC

Systolic blood pressure (mmHg) Before 108± 5 106±3 106± 2

After 106± 3 103±4 105± 3

Diastolic blood pressure (mmHg) Before 71± 3 71±2 71± 2

After 70± 2 70±3 71± 3

Pulse pressure (mmHg) Before 37± 4 34±3 35± 3

After 36± 3 33±3 35± 3

Augmentation pressure (mmHg) Before 16± 2 14±2 15± 2

After 17± 2 13±2 15± 2

P1_height (mmHg) Before 21± 2 21±1 20± 2

After 20± 1 20±1 19± 1

Heart rate (beats/min) Before 61± 2 63±2 62± 2

After 58± 2 63±2 62± 2

Carotid-femoral PWV (cm/sec) Before 949± 21 964±29 970± 29

After 950± 30 966±28 987± 24

Data are means ± SE. P1, first systolic peak; PWV, Pulse wave velocity; P30, post 30min;

P60, post 60min.
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FIGURE 1 | The post-exercise response of (top) brachial pulse pressure

and (bottom) aortic pulse pressure before and after exercise training.

P30, post 30min acute exercise; P60, post 60min acute exercise.

FIGURE 2 | The post-exercise response of aortic augmentation

pressure before and after exercise training. P30, post 30min acute

exercise; P60: post 60min acute exercise.

30min) correlated with corresponding aortic pulse pressure and
augmentation pressure responses (r = 0.646 and r = 0.662,
respectively, Figure 3). Additionally, although baseline cfPWV
did not change significantly following the exercise training
regimen, the training-induced changes in post-exercise cfPWV
responses correlated to the corresponding changes in the aortic
pulse pressure and augmentation pressure response (r = 0.788
and r = 0.716, respectively, Figure 4).

Discussion

The present study aimed to determine the effect of aerobic
exercise training on the acute central hemodynamic response to

FIGURE 3 | The relations between the post-exercise response (relative

change from the baseline to post 30min) of carotid-femoral pulse

wave velocity (cfPWV) and corresponding aortic pulse pressure (PP,

top) and augmentation pressure (AP, bottom) response.

the single bout of aerobic exercise in postmenopausal women.
The main findings are as follows: First, before the training
intervention, aortic and brachial BP did not change significantly
following 30min of cycling at the individual VT measured
before the training regimen. Second, after the intervention of
12-week exercise training regimen, aortic pulse pressure and
augmentation pressure decreased following 30min of cycling at
the individual VT measured after the training regimen. These
findings suggest that the central hemodynamic responses to
acute aerobic exercise are enhanced by regular aerobic exercise
training.

A transient reduction in brachial BP after acute aerobic
exercise is reportedly observed in normotensive and hypertensive
individuals (Halliwill, 2001; MacDonald, 2002). However, little
is known about the central BP response to acute aerobic
exercise. We recently reported a study that showed that the
aortic pulse pressure decreased with moderate intensity exercise
in a group of young healthy men (Sugawara et al., 2015). In
the present study, we identified that postmenopausal women
exhibited a reduction of aortic pulse pressure following a
single bout of aerobic exercise without lowering brachial pulse
pressure only after a 12-week training regimen. The present
study develops this notion for the aging population. In the
present study, the exercise work rate, oxygen consumption,
and heart rate during a single bout exercise was increased
after exercise training regimen. But, the increases in exercise
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FIGURE 4 | The relations between training-induced change (from pre-

to post-training) in post-exercise response (from the baseline to post

30min) of carotid-femoral pulse wave velocity (cfPWV) and

corresponding changes in aortic pulse pressure (PP, top) and

augmentation pressure (AP, bottom) response.

intensity were not correlated with the central blood pressure
response to acute exercise. Thus, it seems that the decrease
in aortic blood pressure following acute exercise may be
contributed to other than increase in exercise work volume
and/or intensity.

In the present study, although there were no significant
effects of acute exercise and regular exercise training on cfPWV,
temporary cfPWV response to acute exercise is correlated
with corresponding response of aortic pulse pressure and
augmentation pressure to acute exercise before and after
training (Figure 3). Furthermore, the training-induced change in
cfPWV response to acute exercise bout was correlated with the
corresponding changes in response of aortic pulse pressure and
augmentation pressure to acute exercise (Figure 4). These results
suggest the changes in arterial stiffness may play a role partially
in post-exercise response of central aortic hemodynamics in
postmenopausal women.

The underlying mechanism for reduction in aortic pulse
pressure may be different between young and older populations.
Theoretically, it is believed that the central arterial pressure
waveform consists of a forward traveling wave and a later-
arriving reflected wave. In young men, the post exercise
attenuation of aortic pulse pressure was associated with the
corresponding changes in aortic pulse wave velocity (Sugawara

et al., 2015), suggesting the delay of the reflected wave mitigates
its overlap on the incident wave and lowers aortic pulse pressure.
Comparatively, in postmenopausal women, aortic pulse wave
velocity did not change after the single aerobic exercise bout
either before or after the 12-week exercise training regimen.
Additionally, the amplitude of P1 (a surrogate measure of the
incident wave amplitude) did not change, whereas augmentation
pressure was diminished by the single exercise bout after the
training regimen. Conclusively, the significant acute exercise-
induced reduction of aortic pulse pressure may be attributed to
the attenuated wave reflection rather than delayed return of the
reflected wave.

We could speculate several possibilities regarding the
mechanism responsible for decreased augmentation pressure in
postmenopausal women. Regular endurance training improves
endothelial function and capacity of dilation in trained vascular
beds in the aging individual (Taddei et al., 2000). Based on the
traditional concept that central arterial pressure is comprised of
the incident wave (generated by left ventricle) and the reflected
wave (emanated from points of impedancemismatch in the lower
body) (Nichols and O’Rourke, 2005), the improved vasodilatory
function in legs could buffer the incident wave effectively and
attenuate the reflected wave. Alternatively, recent studies propose
that aortic pressure is affected by, not only the aforementioned
components, but also by the reservoir pressure (Wang et al., 2003;
Davies et al., 2010). The arterial reservoir pressure is associated
with the volume of blood stored in the aorta; it depends on the
buffering capacity of the aorta, especially the proximal region
(i.e., the ascending aorta and aortic arch). If this emerging idea is
true, the ameliorated reservoir function of proximal aorta might
be associated with the diminished aortic pressure augmentation.
In this study, although cfPWV was not improved by the exercise
training, cfPWV mainly reflects pulse wave velocity along the
descending aorta and does not cover the ascending aorta and
aortic arch.

In the present study, exercise training was found to slightly
decrease brachial and central BP at baseline; however, an overall
decrease in BP did not reach statistical significance. A meta-
analysis had reported that exercise training decreases brachial
systolic and diastolic BP by about 3-4mmHg and 2-3mmHg,
respectively (Kelley and Sharpe Kelley, 2001). On the other
hand, the effects of exercise training on central BP are not yet
consistent. Laskey et al. (2013) reported that a 20-week exercise
rehabilitation program decreased central aortic systolic pressure
and pulse pressure at rest in patients with coronary heart disease.
However, we and other investigators have shown that aerobic
exercise training did not change central aortic hemodynamics in
middle-aged and older populations (Tanaka et al., 2002; Sugawara
et al., 2006, 2012). These inconsistent results may, in part, be
due to the differences in exercise training protocols or subject
characteristics among studies. Further studies are needed to
clarify the effects of exercise training on central arterial BP at rest.

A number of studies have showed that aerobic exercise
training decreases arterial stiffness (Montero et al., 2014). On
the other hand, in the present study, we cannot observe the
significant change in pulse wave velocity after 12-week training.
It should be noted that several studies demonstrated that exercise
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training did not affect cfPWV in healthy postmenopausal women
(Seals et al., 2001; Sugawara et al., 2012). It is likely that elderly
women show less response of training effects. Interestingly,
Hayashi et al. (2008) suggested that habitual exercise activity
decreases arterial stiffness in individual with TC or CC genotype
of estrogen receptor-α, there is no significant effect of exercise
on arterial stiffness in individual with TT genotype. These results
suggest that training efficiency on arterial stiffness might be
affected gene polymorphism. However, we could not clarify the
precise mechanisms because this was not mechanistic study.
The lack of the control group was also a limitation of the
study. Randomized controlled trial study is warranted in future
study.

In conclusion, we demonstrated that a single 30-min bout of
moderate-intensity cycling did not induce a significant change
in central aortic pressure in postmenopausal women; but, after
a 12-week period of consistent aerobic training, a cycling exercise
at relatively similar intensity evoked a significant reduction of

aortic augmentation pressure and pulse pressure. These findings
suggest that regular aerobic exercise training may improve the
blunted central hemodynamic response to an acute aerobic
exercise bout in postmenopausal women.
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repeated treadmill sprints -
Usefulness of an “hypoxic to
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To improve our understanding of the limiting factors during repeated sprinting, we

manipulated hypoxia severity during an initial set and examined the effects on

performance and associated neuro-mechanical alterations during a subsequent set

performed in normoxia. On separate days, 13 active males performed eight 5-s sprints

(recovery = 25 s) on an instrumented treadmill in either normoxia near sea-level (SL;

FiO2 = 20.9%), moderate (MH; FiO2 = 16.8%) or severe normobaric hypoxia (SH;

FiO2 = 13.3%) followed, 6min later, by four 5-s sprints (recovery = 25 s) in normoxia.

Throughout the first set, along with distance covered [larger sprint decrement score in

SH (−8.2%) compared to SL (−5.3%) and MH (−7.2%); P < 0.05], changes in contact

time, step frequency and root mean square activity (surface electromyography) of the

quadriceps (Rectus femoris muscle) in SH exceeded those in SL and MH (P < 0.05).

During first sprint of the subsequent normoxic set, the distance covered (99.6, 96.4,

and 98.3% of sprint 1 in SL, MH, and SH, respectively), the main kinetic (mean vertical,

horizontal, and resultant forces) and kinematic (contact time and step frequency) variables

as well as surface electromyogram of quadriceps and plantar flexor muscles were fully

recovered, with no significant difference between conditions. Despite differing hypoxic

severity levels during sprints 1–8, performance and neuro-mechanical patterns did not

differ during the four sprints of the second set performed in normoxia. In summary, under

the circumstances of this study (participant background, exercise-to-rest ratio, hypoxia

exposure), sprint mechanical performance and neural alterations were largely influenced

by the hypoxia severity in an initial set of repeated sprints. However, hypoxia had no

residual effect during a subsequent set performed in normoxia. Hence, the recovery of

performance and associated neuro-mechanical alterations was complete after resting for

6min near sea level, with a similar fatigue pattern across conditions during subsequent

repeated sprints in normoxia.

Keywords: repeated-sprint ability, running mechanics, hypoxia, electromyography, recovery
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Introduction

Intense physical efforts performed at or near maximal speeds are
often crucial for successful participation in intermittent sports
(e.g., team or racket sports). For instance, top-level soccer players
complete more high-intensity running or sprinting than their
lower-level counterparts (Mohr et al., 2003, 2008). However,
irrespectively of competitive standard, the volume of all high-
intensity actions decline over the course of a game, reflecting
muscle fatigue development (Mohr et al., 2008). Although, still
debated (Carling, 2013), the repeated-sprint ability (RSA) is
commonly viewed as an important marker of successful physical
performance in these disciplines.

While RSA has been increasingly investigated over the last
decade, to date, most of the available studies focused only on
the physiological features of this fitness component. Evaluation
of the biomechanical aspects of running RSA have insofar
been limited to either indirect measures of stride characteristics
(i.e., pressure insoles) (Girard et al., 2011a; Brocherie et al.,
2015) or direct sprint kinetics/kinematics assessments (i.e., force
platforms), but only for a discrete number of steps at various
intervals during the sprint distance (Girard et al., 2011b). Using
instrumented, sprint treadmills makes now possible to deepen
our knowledge about the biomechanical manifestation of fatigue
during repeated sprinting (Morin et al., 2011). For instance,
through direct measurement of ground reaction forces, Girard
et al. (2015a) reported significant decrease in propulsive power
and step frequency with fatigue while contact time and step
length increased, when five maximal 5-s sprints with incomplete
recoveries (25 s) were repeated.

Peripheral mechanisms, that include limitation in energy
supply and the intramuscular accumulation of metabolic
by-products, have been traditionally associated to fatigue
development during repeated sprinting (Girard et al., 2011c).
Consideration of neural factors (i.e., neural drive and muscle
recruitment strategies) as significant contributors to fatigue
etiology during RSA protocols stem from parallel reductions
in amplitude of quadriceps surface electromyography (EMG)
signals (i.e., a reasonable proxy for net motor unit activity) and in
sprint performance (Mendez-Villanueva et al., 2008; Billaut et al.,
2013; Bowtell et al., 2014; Brocherie et al., 2015). For instance,
Brocherie et al. (2015) demonstrated a disproportionate decrease
in motor unit recruitment inferred via EMG signaling [Root
Mean Square (RMS) activity] of Rectus femoris and Biceps femoris
muscles over sprint times when professional football players
completed the repeated anaerobic sprint test on artificial turf.
Although, muscle activation capacity of plantar flexors decreases
from pre- to post-RSA running (Perrey et al., 2010), the question
of whether this muscle group is subjected to similar neural
adjustments than those seen for the quadriceps during actual
sprint repetitions remains undetermined.

When attempting to evaluate RSA and its fatigue-causing
factors, a single set of a fixed number of 5–15 sprints (i.e., usually
of 5–10 s) with (incomplete) recovery of less than 30 s (i.e., usually
passive) has most commonly been used (Girard et al., 2011c).
Admittedly, while valuable knowledge on how fatigue manifests
and the potential contribution of neural factors can be gained

from such RSA tests’ format, derived information remainsmainly
descriptive. Innovative analysis methods that are based on the
comparison of fatigue responses and recovery of performance
during and between sets of repeated sprints, respectively, have
emerged (Girard et al., 2015b). By linking the aforementioned
changes to muscle metabolism and neuromuscular function,
such approaches support the idea that previous repeated-sprint
exercise has a negative “carry-over” impact on physiological
strain, perception of effort and performance during the next bout
of activity (Mendez-Villanueva et al., 2007, 2012; Billaut et al.,
2013). With this in mind, it is surprising that little attention
has been directed toward the usefulness of the “recovery of
performance approach” to shed more light on how running
mechanics and muscle activation patterns are altered during RSA
run-based tests.

Extreme environments such as hypoxia [i.e., a reduction
in environmental oxygen (O2) availability] are known to lead
to premature fatigue and exacerbated cardiorespiratory and
perceptual responses during repeated-sprint exercise (Billaut
et al., 2013; Bowtell et al., 2014; Goods et al., 2014). By majoring
RSA-induced demands (and thereby recovery requirements)
on the neuromuscular system during an initial set (i.e., larger
changes within the central nervous system with severer hypoxic
levels), it seems reasonable to speculate that performance
decrement during a subsequent repeated-sprint exercise would
be exacerbated. Accordingly, modifying the ensuing recovery rate
of repeated-sprint performance from previous strenuous exercise
highlights a context whereby neuro-mechanical determinants
of RSA running performance could be explored from a new
perspective (Minett and Duffield, 2014).

Our intention was therefore to manipulate hypoxia severity
during an initial repeated-sprint set and examine the effect
on sprinting performance, running mechanics (kinetics and
kinematics) and lower-limbs neuromuscular activity (surface
EMG activity) during a subsequent set performed in normoxia.
We hypothesized that, with severer hypoxia levels during
a first repeated-sprint set expected to major RSA-induced
demands placed on the neuromuscular system, larger recovery
requirements and fatigue-related residual or “carry-over” effects
from the previous set would, in turn, negatively influence
fatigability during the completion of a second set performed in
normoxia.

Methods

Subjects
Thirteen male recreational team- (i.e., football, rugby, basketball)
and racket- (i.e., tennis, squash) sport players (Mean ± SD:
31.2 ± 4.8 years; 178.4 ± 6.6 cm; 74.3 ± 8.2 kg) participated
in the study. In the 6 months preceding the study, subjects
trained on average 4.5 ± 2.5 h.wk−1, which included activity-
specific training (i.e., technical and tactical skills), aerobic and
anaerobic training (i.e., on- and off-court/field exercises) and
basic strength training. Although, training content of the tested
athletes largely focused on accelerated runs, their sprinting skills
are deemed to be “moderate” compared to “elite” (i.e., national
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to international level) sprinters (Rabita et al., 2015) and/or team-
sport athletes (Brocherie et al., 2015). All subjects were born and
raised at <1000m and had not traveled to elevations >1000m
in the 3 months prior to investigation. They gave their
informed, written consent preceding the commencement of the
experiment. Experimental protocol was conducted according to
the Declaration of Helsinki for use of Human Subjects and
approved by the Ethics Committee of Shafallah Medical Genetics
Center.

Experimental Procedure
About 1 week prior to testing, subjects undertook a complete
preliminary session where they performed short (<5 s)
“familiarization” treadmill sprints at increasing intensities while
wearing a facemask for habituation (i.e., the hypoxic system was
turned off at this occasion), with full recovery and until being
comfortable with treadmill maximal sprint technique (which
generally required 7–10 trials). Subjects then performed three
maximal 5-s single sprints separated by 2min of passive rest.
All participants satisfied the criteria of having a coefficient of
variation <2.2% for distance covered across three successive
trials (Girard et al., 2015c). After 10min of rest, the complete
RSA test was completed. Strong verbal encouragement was given
during all maximal efforts.

Subjects then came to the laboratory (well-ventilated at a
constant temperature of ∼25◦C and 40% relative humidity) for
three experimental sessions (∼1 h; counterbalanced randomized
crossover design in double-blind fashion), with at least 3–4
days apart, including a repeated-sprint running protocol on
a treadmill sprint ergometer. They performed their trials at
the same time of the day (±1 h) and wore similar sports
gear (running shoes, short, and T-shirt). They were instructed
to maintain their normal diet (i.e., avoiding any nutritional
supplements or alcohol consumption), sleeping (i.e., ≥7 h/night)
and training (i.e., avoiding vigorous exercise 24 h before every
trial) habits during the 1–2 weeks period of testing to prevent any
possible interference on their sprinting abilities. Subjects were
instructed to drink 4–6mL of water per kilogram of body mass
every 2.5 h on the day before each experimental session to ensure
euhydration at the start of exercise. They were permitted to drink
ad libitum during the warm-up procedure.

Repeated-sprint Exercise Protocol
The exercise protocol consisted of performing first eight, 5-s “all-
out” sprints interspersed with 25 s of passive rest and randomly
conducted near sea level (SL; FiO2 ∼20.9%), at moderate and
severe simulated altitudes (normobaric hypoxia) of 1800m (MH;
FiO2 ∼16.6%) and 3600m (SH; FiO2 ∼13.0%), respectively. This
was followed, after 6min of passive rest (i.e., subjects breathed
ambient air), by four, 5-s “all-out” sprints also interspersed
by 25 s of passive rest but always performed at SL. During
recovery periods, subjects stood on the treadmill. Before all
tests, subjects completed a standardized warm-up (i.e., on the
instrumented treadmill with subjects breathing ambient air)
consisting of 10min of running at 10 km.h−1, followed by 15min
of sprint-specific muscular warm-up exercises [i.e., 3 × (high
knee, high heels, butt-kick, skipping for ∼10 s with 30-s walking

in between), followed by 3× (3 steps accelerations at a subjective
“sense of effort” of 7, 8, and 9), then by 2 × (3-s sprints at a
subjective “sense of effort” of 8 and 9] (Christian et al., 2014).
Afterwards, three maximal 5-s single sprints (i.e., the best of
these three trials was used as the criterion score), separated by
2min of passive rest, were completed. Finally, after a facemask
connected to a portable hypoxic generator has been attached
on subjects, they were allowed 5-min of free cool down prior
to the repeated-sprint protocol. Testing protocols were run in a
double-blind fashion in that subjects and one investigator were
blinded toward the environmental condition of the initial set. The
efficacy of the subjects’ blinding procedure was evaluated after
each experimental session by questionnaires in which subjects
were asked whether they believed to be exercising at SL, MH, or
SH. We are confident that the blinding procedure was efficient,
as only four athletes were able to correctly identify the order of
treatment.

Altitude Simulation
Normobaric hypoxia was obtained by mixing nitrogen into
ambient air under control of FiO2 (Altitrainer, SMTec SA, Nyon,
Switzerland). This gas-mixing system enriches the inspired air by
adding a fixed quantity of nitrogen via a 30 L mixing chamber,
with the dilution being constantly controlled by a PO2 probe
(with a precision of ± 0.82 Torr and safety set at FiO2 = 9.7%).
This device allows the production of large quantities of a hypoxic
gas mixture (up to 200 L.min−1), with an easily adjustable O2

fraction over a large range, and a short response time (between
15 and 45 s), expressed either by the equivalent altitude or by
the O2 partial pressure, taking into account the barometric
pressure. For blinding purposes, subjects who always breathed
through the same set-up (also in normoxia), inhaled the mixture
contained in the buffer tank through a Hans Rudolph two-way
respiratory valve. Subjects were instrumented with the facemask
5min before the repeated-sprint exercise (i.e., after the three
“reference” sprints at warm-up termination) until the end of the
first set of eight sprints.

Instrumented Sprint Treadmill
The sprints were performed on an instrumented motorized
treadmill (ADAL3D-WR, Medical Development—HEF
Tecmachine, Andrézieux-Bouthéon, France). Briefly, it is
mounted on a highly rigid metal frame fixed to the ground
through four piezoelectric force transducers (KI 9077b; Kistler,
Winterthur, Switzerland) and installed on a specially engineered
concrete slab to ensure maximal rigidity of the supporting
ground. This motorized treadmill allows subjects to sprint
and produce realistic acceleration and high running velocities
(Morin et al., 2010). A single-pass waist and a stiff rope (1 cm
in diameter, ∼2m length) were used to tether subjects to the
0.4-m vertical rail anchored to the wall behind them. When
correctly attached, subjects were required to lean forward in
a typical and standardized crouched sprint-start position with
their left foot forward. This starting position was used and
standardized all along the sprint series. After a 5-s countdown
(“5 s, 3-2-1-Go” given by both visual and audio instructions by
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the same investigator), the treadmill was released, and the belt
began to accelerate as subjects applied a positive horizontal force.

Mechanical Variables
Data were continuously sampled at 1000Hz over the sprints,
and after appropriate filtering (Butterworth-type 30Hz low-pass
filter), instantaneous data of vertical, net horizontal and total
(i.e., resultant) ground reaction forces were averaged for each
support phase (vertical force above 30 N) over the 5-s sprints,
and expressed in body weight (BW). These data were completed
by measurements of the main step kinematic variables: contact
time, aerial time, step frequency, and step length.

Electromyography
EMG signals from superficial Rectus femoris, Vastus lateralis,
Biceps femoris, Gastrocnemius medialis, Gastrocnemius lateralis,
and Tibialis anterior of the right lower limb were recorded using
pre-amplified bi-polar surface EMG (Delsys, Trigno Wireless,
Boston, Massachusetts, USA) with an inter-electrode (center-
to-center) distance of 20mm and placed according to the
surface electromyography for the non-invasive assessment of
muscles (SENIAM) project’s recommendations. Before electrode
placement, the skin was lightly abraded and washed to remove
surface layers of dead skin, hair, and oil. All electrodes were
secured with elastic cohesive bandage to reduce anymovement of
electrodes during sprinting or artifact in the signal. The position
of the EMG electrodes was marked with indelible ink to ensure
that they were placed in the same location during subsequent
visits. The myoelectric signal was amplified (gain = 1000×)
and filtered (bandwidth frequency = 20–450Hz) to minimize
extraneous noise and possible movement artifacts in the low-
frequency region and to eliminate aliasing and other artifacts in
the high-frequency region. Surface EMG signals were recorded
continuously during each 5-s sprint with a sampling frequency
of 2000Hz using a dedicated acquisition system (CED 1401,
Cambridge Electronic Design, Cambridge, UK) and analyzed
offline (Spike2 v3.21; Cambridge Electronic Design, Cambridge,
UK). The activity of each muscle was determined by measuring
the mean value of the RMS signal between the onset and the
end of the burst for each 5-s sprint. For each individual, a burst
of muscle activity was identified as the amplitude of muscle
activity exceeding 15% of peak activation for more than 10% of
the stride (Brocherie et al., 2015). To investigate the difference
in EMG frequency between the three conditions, the filtered
EMG data from each sprint were further transformed into the
frequency domain using a fast Fourier transformation and the
median power frequency (MPF) of the resulting power spectrum
density was calculated (Matsuura et al., 2006). The RMS andMPF
were normalized to the first sprint value of each condition, which
was assigned the value of 100% (Mendez-Villanueva et al., 2012;
Brocherie et al., 2015).

Responses to Exercise
Heart rate (HR) and pulse O2 saturation (SpO2) were monitored
and estimated, respectively, via a Polar transmitter-receiver
(Wearlink T-31, Polar Electro Oy, Kempele, Finland) and non-
invasive pulse oximetry using a finger probe (Palmsat 2500,

NONIN Medical Inc., Plymouth, MI, USA). The subjects were
unable to view any of the HR or SpO2 values since receivers
were attached on the handrails of the treadmill facing one
experimenter. Together with HR and SpO2, ratings of perceived
exertion (RPE) were recorded using the Borg 6–20 scale (i.e., 6=
no exertion at all, 20 = maximal exertion) exactly 10 s following
each sprint (i.e., peak values likely to be obtained), where subjects
were instructed to reflect on their perception of overall peripheral
discomfort during the preceding exercise bout (Christian et al.,
2014). In addition, SpO2 was recorded between before the warm-
up and 4min into recovery between the two repeated-sprint
sets. A capillary blood sample was taken from the fingertip and
analyzed for blood lactate concentration with a portable analyzer
(Lactate Pro LT-1710, Arkray, Japan) before the warm-up, 2min
after the first set of 8 sprints and 2min after the second set of 4
sprints.

Data Analysis and Statistics
Subjects completed between 15 and 18 steps during each 5-
s sprint. After excluding the last two ground contacts, the
remaining three consecutive steps were used for final analysis of
sprint kinetics/kinematics (Brocherie et al., 2015). While subjects
performed a total of 12 sprints, only responses to exercise,
running mechanical and surface EMG data collected for sprint
number 1, 4, 8, 9, and 12 were considered for the main analysis.
For the main running mechanical variables, the average of sprints
number 1–4, 5–8, and 9–12 have also been compared.

Values are expressed as mean ± SD. Two-Way repeated-
measures analysis of variance (ANOVAs) [Time (Sprints 1,
4, 8, 9, and 12 or Sprints number 1–4, 5–8, and 9–12) ×

Condition (SL, MH, and SH)] were used to compare investigated
variables. To assess assumptions of variance, Mauchly’s test
of sphericity was performed using all ANOVA results. A
Greenhouse-Geisser correction was performed to adjust the
degree of freedom if an assumption was violated, while a
Bonferroni post-hoc multiple comparison was performed if a
significant main effect was observed. For each ANOVA, partial
eta-squared was calculated as measures of effect size. Values of
0.01, 0.06, and above 0.14 were considered as small, medium,
and large, respectively. All statistical calculations were performed
using SPSS statistical software V.21.0 (IBM Corp., Armonk, NY,
USA). The significance level was set at P < 0.05.

Results

Responses to Exercise
Responses to exercise across the three conditions are depicted in
Figure 1. During the initial set of sprints, SpO2 was significantly
reduced for each simulated altitude ascent (P < 0.05). Lower
SpO2 values were recorded for both sprints 4 and 8 (no
difference) vs. sprint 1 in MH and SH, while no change occurred
at SL. In response to sprint 1, HR was significantly higher in
MH and SH compared to SL (P < 0.05), while RPE values were
similar. Both HR and RPE increased significantly from sprint
1–4 (P < 0.05), while only RPE further increased at sprint
8 in reference to sprint 4 (P < 0.05), yet with similar values
across conditions. Compared to prior to the warm-up (96.9 ±
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FIGURE 1 | Changes in exercise responses (A, SpO2; B, heart rate; C, RPE). Mean ± SD (n = 13). The repeated-sprint exercise protocol included a first set of

eight sprints performed at sea level (SL), moderate (MH), or severe hypoxia (SH), while the second set of four sprints was always performed at SL. SpO2, arterial

oxygen saturation (estimated by pulse oxymetry); RPE, rating of perceived exertion. C, T, and I, respectively refer to ANOVA main effects of condition, time, and

interaction between these two factors with P-value and partial eta-squared into brackets. a, b, c, and d significantly different from sprint 1, 4, 8, and 9, respectively

(P < 0.05). 1 and 2 significantly different from SL and MH, respectively (P < 0.05).

0.4%), SpO2 were not different among conditions 4min into
recovery between the two repeated-sprint sets (96.2 ± 0.5%; all
conditions compounded, P > 0.05). During sprint 9, after 6min
of rest, SpO2, HR, and RPE values recovered significantly in
relation to those achieved in sprint 4 and 8 (P < 0.05), with
no difference between conditions. Whereas RPE values remained
elevated compared to those measured in response to sprint 1, HR
values recorded after sprint 1 and 9 were not different. At sprint
12, HR, and RPE values did not differ between conditions, while
RPE was larger than in sprint 4 (P < 0.05).

From pre- to + 2min post-set 1, the execution of the
initial set of 8 sprints resulted in similar increases in blood
lactate concentration (SL: 1.4 ± 0.4 vs. 9.9 ± 1.7mmol.L−1,

MH: 1.4 ± 0.4 vs. 10.4 ± 1.8mmol.L−1, and SH: 1.4 ± 0.4
vs. 10.7 ± 2.1mmol.L−1; P < 0.001), irrespectively of the
environmental condition. There was a further global increase
of blood lactate concentration values (10.8 ± 1.9, 11.2 ± 1.7
and 10.6 ± 2.2mmol.L−1 in SL, MH, and SH, respectively;
P<0.05) recorded+2min post-set 2 (i.e., after the completion of
4 additional normoxic sprints) in reference to post-set 1.

Sprint Performance and Running Kinetics
Distance ran and associated running kinetics during the
repeated-sprint exercise are displayed in Figure 2. No difference
was found in distance ran during the first sprint between SL, MH
and SH (24.2 ± 1.4, 24.1 ± 1.5, and 24.2 ± 2.0 m, respectively).
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FIGURE 2 | Changes in distance covered (A) and stride kinetics (B, mean vertical force; C, mean horizontal force; D, mean resultant force). Mean ± SD

(n = 13). The repeated-sprint exercise protocol included a first set of eight sprints performed at sea level (SL), moderate (MH), or severe hypoxia (SH), while the

second set of four sprints was always performed at SL. C, T, and I, respectively refer to ANOVA main effects of condition, time and interaction between these two

factors with P-value and partial eta-squared into brackets. a, b, c, and d significantly different from sprint 1, 4, 8, and 9, respectively (P < 0.05). 1 and 2 significant

different from SL and MH, respectively (P < 0.05).

However, sprint performance decreased to a larger extent in SH
compared to SL, as evidenced by larger reductions in distance
ran during sprint 4 (−9.9 ± 5.2% vs. −5.3 ± 2.8%; P < 0.05)

and 8 (−11.7 ± 5.2% vs. −8.9 ± 4.1%; P < 0.05) in reference to
sprint 1. Horizontal, but not vertical and total forces, significantly
decreased from sprint 1 to 4 (P < 0.05). During sprint 8, values
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for vertical, horizontal and total forces were significantly lower
(all conditions pooled;−2.3±1.9%,−8.6±6.5%, and−2.4±1.9%,
respectively; P < 0.05) in reference to sprint 1.

During sprint 9, following 6min of rest, sprint performance
and running kinetics recovered significantly, as evidenced by
larger values compared to those reached during sprint 8 (distance
ran and horizontal forces; P < 0.05). Sprint 9 values did not
differ from those achieved during sprint 1 and were similar
between conditions. Over the last 4 sprints (sprint 9–12), distance
ran and horizontal forces decreased similarly by an average of
−4.5 ± 2.5% and−13.1±9.6% (all conditions pooled; P < 0.05),
while the decrease in vertical forces (−2.6±4.9%) and total forces
(−2.8± 4.9%) were not significant.

Running Kinematics
Running kinematics across the repeated sprints are displayed in
Figure 3. Whereas step length remained unchanged, both contact
and aerial times lengthened and step frequency decreased from
sprint 1 to 4. During sprint 4, the increase in contact time
and the decrease in step frequency were significantly larger in
SH compared to MH (P < 0.05). From sprint 1 to sprint 8,
the increase in contact time (+14.5 ± 6.1% vs. +11.2 ± 6.8%
and +12.4 ± 5.1%; P < 0.05) and decrease in step frequency
(−9.7 ± 4.2% vs. −7.2 ± 3.7% and −8.1 ± 2.7%; P < 0.05)
were larger in SH compared to SL and MH. Independently of
the condition, aerial time lengthened (+4.2 ± 2.9%; P < 0.05)
and step length decreased (−2.5 ± 3.0%; P < 0.05) from
sprint 1 to 8. After 6min of rest between sprints 8 and 9, sprint
kinematic values during sprint 9 were not statistically different
from those recorded during sprint 1, with also no significant
difference between conditions. During subsequent sprints (9–12),
irrespectively of the condition, contact time (+10.2 ± 5.2%) and
aerial time (+3.8 ± 3.3%) lengthened (P < 0.05), step frequency
(−6.2 ± 2.6%) decreased (P < 0.05) and step length (+1.2 ±

3.0%) remained unchanged.
Compared to SL and MH, contact time and step frequency

values corresponding to the average of sprints 1 to 4 and sprints
5 to 8 differed under SH (Table 1; P < 0.05). The averaged values
of distance covered, kinetics and kinematics for sprints 9–12 were
similar across conditions and were not statistically different than
the average of sprints 1–4.

Surface EMG Activity
Temporal profiles of the EMG amplitude (RMS) and frequency
spectrum (MPF) for the six investigated muscles are shown in
Tables 2, 3. With the exception of Rectus femoris RMS activity
displaying lower values in SH compared to SL for sprint 8
(P < 0.05), all other investigated muscles RMS and MPF
values fell significantly over time (P < 0.05), independently of
the condition. The decrease in RMS activity from sprint 1 to
4, expressed as a percentage of sprint 1 value, was significant
for Vastus lateralis, Rectus femoris, Gastrocnemius lateralis, and
Tibialis anterior muscles (P < 0.05), while all muscles displayed
lower values in all conditions during sprint 8 (Table 2). After
6min of rest, a recovery in the RMS activity of all muscles (except
for Biceps femoris) occurred during sprint 9, which was not
statistically different than that in sprint 1. During sprint 12, RMS

activities for all muscles were lower than those of sprints 4 (except
for Biceps femoris) and 9 (P < 0.05). When compared to sprint
1 (100%), MPF values were reduced during sprint 8 for Vastus
lateralis and Rectus femoris, during sprint 9 for Gastrocnemius
lateralis and Tibialis anterior and during sprint 12 for Biceps
femoris and Gastrocnemius medialis (Table 3; P < 0.05).

Discussion

Different Levels of Acute Hypoxia Alter RSA and

Neuro-mechanical Adjustments
SpO2 values were increasingly lower as O2 availability
decreased, yet cardio-vascular (HR) and perceptual (RPE)
loads associated with performing repeated treadmill sprints
were not incrementally higher, which may be due in part to the
lower work performed at SH and the “all out” nature of the
present exercise (Balsom et al., 1994). Hence, fatigue-induced
decrement in sprint distance was significantly exacerbated
in SH relative to SL, while sprint performance was relatively
resilient to MH exposure. Single (i.e., sprint 1 in the present
study) sprint performance is known to be unaffected by differing
hypoxia levels (Billaut et al., 2013). For instance, treadmill
sprint performance for efforts lasting 60 s or less is not adversely
affected at altitude (FiO2 = 13%) (Weyand et al., 1999). This may
relate to an enhanced anaerobic energy release to compensate for
the reduced aerobic ATP production (Calbet et al., 2003; Ogawa
et al., 2007). However, earlier and larger performance decrements
usually occur when consecutive sprints are performed in O2-
deprived environments with hypoxia-related effects becoming
more evident above 3000m (Bowtell et al., 2014; Goods et al.,
2014).

During set 1 of all trials, the temporal aspects of the
stride cycles shifted toward an increase in contact and aerial
times, along with reductions in step frequency. Collectively,
it demonstrates a deteriorated ability to tolerate ground
impact/stretch loads as fatigue develops with sprint repetitions.
In line with these findings, similar impairments in sprint
kinematics have been connected with progressively slower sprint
performance during over-ground [i.e., 6 × 20m– 20 s of passive
recovery in U19 footballers (Girard et al., 2011a); 6 × 35m–
10 s of passive recovery in elite footballers (Brocherie et al.,
2015); 12 × 40m–30 s of passive recovery in team- and racquet-
sports athletes (Girard et al., 2011b)] or treadmill [i.e., 5 × 5-
s sprints–25 s of passive recovery (Girard et al., 2015a); 3 sets
of 5 × 6-s sprints–24 s of passive recovery between sprints
and 3min between sets (Morin et al., 2011) in athletes with
a team-sport background] repeated sprints. Furthermore, the
larger magnitude of repeated-sprint performance alterations
seen at SH compared to SL and MH was due to exacerbated
increases in contact time and decreases in step frequency in the
severer hypoxic condition. Slower sprints and less efficient stride
characteristics in SH compared to SL or MH appear to be the
result of individuals applying less forward-oriented forces. In
line with previous literature (Morin et al., 2011), our primary
biomechanical rationale for this conclusion is based on the fact
that the magnitude of reductions for horizontal forces was three
times larger than for resultant (total) forces.
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FIGURE 3 | Changes in stride kinematics (A, contact time; B, aerial time; C, step frequency; D, step length). Mean ± SD (n = 13). The repeated-sprint

exercise protocol included a first set of eight sprints performed at sea level (SL), moderate (MH) or severe hypoxia (SH), while the second set of four sprints was

always performed at SL. C, T, and I, respectively refer to ANOVA main effects of condition, time and interaction between these two factors with P-value and partial

eta-squared into brackets. a, b, c, and d significantly different from sprint 1, 4, 8, and 9, respectively (P < 0.05). 1 and 2 significant different from SL and MH,

respectively (P < 0.05).

Remarkably, most of the alteration in performance and
accompanying running mechanics was observed within the first
half of the first set (sprints 1–4) with smaller changes during the

second part (sprints 5–8). During the completion of ten, 10-s
sprints with 180 s of recovery the rate of decline in total work
was also greater during the first 5 sprints compared to the last
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TABLE 1 | Sprint performance, kinetics, and kinematics averaged for sprints 1–4, 5–8, and 9–12.

Variables Average of sprints ANOVA p-value

(partial eta-squared)

1–4 5–8 9–12 Condition Time Interaction

DISTANCE (M)

SL 23.48±1.33 22.32± 1.06 23.32±1.53 < 0.001 0.091 0.119

MH 23.31±1.36 22.04± 1.32 23.24±1.36 (0.81) (0.18) (0.14)

SH 22.92±1.51 21.71± 1.27 23.30±1.29

VERTICAL FORCE (BW)

SL 1.67±0.09 1.65± 0.09 1.67±0.10 0.003 0.208 0.292

MH 1.67±0.09 1.64± 0.08 1.65±0.09 (0.39) (0.12) (0.10)

SH 1.66±0.08 1.63± 0.09 1.66±0.09

HORIZONTAL FORCE (BW)

SL 0.20±0.04 0.20± 0.04 0.20±0.04 0.004 0.013 0.418

MH 0.21±0.04 0.20± 0.03 0.20±0.04 (0.37) (0.31) (0.07)

SH 0.20±0.04 0.18± 0.04 0.20±0.04

RESULTANT FORCES (BW)

SL 1.69±0.09 1.66± 0.09 1.68±0.10 0.003 0.178 0.385

MH 1.68±0.09 1.65± 0.08 1.67±0.09 (0.38) (0.13) (0.08)

SH 1.67±0.08 1.64± 0.09 1.68±0.09

CONTACT TIME (S)

SL 0.148±0.010 0.155± 0.008a 0.151±0.011 <0.001 0.015 <0.001

MH 0.148±0.010 0.158± 0.009a 0.150±0.010ab (0.82) (0.30) (0.36)

SH 0.152±0.01012 0.163± 0.010a12 0.150±0.009ab

AERIAL TIME (S)

SL 0.095±0.010 0.096± 0.011 0.094±0.010 0.026 0.583 0.886

MH 0.093±0.010 0.095± 0.009 0.093±0.010 (0.26) (0.04) (0.02)

SH 0.094±0.010 0.096± 0.011 0.093±0.010

STEP FREQUENCY (HZ)

SL 4.14±0.22 4.01± 0.21a 4.11±0.24b <0.001 0.039 0.002

MH 4.17±0.24 3.98± 0.22a 4.14±0.25b (0.80) (0.24) (0.30)

SH 4.07±0.2212 3.88± 0.17a1 4.14±0.21b

STEP LENGTH (M)

SL 1.51±0.11 1.48± 0.09 1.51±0.12 0.008 0.410 0.987

MH 1.49±0.11 1.47± 0.10 1.50±0.11 (0.33) (0.07) (0.01)

SH 1.49±0.11 1.47± 0.10 1.50±0.11

Mean ± SD (n = 13). The repeated-sprint exercise protocol included a first set of eight sprints performed at sea level (SL), moderate (MH), or severe hypoxia (SH), while the second set

of four sprints was always performed at SL.
a,bSignificant different from average of sprint 1–4 and 5–8, respectively (P < 0.05).
1,2Significant different from SL and MH, respectively (P < 0.05).

5 sprints (−5.2% vs. −3.3%) (Pearcey et al., 2015). In this later
study, neuromuscular fatigue in the first 5 sprints was mainly
peripheral, whereas in the last 5 sprints it was both peripheral
and central. By assessing the development of fatigability during
repeated-sprint running exercise (12 × 30m–30 s rest), it has
also been reported that significant peripheral and central knee
extensor fatigue becomes evident after just two maximal sprints
(Goodall et al., 2015). In our study, the etiology of neuromuscular
fatigability (i.e., using peripheral and/or magnetic stimulations)
during or after repeated sprinting has not been specifically
investigated. Using such stimulation procedure and exposure
to acute moderate hypoxia (i.e., FiO2 = 13.8%; Billaut et al.,

2013) or the induction of pre-existing locomotor muscle fatigue
(i.e., following a 10-min neuromuscular electrical stimulation
protocol of the quadriceps; Hureau et al., 2014) it was,
however, evidenced that feedbacks from fatiguing muscles play
an important role in the determination of central motor drive
and force output during RSA protocols; i.e., the development of
peripheral muscle fatigue would be confined to a certain level so
as not to surpass a sensory tolerance limit.

During the first repeated-sprint set, RMS activity values
of all investigated muscles decreased significantly over time,
confirming that neural factors may have played a role in fatigue-
related decrement in sprint performance (Bowtell et al., 2014;
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TABLE 2 | Surface EMG root mean square (RMS) activity.

Variables Sprints ANOVA p-value (partial eta-squared)

(% sprint 1)
4 8 9 12 Condition Time Interaction

RMS vastus lateralis

SL 90.9±9.5a 85.0± 17.0a 92.4± 16.8c 86.1±17.2ad 0.987 <0.001 0.923

MH 89.2±11.7a 86.3± 11.7a 94.3± 9.4c 84.9±14.4ad (0.01) (0.52) (0.03)

SH 88.8±11.8a 83.0± 13.1a 96.1± 5.8c 84.8±6.0ad

RMS rectus femoris

SL 88.8±9.2a 84.8± 9.1ab 98.1± 11.7c 88.1±9.9ad 0.166 <0.001 0.036

MH 96.8±10.2a 85.5± 13.3ab 94.6± 14.2c 84.3±17.0ad (0.14) (0.67) (0.15)

SH 84.1±10.6a 75.5± 9.9ab1 91.1± 13.7c 81.8±12.4ad

RMS biceps femoris

SL 92.9±10.4 87.1± 13.3a 94.7± 9.0a 85.1±18.6abd 0.906 <0.001 0.535

MH 98.9±9.2 91.6± 9.2a 90.2± 12.9a 85.4±15.3abd (0.01) (0.53) (0.06)

SH 93.3±9.4 89.2± 9.5a 94.2± 11.7a 85.6±15.5abd

RMS gastrocnemius medialis

SL 93.8±5.9a 86.2± 10.2ab 99.6± 9.9c 91.9±18.2acd 0.336 <0.001 0.553

MH 93.2±11.2a 82.6± 13.9ab 92.4± 12.9c 84.5±18.9acd (0.09) (0.61) (0.06)

SH 90.3±9.7a 81.9± 8.4ab 95.7± 9.5c 91.5±11.6acd

RMS gastrocnemius lateralis

SL 94.5±12.0 86.8± 10.4ab 98.0± 8.8c 88.3±13.1ad 0.725 <0.001 0.657

MH 95.4±10.3 82.5± 17.1ab 99.1± 14.9c 87.4±13.6ad (0.02) (0.63) (0.05)

SH 89.7±12.1 83.0± 13.8ab 97.6± 8.1c 88.2±13.4ad

RMS tibialis anterior

SL 85.6±13.2a 72.5± 13.9ab 98.4± 10.8c 83.4±16.1ad 0.302 <0.001 0.039

MH 87.3±10.4a 84.4± 15.5ab 96.6± 10.8c 85.1±10.8ad (0.10) (0.71) (0.15)

SH 83.9±13.3a 76.3± 13.2ab 90.0± 10.0c 80.5±13.7ad

Mean ± SD (n = 13). The repeated-sprint exercise protocol included a first set of 8 sprints performed at sea level (SL), moderate (MH), or severe hypoxia (SH), while the second set of

4 sprints was always performed at SL.
a, b, c, and d significant different from sprint 1, 4, 8, and 9, respectively (P < 0.05).
1significant different from SL (P < 0.05).

Brocherie et al., 2015). This emphasis a decreased number of
motor units activated and/or firing rates of the recruited motor
units in exercising quadriceps and plantar flexor muscles, yet
with no possible distinction between these two phenomena. Our
results also feature an earlier and larger central down-regulation
of skeletal muscle recruitment in SH compared to SL orMH, even
though this observation is restricted to the Rectus femorismuscle
only. Exacerbated performance decrements under severe hypoxia
are likely to be explained by a reduced neural drive to the active
musculature, arising secondary to a stronger reflex inhibition due
to brain hypoxia (i.e., decreased brain oxygenation independently
of afferent feedback and peripheral fatigue; Millet et al., 2012a) or
a hypoxia-induced increased level of intramuscular metabolites
known to stimulate group III-IV muscle afferents (Hogan et al.,
1999). Although, hypoxia exposure would exacerbate exercise-
induced demand placed upon the central nervous system to
explain premature fatigue, it is important to emphasize that local
metabolic factors (not measured here) may also be responsible
for the greater fatigue incurred in SH vs. other conditions.

Reductions in MPF during exercise are indicative of a
slowdown of muscle fiber action potential conduction velocity
(Lindstrom et al., 1970). In the present study, the values of

MPF from the Vastus lateralis and Rectus femorismuscles during
sprint 8 were significantly lower than in sprint 1, while there
was no condition effect. This result differs from that of Matsuura
et al. (2006) who suggested, based on lower MPF values during
repeated cycling sprints with 35-s vs. 350-s recovery periods, that
a severer metabolic state (i.e., increased hypoxia severity) induces
preferred recruitment of slow twitch motor units.

Restoration of Sprint Mechanical Performance

between Repeated-sprint Sets
Conceivably, perceptual recovery, which is known to interact
with both feed-forward/feed-back mechanisms, may well
affect athlete’s willingness to maintain maximal efforts during
successive sprint actions. Despite distance covered and resulting
HR not being different, RPE values were elevated during the
second compared to the first repeated-sprint set at similar
time points (sprint 9 vs. 1 and 12 vs. 4). This indicates that
perception of peripheral discomfort may not be the major
performance regulator during RSA running protocols. Also in
line with this assumption are the well-preserved quadriceps
muscle activation and associated power output that occurred
during two 4-s maximal cycling bouts under hypoxic (FiO2 =
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TABLE 3 | Surface EMG median power frequency (MPF).

Variables Sprints ANOVA p-value (partial eta-squared)

(% sprint 1)
4 8 9 12 Condition Time Interaction

RMS vastus lateralis

SL 96.1±10.0a 94.2± 13.0 97.7± 10.9 94.3±11.9 0.977 0.024 0.923

MH 95.4±13.0a 95.0± 12.6 98.0± 12.3 93.9±16.0 (0.02) (0.21) (0.03)

SH 99.2±8.4a 93.2± 10.0 94.4± 13.8 92.9±14.4

RMS rectus femoris

SL 99.9±5.2a 96.4± 7.6ab 98.8± 8.6c 99.0±10.6 0.186 <0.001 0.167

MH 89.6±10.9a 88.8± 8.8ab 97.5± 11.6c 95.1±14.1 (0.14) (0.42) (0.13)

SH 94.1±10.3a 87.6± 13.1ab 94.2± 13.2c 89.3±16.4

RMS biceps femoris

SL 96.2±7.2 95.9± 10.9 90.0± 16.4 90.1±18.7 0.208 0.046 0.509

MH 99.3±12.2 94.8± 13.0 95.1± 15.6 94.4±11.8 (0.12) (0.23) (0.07)

SH 105.1±6.1 101.7± 10.8 94.2± 11.2 97.1±14.9

RMS gastrocnemius medialis

SL 98.7±9.3 99.4± 9.2 92.9± 12.3 93.3±8.8a 0.886 0.027 0.341

MH 94.8±7.4 92.7± 10.6 96.0± 11.1 95.2±11.5a (0.01) (0.20) (0.09)

SH 97.8±10.0 97.4± 10.9 95.0± 9.8 94.3±10.0a

RMS gastrocnemius lateralis

SL 96.8±5.1 99.9± 9.3 95.1± 7.7a 98.9±12.2 0.264 0.011 0.607

MH 97.4±6.3 94.4± 11.5 94.9± 12.6a 94.1±8.3 (0.11) (0.23) (0.06)

SH 95.8±9.4 94.6± 10.7 91.7± 12.3a 91.2±11.2

RMS tibialis anterior

SL 97.2±9.3 99.7± 10.8 96.3± 6.9 98.2±11.5 0.663 0.011 0.605

MH 97.5±5.9 94.5± 10.1 96.3± 15.8 93.3±13.9 (0.03) (0.23) (0.06)

SH 97.9±5.6 95.7± 11.0 91.8± 8.4 96.7±6.5

Mean ± SD (n = 13). The repeated-sprint exercise protocol included a first set of 8 sprints performed at sea level (SL), moderate (MH) or severe hypoxia (SH), while the second set of

4 sprints was always performed at SL.
a, b, and c significant different from sprint 1, 4, and 8, respectively (P < 0.05).

13%) and normoxic conditions, despite higher overall perceived
peripheral discomfort and perceived difficulty breathing
(Christian et al., 2014). Nevertheless, the role of effort perception
during recovery should not be disregarded as, for instance, the
magnitude of the core temperature decrease and the subjective
perception of recovery following cold water immersion after an
intense conditioning session have been related to performance
enhancement in a repeated 40m sprint protocol undertaken
24 h later (Cook and Beaven, 2013). Nonetheless, future studies
should isolate perceptual responses to recovery as mitigating of
improved performance.

After the 6min of passive rest between sprint 8 and sprint 9,
the temporal aspects of the stride cycle (contact and aerial times,
step frequency and step length values) and force production
characteristics (mean horizontal and resultant forces) during
sprint 9 recovered from those recorded during sprint 8 and were
not different from sprint 1. When physical education students
performed four sets of five, 6-s sprints (24 s of passive recovery
between sprints, 3min of rest between sets), Morin et al. (2011)
observed that the level of performance was almost systematically
higher at the beginning of sets 2, 3, and 4 than at the end of sets
1, 2, and 3. Thus, to preserve RSA performance it is practically
important to apply large forward-oriented total force against

the ground and minimize the decrease in step frequency (i.e.,
increase in contact time). Furthermore, despite differing hypoxic
severity levels during sprints 1–8, distance covered as well as
the main kinetic and kinematic variables measured at sprint
9 were restored near sprint 1 in all conditions. Interestingly,
SpO2 values recorded for sprint 9 were similar to those of
sprint 1 in the SL condition, with also no difference between
conditions for the average of the four sprint repetitions of
the second normoxic set. In fact, restoration of SpO2 levels
near baseline SL values is virtually complete after 6min of
normoxic exposure. Collectively, it shows that hypoxia level of
an initial sprint bout may not blunt the post-exercise recovery
of single and repeated-sprint performance and its mechanical
basis.

Restoration of EMG indices (RMS and MPF values) appear
to align with sprint mechanical performance recovery between
sprints 8 and 9, with no difference when comparing initial efforts
of the two repeated-sprint sets (sprints 1 vs. 9). This reinforces
that the ability to fully activate the contracting musculature
and/or optimal inter-muscle recruitment strategies are important
regulators of RSA. These results, however, are in disagreement
with those reporting that EMG amplitude remained depressed
(∼12%), after 6min of rest, during the initial repetition of
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the second exercise set, despite mechanical performance being
matched for first sprint of the two repeated-sprint series
(Mendez-Villanueva et al., 2007). Compared to normoxia, cycling
performance and quadriceps muscle activation during a multiple
sets RSA protocol (three sets of five 5-s cycling sprints with 25 s
of passive recovery between sprints and 120 s of rest between
sets) was lower in moderate hypoxia (FiO2 ∼0.14), with also
incomplete apparent recoveries of performance between the
last repetition of sets 1 and 2 (i.e., sprints 5 and 10) and the
initial repetition of sets 2 and 3 (i.e., sprints 6 and 11) (Billaut
et al., 2013). Accordingly, it is difficult to directly compare our
results with other experimental/environmental conditions. In
the present study, restoration of sprint mechanical performance
following prior repeated sprints at differing hypoxia severity
resulted from the recovery of muscle recruitment patterns, which
implicates a role for central mechanisms in the regulation of
post-exercise recovery. However, the role of peripheral recovery
should not be overlooked since it was demonstrated, using a
similar exercise protocol, that phosphocreatine re-synthesis was
associated with total work done during the first sprint of the
second set (r = 0.79, P < 0.05) and total work done during
the five sprints of the second set (r = 0.67, P < 0.05) (Mendez-
Villanueva et al., 2012).

Hypoxia has no Residual Effect during a

Subsequent Normoxic Repeated-sprint

Performance
An important determinant of fatigue during repeated sprinting
is the initial (i.e., first sprint) mechanical output, which
has consistently been positively correlated with performance
decrement over subsequent sprints (Girard et al., 2011c). In this
study, similar performance was observed during initial sprints of
both sets with no difference between conditions. Furthermore,
the averaged values of distance covered, kinetics and kinematics
for the four sprints of the second set (i.e., sprints 9–12; fatigued
muscles) were similar across conditions and were not statistically
different in reference to the average of the first four sprints
of the initial set (i.e., sprints 1–4; non-fatigued muscles). With
this in mind, our results indicate that recent muscle activation
(completion of the first set) does not alter the muscle recruitment
pattern and fatigability during a second set of repeated sprints
completed near sea level after a 6min (normoxic) resting period.
These results contrast with those of Mendez-Villanueva et al.
(2007) who indicated that after 6min of rest following 10, 6-s
cycling sprints, participants were able to reproduce during sprint
11 the mechanical performance achieved during sprint 4, but not
RSA. In the above study, greater fatigability was evident in the
five repetitions of the second (i.e., sprints 11–15) vs. the first set
(i.e., sprints 4–8), suggesting different recovery time courses after
single sprint and RSA performances. Despite severer hypoxia
levels during a first repeated-sprint exercise bout, majoring
exercise-induced demands placed on the neuromuscular system
(i.e., contact times and step frequencies for sprints 5–8 differed
from sprints 1 to 4 and 9 to 12), there was no apparent fatigue-
related residual or “carry-over” effects from this previous set.
Hence, RSA was similar across conditions during the completion
of a second set of normoxic repeated sprints.

With different exercise-to-rest ratios influencing, to a large
extent, the oxidative vs. glycolytic component (Tabata et al.,
1997), RSA may not be similarly affected by hypoxia exposure,
which complicates comparison of our results with those of
previous studies. Although, evidence is currently lacking, it
is anticipated that narrower exercise-to-rest ratios (1:2–1:4 vs.
1:5 as used here) and severer hypoxic conditions, inducing
a decreased O2 availability and an increased reliance on
O2-independent glycolysis for ATP resynthesis together with
a larger recruitment of fast-twitch fibers, may exacerbate
sprint performance decrements. While similar blood lactate
concentration levels observed here may suggest otherwise,
whether glycolytic vs. aerobic contributions actually differed
between our three conditions would need to be confirmed from
muscle oxygenation, phosphocreatine metabolism and/or pH
recordings. RSA protocols using different exercise-to-rest ratios
and hypoxia levels in the same group of participants would
also be helpful in this instance. The resting period duration
between the two sets is obviously a key parameter for any type
of multiple repeated-sprint sets. In the “hypoxia-to-normoxia
recovery” protocols, this duration is paramount as it determines
SpO2 levels at the start of the second set. In this study, SpO2

values measured 4min into recovery between the two repeated-
sprint sets returned near baseline and did not differ between
conditions. It is, however, likely that SpO2recovery to initial
values was even shorter. Hence, Krivoshchekov et al. (2014)
reported that the SpO2 recovery response after an acute exposure
to normobaric hypoxia (FiO2 = 0.10) decreasing SpO2 to 85%
was∼120 s.

Limitations
Before concluding, we must acknowledge several limitations that
may affect generalization of our findings. Firstly, although the
data were collected continuously (step-by-step), our analysis
was concentrated on 3 steps at top speed (i.e., usually
corresponding to the 20m mark of the sprints). It is noteworthy,
however, that considering all steps or only a few steps during
early, middle or late phases of 5-s sprints provides similar
mechanical outcomes during repeated treadmill sprinting,
although acceleration induces noticeable differences between
the sections studied (Girard et al., 2015a). It must also be
appreciated that running speed reached on our treadmill is
15–20% slower than over-ground, even though changes in
running mechanics are relatively similar (Rabita et al., 2015)
and overall sprint performance is highly correlated between
these two sprinting modes (Morin and Sève, 2011). Although,
an effect on performance induced by EMG electrodes or
mask breathing cannot be completely ruled out, the use of
wireless technology and the fact that resistance and increase
in dead space are negligible (Sheel, 2002) suggests that their
influence did not modify the main findings of the present
study.

Secondly, several concerns may affect EMG analysis and
include: (1) surface EMG amplitude cancellation; (2) the
stability of neuromuscular propagation and sarcolemmal
excitability (i.e., absence of supra-maximal stimulation to
evoke a M-wave for normalization of the EMG signal); (3)
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fatigue-related reflex inhibition (i.e., reflex effects in the
spinal cord). With differences <5%, the surface EMG signal
may not be sufficiently sensitive to measure meaningful
(i.e., clinically relevant) difference in muscle activation
between conditions. Therefore, declines in the magnitude
of efferent descending motor outflow, as a key factor in
neuromuscular recovery following repeated sprints, would need
to be confirmed through the use of multiple neurophysiological
measures (TMS, EEG) during resting intervals. The kinetics
of muscle oxygenation (NIRS) would also be valuable for
better comparing the metabolic differences between hypoxic
conditions.

Thirdly, we have used three known values of FiO2 as
hypoxic stimulus. For exposure to the same simulated altitude
(FiO2 = 10%), however, it is conceded that there is a
larger inter-individual variability in the degree of arterial
hypoxemia compared to clamped values of SpO2 (at 75%)
(Hamlin et al., 2010). While clamping of SpO2 would likely
cause a more consistent hypoxic stimulus across individuals,
it remains to be demonstrated that it will also induce a
better heterogeneity in neuro-mechanical responses to repeated
sprinting. Furthermore, hypobaric hypoxia has been shown
to induce severer physiological responses (SpO2 and HR)
than normobaric hypoxia (Millet et al., 2012b). One may
therefore speculate that the performance and mechanical
alterations would be larger at natural altitude than in the
present laboratory study. Direct comparisons of repeated sprint
exercises between normobaric and hypobaric hypoxia are
required.

Finally, in our study, we implemented 6min of rest
between the two sets of repeated treadmill sprints, so as
to compare our results with previous findings (Mendez-
Villanueva et al., 2007, 2012). However, not only are the
acute neuro-mechanical adjustments and the ensuing recovery
of SpO2 and performance influenced by the duration/nature
of the between-sets normoxic rest period but also the details
of the RSA protocols (e.g., exercise-to-rest ratio, exercise
mode, environment encountered; Girard et al., 2011c) and
participants’ background (e.g., training status, “aerobic” vs.
“anaerobic” profile, gender; Calbet et al., 2003). Given the
task-dependency of the effects of fatigue, our conclusions
must remain specific to the circumstances of this study and
would need to be confirmed using other RSA protocols and
participants.

Conclusion

To improve our understanding of neuro-mechanical
determinants of RSA, we manipulated the hypoxia severity

during an initial set of repeated sprints and examined the
effect on alterations in performance, running mechanics and
lower-limbs neuromuscular activity during a subsequent set
completed in normoxia. Under the circumstances of this
study (participants’ background, exercise-to-rest ratio, hypoxia
exposure), the magnitude of performance and neuro-mechanical
alterations (kinetics, kinematics, EMG indices) and the severity
of physiological and perceptual responses were larger in SH
compared to SL and MH. The novel findings from our “recovery
of performance” approach are that recoveries of performance and
neuro-mechanical alterations are almost complete after resting
for 6min near sea level, with also a similar fatigue pattern across
conditions during subsequent repeated sprints in normoxia. To
preserve RSA performance, it is therefore important to apply
large forward-oriented ground reaction force and minimize the
decrease in step frequency (i.e., increase in contact time), which
at least in part result from more optimal neural drive strategies.
However, no singular factor may represent a direct causative
mechanism determining RSA so that studying the potential
for other drivers of recovery (e.g., muscle damage or metabolic
factors) may also be relevant.
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The aim of this study was to assess and to compare heart rate variability (HRV)

after resistance exercise (RE) in treated hypertensive and normotensive subjects. Nine

hypertensive men [HT: 58.0 ± 7.7 years, systolic blood pressure (SBP) = 133.6 ±

6.5mmHg, diastolic blood pressure (DBP) = 87.3 ± 8.1mmHg; under antihypertensive

treatment] and 11 normotensive men (NT: 57.1 ± 6.0 years, SBP = 127 ± 8.5mmHg,

DBP = 82.7 ± 5.5mmHg) performed a single session of RE (2 sets of 15–20 repetitions,

50% of 1 RM, 120 s interval between sets/exercise) for the following exercises: leg

extension, leg press, leg curl, bench press, seated row, triceps push-down, seated calf

flexion, seated arm curl. HRV was assessed at resting and during 10min of recovery

period by calculating time (SDNN, RMSSD, pNN50) and frequency domain (LF, HF,

LF/HF) indices. Mean values of HRV indices were reduced in the post-exercise period

compared to the resting period (HT: lnHF: 4.7 ± 1.4 vs. 2.4 2± 1.2ms ; NT: lnHF: 4.8 ±

1.5 vs. 2.2 ± 1.1ms2, p < 0.01). However, there was no group vs. time interaction

in this response (p = 0.8). The results indicate that HRV is equally suppressed after

RE in normotensive and hypertensive individuals. These findings suggest that a single

session of RE does not bring additional cardiac autonomic stress to treated hypertensive

subjects.

Keywords: heart rate variability, autonomic nervous system, parasympathetic activity, sympathetic activity,

resistance exercise

Introduction

Resistance exercise (RE) has been widely used as an adjunct to aerobic exercise in a comprehensive
exercise training program oriented to health (Williams et al., 2007; Garber et al., 2011). Several
studies have demonstrated the benefits of RE for increasing muscle mass, strength, balance, and
quality of life in older adults or other frail populations (Cheema et al., 2014; Joshua et al., 2014;
Silva-Batista et al., 2014; Vechin et al., 2015) and more recent evidence also indicate positive effects
of RE in cardiovascular function and regulation (Queiroz et al., 2010; Grizzo Cucato et al., 2011).

Despite these recommendations, a single session of RE promotes a great cardiac autonomic
stress, characterized by a reduction in cardiac vagal modulation and an increase in sympathetic

46

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://dx.doi.org/10.3389/fphys.2015.00258
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2015.00258&domain=pdf&date_stamp=2015-09-16
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:jn@peb.ufrj.br
http://dx.doi.org/10.3389/fphys.2015.00258
http://journal.frontiersin.org/article/10.3389/fphys.2015.00258/abstract
http://loop.frontiersin.org/people/241144/overview
http://loop.frontiersin.org/people/229189/overview
http://loop.frontiersin.org/people/274574/overview
http://loop.frontiersin.org/people/230613/overview
http://loop.frontiersin.org/people/233749/overview
http://loop.frontiersin.org/people/244201/overview


Trevizani et al. Cardiac autonomic responses and resistance exercise

activity that persist during the post-exercise period (Heffernan
et al., 2006; Rezk et al., 2006; Kingsley and Figueroa, 2014). This
autonomic stress promoted by RE has been claimed to be greater
than that promoted by aerobic exercise (Heffernan et al., 2006), a
fact that can acutely increase the risks of cardiovascular events
after RE, particularly in subjects with cardiovascular diseases,
such as hypertension (Thompson et al., 2007).

Hypertension (HTN) is a highly prevalent chronic disease
(Mozaffarian et al., 2015), characterized by increased levels of
blood pressure, end-organ damage, and increased cardiovascular
risks (Chobanian et al., 2003). Autonomic dysfunction is one
of the main pathophysiological mechanisms of HTN, since it
is related both to the development and also the complications
of this disease (Mancia and Grassi, 2014). The autonomic
dysfunction of HTN has been mainly demonstrated in rest,
either by increased levels of sympathetic nerve firing (Schlaich
et al., 2004) or reduced heart rate variability (HRV; Singh et al.,
1998), but also during physiological maneuvres, such as exercise
(Rondon et al., 2006). Accordingly, some recent studies have
demonstrated a slower autonomic recovery after aerobic exercise
in hypertensives in comparison with normotensives (Erdogan
et al., 2011; Aneni et al., 2014).

Given that a single session of RE promotes significant
autonomic disturbances, and that autonomic recovery after
aerobic exercise is suggested to be slower in hypertensives
compared with normotensives, it seems reasonable to expect
that autonomic recovery from RE will be further slowed in
hypertensives in comparison with normotensives. Thus, the aim
of this study was to assess and to compare the cardiac autonomic
recovery, assessed by HRV, after RE in treated hypertensive and
normotensive subjects.

Methods

Sample
Eleven normotensive (NT) and nine hypertensive men (HT)
under regular antihypertensive treatment (period of treatment=
9.7 ± 4.9 years; Table 1) participated in this study. Inclusion
criteria were: age greater than 50 years old, no smoking for at
least 1 year, no practicing of regular physical exercise (frequency
up to one session per week) for at least 1 year. None of the study
subjects had a history of musculoskeletal injury or cardiovascular
diseases that could affect results, no arrhythmias were detected
in the resting electrocardiography and none were using beta
blockers. All of the subjects provided written voluntary informed
consent, which was approved by the University Human Ethics
Review Board and followed the recommendations from the
Declaration of Helsinki.

Preliminary Assessment
Preliminary evaluations were performed on non-consecutive
days. On the first day, the volunteers performed a clinical
evaluation, anamneses (personal data, lifestyle questionnaires,
previous diseases history, and cardiovascular risk parameters)
and physical measurements were taken, such as height and
body mass for subsequent calculation of the body mass index
(BMI = mass/height2; kg/m2), waist and hip circumferences

TABLE 1 | Antihypertensive medication.

Pharmacological class Number of volunteers Percentage (%)

1. Not on medication 1 11.1

2. Under medication use 8 88.9

2.1. Monotherapy 5 55.6

Diuretics 1 11.1

Calcium channel blockers 1 11.1

Angiotensin receptor antagonist 3 33.3

2.2. Combination of therapies 3 33.3

Angiotensin receptor antagonist and

diuretics

1 11.1

Angiotensin receptor antagonist and

calcium channel blockers

1 11.1

Angiotensin receptor antagonist,

calcium channel blockers and

diuretics

1 11.1

for the calculation of waist–hip ratio and percentage of body
fat. Single measurements of systolic (SBP) and diastolic (DBP)
blood pressures were taken by an experienced evaluator using
a calibrated sphygmomanometer after 10 and 20min of supine
resting. The average of these two measurements was retained
for analysis. Additionally, mean blood pressure (MBP) was
calculated through the sum of the DBP and one-third of
the pulse pressure. From the second to the fourth day, the
subjects underwent three RE sessions to become familiar with
the equipment and exercise techniques. On the fifth and sixth
day, individuals performed the test and retest of one-repetition
maximum (1 RM) to evaluate the maximum dynamic muscle
strength. During the 1 RM assessment, participants were allowed
to perform up to five attempts to reach the maximal load for
each exercise (see experimental protocol), with rest intervals of
5min between exercises. Differences lower than 5% between tests
were accepted and the greatest 1 RM-value was considered for the
prescription of exercise sessions.

Experimental Protocol
The experimental protocol consisted of three phases: rest, RE
session, and recovery. All participants were advised not to ingest
caffeinated or alcoholic drinks, and not to practice vigorous
physical activity in the 24 h prior to the experiments. Initially,
the volunteers remained seated for 10min (rest stage). Then,
they were submitted to a RE session in which they performed
two sets of 20 repetitions at 50% of 1 RM on the following
exercises: leg extension, leg press, leg curl, bench press, and
seated row; and 15 repetitions at: triceps push-down, seated
calf flexion, and seated arm curl. The rest interval between
the sets and exercises was set to 2min. Finally, individuals
returned to the seated position, remaining in recovery for 10min.
At rest and during the recovery phases, heart rate (HR) was
recorded beat-to-beat (RR-intervals) by an HR monitor (Polar R©

RS800CX, Kempele, Finland, sampling frequency = 1000Hz;
Nunan et al., 2009).
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Procedures
Heart Rate Measures

The series of RR-intervals (RRi) recorded during rest and
recovery were directed to a microcomputer, by infrared
transmission to the Polar Precision Performance software (Polar
Inc., Kempele, Finland). After a visual inspection, ectopic beats
and artifacts were manually corrected by an expert (J.N.). Then,
trend component removal of the time series was carried out
according to the “a priori” smoothing method (Tarvainen et al.,
2002), and interpolation using cubic splines at a frequency of
4Hz was thus applied to extract equally spaced samples, thereby
ensuring series of normal RR-intervals (NN). In sequence, theHR
average value of the initial 5min (rest) andHR-values in each 30-s
window during the initial 5min of recovery were calculated.

Heart Rate Variability Analysis: First 5Min of

Recovery

Since the behavior of the RRi signal in the first 5min of
recovery is non-linear (Goldberger et al., 2006), for the analysis
of the HRV in such a period the time-varying vagal-related
index RMSSD (square root of the mean of the sum of the
squares of differences between adjacent normal R–R intervals)
was calculated on subsequent 30 s non-overlapped segments
(RMSSD30s), as proposed by Goldberger et al. (2006). To smooth
out any transient outliers in the RMSSD30s plots, a median filter
operation was applied, where each outlier value was replaced
with the median of the value as well as the preceding and
following values. The first and last values were notmedian filtered
(Goldberger et al., 2006).

Heart Rate Variability Analysis: Resting and 5–10Min

of Recovery

The resting and late recovery period (5–10min) HRV was
analyzed according to the HRV Task Force (Task-Force, 1996)
in the Kubios software (v 2.0, Biomedical Signal Analysis Group,
Department of Applied Physics, University of Kuopio, Finland).
The following time domain indices were calculated: the standard
deviation of NN (SDNN), the square root of the mean square
differences of successive NN (RMSSD) and the ratio between the
number of times in which the difference between successive NN
presented a duration higher than 50ms in relation to the total
number of NN (pNN50). The SDNN reflects the participation of
all the rhythmic components responsible for variability, and is
related to the joint action of both branches of the autonomous
nervous system for the control of heart rate, whereas the
RMSSD and pNN50 reflect the contributions of variations in high
frequencies, which are related to the vagal action on the sinoatrial
node (Task-Force, 1996). The frequency domain indices were
calculated by the power spectral density function (PSD) using
the Fast Fourier Transform (FFT; Malik and Camm, 1990; Task-
Force, 1996). Prior to this transformation, the time series were
detrended (smoothing priors) and resampled to 4Hz sampling
rate using cubic spline interpolation. For the spectral analysis, the
following indices were calculated: the power of the spectral bands
of low frequencies (LF; 0.04–0.15Hz) in absolute units (ms2),
which represents the set of sympathetic and vagal influences
on the sinoatrial node, and in normalized units (nu), which

predominantly represents the cardiac sympathetic modulation
(Task-Force, 1996); the power of the spectral bands of high
frequencies (HF; 0.15–0.4Hz) in absolute (ms2) and normalized
(nu) units, which represents the cardiac vagal modulation (Task-
Force, 1996); and the LF/HF ratio, whose value is interpreted
as a sympathetic-vagal balance indicator (Pagani et al., 1986;
Task-Force, 1996).

Statistical Analysis
The results of this study are reported as mean ± standard
deviation and the Alpha level was set at 5%. Following the
use of the Shapiro–Wilk test, the hypothesis of normality was
rejected for SDNN, RMSSD30s, RMSSD, HF, and LF indices, so
variables were natural log-transformed (ln). The Student-t-test
for independent samples and the Mann–Whitney tests were used
to compare demographic, anthropometric and haemodynamic
variables, and the measures of maximum dynamic muscle
strength between the groups. A Two-Way ANOVA (group vs.
time), followed by Tukey’s post hoc-test, were employed to
compare the HRV variables between the groups.

Results

Table 2 presents the demographic, anthropometric, and
haemodynamic characteristics of the experimental groups. There
were no differences between groups in any of these variables.
There were also no differences in maximum dynamic muscle
strength in each exercise between groups (Table 3).

The HR and RMSSD30s values in the post-exercise period
were, respectively, increased and decreased in comparison to
their resting values in both groups (time effect: p < 0.01 for all
analyses), however, there were no differences in these responses
between NT and HT (group vs. time interactions: p = 0.10 and
0.83, for HR and RMSSD30s, respectively; Figure 1).

The mean values of the HRV time-domain indices were
reduced in the post-exercise period compared to the resting

TABLE 2 | Sample characterization: demographic, anthropometric, and

haemodynamic variables.

HT NT p-value

DEMOGRAPHIC VARIABLES

Age (years) 58.0 ± 7.7 56.5 ± 6.3 0.65

(50–65 years) (50–74 years)

ANTHROPOMETRIC VARIABLES

BMI (kg/m2) 29.0 ± 3.9 24.8 ± 3.5 0.06

Waist–hip ratio 0.93 ± 0.1 0.88 ± 0.1 0.08

% BF 26.8 ± 7.0 22.7 ± 6.0 0.27

HAEMODYNAMIC VARIABLES

SBP (mmHg) 133.6 ± 6.5 127.0 ± 8.5 0.09

DBP (mmHg) 87.3 ± 8.1 82.7 ± 5.5 0.10

MBP (mmHg) 102.8 ± 6.9 96.2 ± 7.8 0.08

Values described as mean ± standard deviation.

HT, hypertensive group; NT, normotensive group; BMI, body mass index; % BF,

percentage of body fat; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP,

mean blood pressure.
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period in both groups (time effect: p < 0.01 for all analyses),
however there was no difference in this response between NT
and HT (group vs. time interactions: p = 0.2–0.4 depending on
the index analyzed; Figure 2). Regarding the frequency domain
indices, we observed a significant reduction in the LF (ms2) and
HF (ms2 and nu) and an increase in the LF (nu) and LF/HF in the
post-exercise period in comparison to resting values (time effect:
p < 0.01 for all analyses), with no differences between groups
in these responses (group vs. time interactions: p = 0.2–0.8
depending on the index analyzed; Figure 3).

Discussion

The main findings of this study were the suppression of the
HRV after RE and the lack of influence of hypertension in this
response.

It has been demonstrated that an increase in sympathetic
and decrease in parasympathetic activity in the post-exercise
period underlies the increased risk of acute cardiovascular events
in this period (Smith et al., 2005; Thompson et al., 2007). In
this context, several studies have been conducted in order to
understand which aspects of the exercise could influence the

TABLE 3 | Measures of maximum dynamic muscle strength for each

exercise.

Exercises Maximum dynamic muscle strength (kg)

HT NT p-value

Leg extension 127.7±41.2 130.9± 33.8 0.72

Leg press 122.2±37.0 148.4± 39.7 0.56

Leg curl 78.4±29.2 92.2± 18.3 0.28

Bench press 52.4±15.7 59.6± 12.8 0.16

Seated row 99.1±18.4 102.1± 16.6 0.75

Triceps push-down 51.0±14.0 54.6± 10.1 0.71

Seated calf flexion 34.7±9.3 37.5± 5.8 0.43

Seated arm curl 50.0±10.0 55.0± 7.8 0.30

Values described as mean ± standard deviation.

HT, Hypertensive group; NT, Normotensive group.

autonomic responses after exercise. Accordingly, the type of
exercise seems to play an important role on the post-exercise
autonomic recovery. In this regard, Heffernan et al. (2006)
compared the HRV after a session of resistance or aerobic
exercise, demonstrating a greater reduction of HRV after the RE.
Similar results were found by Niemelä et al. (2008), who observed
a delayed autonomic recovery after heavy-resistance exercise in
comparison with aerobic and light-resistance exercises. Despite
the absence of comparisons between resistance and aerobic
exercise, the present results are in line with the previous ones
(Heffernan et al., 2006) since a significant reduction was observed
in parasympathetic activity (reduction in RMSSD andHF) and an
increase in sympathetic balance [increase of LF (nu) and LF/HF],
leading to an increase in HR and a suppression of HRV during
the entire recovery period after the RE session in both groups.
These findings spark an alert for the potential risks that could
be brought by the practice of RE in subjects more prone to
developing cardiovascular abnormalities after exercise, such as
individuals with HTN (Thompson et al., 2007).

Hypertension is a chronic highly prevalent disease that is
characterized mainly by increased levels of blood pressure,
leading to higher rates of cardiovascular morbidity and mortality
(Chobanian et al., 2003). The degenerative process of this
disease is mediated by some pathophysiological mechanisms and
autonomic dysfunction has been advocated as being a crucial
one (Mancia and Grassi, 2014). Indeed, studies have already
identified an increased sympathetic drive to the kidneys and
muscles (Schlaich et al., 2004), and a reduced HRV (Guzzetti
et al., 1988; Pagani and Lucini, 2001; Mancia and Grassi, 2014)
in hypertensive individuals and it seems that these responses
are even worse in more complicated hypertensive states (Grassi
et al., 1998a, 2004). Recently, some studies with aerobic exercise
have also demonstrated that this autonomic dysfunction in
hypertensive subjects is also present in the post-exercise period
(Erdogan et al., 2011; Aneni et al., 2014; Best et al., 2014).
Accordingly, Erdogan et al. (2011) have demonstrated a slower
heart rate recovery after aerobic exercise in hypertensives in
comparison to normotensives, and Aneni et al. (2014) observed
that this reduction in heart rate recovery accompanies the
progression of HTN.

FIGURE 1 | Heart rate (HR) and heart rate variability (RMSSD30s index) at rest and during 5min of recovery (post-exercise). HT, hypertensive group; NT,

normotensive group; * significantly different from rest in both groups (p < 0.05).
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FIGURE 2 | Time-domain heart rate variability indices (SDNN, RMSSD, and pNN50) at rest (PRE) and during 5–10min of recovery (POST). HT,

hypertensive group; NT, normotensive group; * p < 0.05.

FIGURE 3 | Frequency-domain heart rate variability indices [LF, HF (ms2 and nu) and LF/HF] at rest (PRE) and during 5–10min of recovery (POST). HT,

hypertensive group; NT, normotensive group. * p < 0.05.
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Given that RE is known to produce high levels of
autonomic stress, and that hypertensive subjects are supposed to
present autonomic dysfunction in the post-exercise period, the
hypothesis of this study was that treated hypertensives would
present a reduced HRV in the post-exercise period in comparison
with normotensives. Despite that, this study did not observe
any influence of HTN status on post-exercise HR or HRV. This
finding suggests that the autonomic stress imposed by the RE
is not different between normotensive and treated hypertensive
subjects.

It should be highlighted that the hypertensive subjects in this
study were under medication treatment and well-controlled, a
factor that is known to improve autonomic function (Kailasam
et al., 1995; Ye et al., 2002). This could have prevented a
greater post-exercise autonomic stress after RE in this group.
Accordingly, most of studies that have shown the presence of
autonomic dysfunction in hypertensives have used never-treated
subjects (Rondon et al., 2006; Erdogan et al., 2011) or employed
a wash-out period before the exercise intervention (Schlaich
et al., 2004). Indeed, in the present study HRV-values showed
no differences between treated hypertensives and normotensives
even in the resting state (i.e., pre-exercise values), a fact that
suggests that they did not present autonomic dysfunction in their
baseline. The hypertensive subjects of the present study were also
free of associated comorbidities and HTN-related complications,
factors which are known to negatively influence autonomic
function (Grassi et al., 1998b, 2004). Therefore, it seems likely
that at least in well-controlled hypertensive subjects with no
additional comorbidities and complications, the autonomic stress
posed by RE is similar to that of normotensive ones.

The absence of standardization of the antihypertensive drugs
among the hypertensive subjects could be viewed as a limitation
of this study. However, the modification of the antihypertensive
drugs, particularly in well-controlled hypertensives may be

problematic, since it could worsen their blood pressure control,
thus hampering the treatment. For this reason, the decision
to maintain their original prescribed medication was taken in
order to warrant the best treatment for each subject. It should
also be emphasized that despite each individual using a specific
antihypertensive drug (Table 1), no one was under the use of
beta blockers, a class of drugs known to directly influence the
autonomic nervous system (Frishman, 2003). Another potential
limitation of this study could be the reduced number of subjects.
However, a post hoc power analysis revealed a power >0.7
in most of the statistical comparisons, indicating that the
sample size of the current study was adequate for the analysis
performed. Finally, it should be emphasized that HRV provides
information regarding the cardiac autonomic modulation rather
than cardiac autonomic tone per se. This means that the tools
of the present study did not allow an assessment of the degree
of the sympathetic and parasympathetic drives to the heart, but
rather its balanced responses to variations in respiration, blood
pressure, and temperature, among other factors (Saul, 1990).

Conclusion

The results of the present study indicate that RE promotes
a significant suppression of HRV after exercise, a fact that
can potentially increase the cardiovascular risks of the practice
of this exercise. However, this response was similar between
normotensives and treated hypertensives, suggesting that a
controlled hypertension does not bring additional cardiovascular
risks to the practice of RE.
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Nutritional interventions to augment
resistance training-induced skeletal
muscle hypertrophy

Robert W. Morton, Chris McGlory and Stuart M. Phillips *

Exercise Metabolism Research Group, Department of Kinesiology, McMaster University, Hamilton, ON, Canada

Skeletal muscle mass is regulated by a balance between muscle protein synthesis (MPS)

and muscle protein breakdown (MPB). In healthy humans, MPS is more sensitive (varying

4–5 times more than MPB) to changes in protein feeding and loading rendering it the

primary locus determining gains in muscle mass. Performing resistance exercise (RE)

followed by the consumption of protein results in an augmentation of MPS and, over

time, can lead to muscle hypertrophy. The magnitude of the RE-induced increase in

MPS is dictated by a variety of factors including: the dose of protein, source of protein,

and possibly the distribution and timing of post-exercise protein ingestion. In addition,

RE variables such as frequency of sessions, time under tension, volume, and training

status play roles in regulating MPS. This review provides a brief overview of our current

understanding of how RE and protein ingestion can influence gains in skeletal muscle

mass in young, healthy individuals. It is the goal of this review to provide nutritional

recommendations for optimal skeletal muscle adaptation. Specifically, we will focus on

how the manipulation of protein intake during the recovery period following RE augments

the adaptive response.

Keywords: muscle protein synthesis, strength, protein balance, leucine, whey, anabolism

Introduction

Beyond its role in locomotion, skeletal muscle is the largest site of postprandial glucose disposal, a
large site of lipid oxidation, and a substantial contributor to resting metabolic rate (for review see
Wolfe, 2006). As a result, considerable research using stable isotopic tracers has been conducted
that has aimed to understand the biology of muscle protein turnover in response to various stimuli.
What this work has shown us is that the size of human muscle mass is dictated by diurnal changes
in rates of muscle protein synthesis (MPS) and muscle protein breakdown (MPB) (Phillips, 2004).
In the rested, fasted state, rates of MPB exceed those of MPS and thus skeletal muscle is in a
state of negative net protein balance (Biolo et al., 1995b). However, in response to amino acid
(AA) or protein feeding, there is a significant but transient increase in rates of MPS and no
significant change in MPB rendering skeletal muscle in a state of positive net protein balance
(Biolo et al., 1997; Phillips, 2004). It is the relative contribution of these fed and fasted periods
to overall net protein balance that dictates skeletal muscle mass homeostasis over time (Phillips,
2004).

In addition to the protein feeding-induced increases in MPS, resistance exercise (RE) also
imparts a positive impact on skeletal muscle size (Chesley et al., 1992; Yarasheski et al., 1993;
Cermak et al., 2012). Indeed, a single bout of RE in the fasted state significantly increases rates
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of MPS, however, this rise in MPS is not enough to promote
a positive net protein balance (Biolo et al., 1995b). Instead,
RE serves to potentiate MPS in response to AA feeding (Biolo
et al., 1997), an effect that may persist for up to 24 h (Burd
et al., 2011). Therefore, repeated bouts of RE and protein
feeding result in skeletal muscle hypertrophy (Cermak et al.,
2012). What remains largely unknown is what the most anabolic
or sensitizing RE protocol is. Moreover, data pertaining to
the optimal dose, timing and quality of protein intake to
optimize post-RE muscle anabolism have only recently enabled
appropriate recommendations to bemade. The aim of this review
is to concisely summarize these data as well as discuss new
evidence with regards to RE prescription for muscle hypertrophy.
We do not provide a comprehensive overview of the cellular and
molecular mechanisms regulating cell size but refer the interested
reader to other reviews on this topic (Adams and Bamman, 2010;
Egan and Zierath, 2013; Blaauw and Reggiani, 2014).

Protein Dose

The first study to examine a protein dose-response relationship
with MPS following RE was conducted by Moore et al. (2009).
Moore et al. (2009) fed whole-egg proteins after a bout of
RE to healthy young men with a wide range of resistance-
training experience (4 months to 8 years). The authors found
that after a bout of unilateral lower-body RE the MPS response
plateaued with ingestion of 20 g of protein such that there was
no statistically significant benefit toward MPS with the ingestion
of 40 g (Moore et al., 2009). Alternatively phrased, ingestion
of 20 g of protein resulted in 89% of the response conferred
by ingestion of 40 g. In young, resistance-trained (≥6 months
previous weight-lifting experience) men 20 g of whey protein
following unilateral RE was also shown to sufficiently stimulate
post-absorptive MPS with no further increase ingesting 40 g
(Witard et al., 2014a). It appears that 20 g of whey protein
(or ∼0.25 g protein/kg) is an ample amount of protein to ingest
for healthy young men both at rest (Cuthbertson et al., 2005) and
after exercise (Moore et al., 2009) regardless of training status
(Witard et al., 2014a). Similar results have also been found at
rest using whole food (90% lean ground beef) in young men and
women where a moderate (∼30 g protein) amount was just as
effective as a high (∼90 g protein) amount at stimulating MPS
(Symons et al., 2009). Altogether, these results suggest that 20 g is
the maximally effective protein dose per meal in healthy, young
individuals. Protein consumed beyond this level is oxidized at a
higher rate (Moore et al., 2009; Witard et al., 2014a) and results
in urea production (Witard et al., 2014a) indicating there is a
limit of AAs that can be used for MPS. The theory behind why,
with increasing protein doses, there is a ceiling on MPS has
been termed the “muscle full effect” (Atherton et al., 2010). It is
important to acknowledge that these dose-response studies have
been limited to lower limb RE and thus it remains unknown as
to whether the absolute dose of protein required to maximally
stimulate rates of MPS following whole-body RE is >20 g.

In this respect, we have refined the estimates for protein to
a dose that is expressed per kilogram of body mass or even
lean body mass (Moore et al., 2015). Using a two-phase linear

regression model we reported that the dose of protein beyond
which there was no further increase in MPS in young men was
0.25 g/kg/meal (90% confidence interval 0.18–0.3 g/kg/meal). To
account for inter-individual variability we propose the addition
of two standard deviations to our estimate, yielding a dose
of protein that would optimally stimulate MPS at intake of
0.4 g/kg/meal. In our view, ingestion of protein beyond this dose
would result in no further stimulation of MPS. The effects of
AA ingestion beyond that needed to maximally stimulate MPS
may include metabolic feedback regulation (Layman et al., 2015),
satiety (Leidy et al., 2015), and thermogenesis (Acheson et al.,
2011). Nonetheless, it needs to be appreciated that AA availability
at levels beyond the rate at which they can be used for protein
synthesis or other AA-requiring processes means that the amino
nitrogen will be used for ureagenesis (Price et al., 1994; Witard
et al., 2014a).

Changes in MPS are much greater (4–5 times) in response
to stimuli such as contraction and feeding than MPB in healthy
humans (Phillips et al., 1997, 2009; Rennie et al., 2004). It has
been theorized that defining the protein dose that optimally
stimulates MPS is insufficient to accurately characterize the true
“anabolic potential” of protein-containing meals (Deutz and
Wolfe, 2013). Citing data from whole-body protein turnover
Deutz and Wolfe made the case that larger doses of protein
can still be more anabolic than smaller doses due to a marked
suppression of protein breakdown (Deutz and Wolfe, 2013).
The problem in translating these findings to skeletal muscle
is that non-muscle tissues dominate whole-body measures of
protein turnover, with muscle accounting for only 25–30% of
whole body protein turnover (Nair et al., 1988). Thus, even if
there is increasingly positive whole-body protein balance with
protein doses higher than what we are recommending here we
propose that those would be predominantly due to suppression
of proteolysis in non-muscle tissues. Even if 25–30% of the
suppression of whole-body proteolysis with larger protein doses
(Deutz and Wolfe, 2013) were from skeletal MPB such potential
gains would be, in our estimation, unlikely to impart a marked
benefit in terms of stimulating muscular hypertrophy. While
such a conclusion awaits experimental confirmation we propose
that marked suppression of proteolysis may not be an optimal
strategy to pursue for those engaging in RE. In our opinion, given
the multiple mechanisms damaging muscle during exercise, a
higher rate of protein turnover (and not persistently suppressing
proteolysis) would provide a more efficient mechanism for the
removal of damaged proteins.

Timing of Protein Ingestion

We have known for some time that RE alone results in a long-
lasting elevation in MPS for at least 48 h and MPB for 24 h
(Phillips et al., 1997); thus, even in the basal fasted state there is a
subsequent increase in the turnover of muscle proteins. RE alone
elevating basal MPS will “prime” the muscle to be responsive,
in terms of an increased sensitivity of MPS, to aminoacidemia.
The duration of this sensitivity is at least 24 h (Burd et al.,
2011) and, based on the similar protein dose thresholds (Moore
et al., 2009; Witard et al., 2014a), we predict no difference in
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sensitivity between untrained and trained individuals. Given the
sensitizing effect of RE, we conclude it is most advantageous to
ingest protein and generate hyeraminoacidemia in the post-RE
period.

Some have postulated that pre-exercise protein ingestion
may also “prime” the system and offer some advantage over
a post-exercise supplementation strategy. However, ingesting
20 g of whey protein either before or 1 h after 10 sets of
leg extension resulted in similar rates of AA uptake (Tipton
et al., 2007). In other studies there was no benefit shown
with pre-exercise AA feeding (Fujita et al., 2009; Burke et al.,
2012a). Considering the synergistic response of aminoacidemia
following RE (Biolo et al., 1997; Burd et al., 2011), we see
it as being optimal to ingest protein immediately following
RE. Moreover, we speculate pre-exercise aminoacidemia may
blunt the subsequent post-RE MPS response to AAs due to an
overlap in the aminoacidemic responses and a muscle full effect
(Atherton et al., 2010).

There is only one study to date that has supplemented with
protein during exercise and examined the MPS response (Beelen
et al., 2008). Beelen and colleagues supplemented young men
during an extended RE workout. The supplements were taken
before and every 15min during exercise providing 0.15 g/kg/h
carbohydrate with or without 0.15 g/kg/h casein hydrolysate.
There was a greater MPS response with carbohydrate plus
protein ingestion, which was most likely due to the protein;
however, the extra total energy cannot be discounted as a factor
(Beelen et al., 2008). Evidence suggests that during-exercise
consumption of protein may be beneficial though once again we
counsel caution on this practice as the additional post-exercise
hyperaminoacidemia may be less effective due to the muscle full
effect.

A recent meta-analysis examining protein timing and
hypertrophy concluded that the ingestion of a post-exercise
supplement in closer temporal proximity to RE positively
influenced hypertrophy (Schoenfeld et al., 2013); however,
after adjustment for all covariates, the authors concluded
that total protein intake was the strongest predictor of
muscular hypertrophy and that protein timing did not influence
hypertrophy. Nonetheless, practical advice would dictate that
the post-exercise period is a time when rehydration, refueling
(carbohydrate), and repair (3R) of damaged tissues should occur.
We propose that it is still a pragmatic message to tell athletes to
ingest fluid, carbohydrates, and protein to accomplish the goals
defined by the 3R.

How protein should be consumed throughout the day is
matter of debate. In an acute study, an “intermediate” pattern
of whey protein ingestion (4 × 20 g every 3 h) throughout a
12 h recovery period post-RE was found to be more effective
than ingestion of large boluses (2 × 40 g every 6 h) or a pulse
(8 × 10 g every 1.5 h) protocol at stimulating MPS (Areta et al.,
2013). These results are in agreement with the muscle full effect
where, when AA delivery is sufficient (∼20 g), AAs are no longer
used for MPS and are targeted for oxidation (Moore et al., 2009;
Atherton et al., 2010; Witard et al., 2014a). However, many
studies examining the impact of protein feeding on MPS either
infuse AAs or provide protein in a bolus form. Though these

are an efficient and direct way to provide protein in a laboratory
setting, it is not how protein is consumed in the applied
setting (i.e., a mixed macronutrient meal). The macronutrient
composition and form of meal intake may influence both the
meal-induced rise in hyperaminoacidemia and protein synthesis
(Burke et al., 2012b). It is also important to, when considering
the distribution of protein throughout the day, acknowledge that
the recommended dietary allowance for the United States and
Canada is 0.8 g/kg/day, which, for an 80 kg individual, would
equate to only 64 g of protein per day. Future studies should
focus onmixedmacronutrients meals and rates of muscle protein
turnover over a longer period of time.

Pre-sleep feeding is a time when protein provision may
provide a marked benefit to remodel muscle proteins. Ingestion
of 40 g of casein protein before bed stimulates MPS and improves
net protein balance overnight in healthy young men (Res
et al., 2012). Recently, a 12 week progressive RE training study
showed that a pre-sleep casein beverage (27.5 g protein, 15 g
carbohydrate, 0.1 g fat) in comparison with a placebo beverage
augmented muscle mass, muscle fiber area, and strength gains
(Snijders et al., 2015). However, the control group in this study
did not receive a protein supplement resulting in a 0.6 g/kg
difference in total protein intakes (1.3 vs. 1.9 g/kg/d), which some
would argue would confer an advantage to the supplemented
group regardless of when the protein was consumed. This may be
the case and we acknowledge that 1.3 g/kg/d does not fall within
even our recommendations for a protein intake that appears to
be optimal for hypertrophy (Phillips, 2014a). Nonetheless, it is
interesting to note that in a meta-analysis done by Cermak et al.
(2012) only 3 of the 16 studies she analyzed showed statistically
significant gains in lean mass with protein supplementation in
young persons. While there were a further 4–5 studies that
approached statistical significance, the fact that only 3 (19%)
of the studies [one of which was in women in a hypoenergetic
state (Josse et al., 2011)] independently reported augmented
hypertrophy with protein supplementation shows that protein’s
effect on hypertrophy is small compared to the stimulus of the
exercise itself. The point we make here is that the magnitude
of the effects seen by Snijders et al. (2015) are impressive even
considering the extra protein ingested and so we propose that
the pre-sleep timing of the protein supplement was as, if not
more, important as the higher protein intake of the supplemented
group.

Altogether, we propose that the timing of protein intake is
an important variable to consider in optimizing skeletal muscle
recovery and hypertrophy. It appears optimal to ingest protein
in the post-exercise period though the purported “anabolic
window” for protein ingestion lasts at least 24 h (Burd et al.,
2011) and does not have as drastic an effect on outcomes
as has been believed (Schoenfeld et al., 2013). It is also
important to ingest protein in sufficient doses (∼0.4 g/kg/meal)
distributed throughout the day (Areta et al., 2013). Lastly,
ingesting AAs in larger doses of protein (40 g casein or up
to 0.6 g/kg/meal) pre-sleep appears to augment both acute
overnight MPS (Res et al., 2012) and chronic skeletal muscle
adaptations (Snijders et al., 2015). We wish to emphasize,
however, that the magnitude of gains that are attributable to
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protein supplementation compared to the overall gains made as
a result of the RE training program itself appear to be relatively
small.

Protein Quality

There are inherent differences in quality between the three most
commonly consumed isolated protein sources: soy, casein, and
whey. Proteins such as whey and soy are digested relatively
rapidly, resulting in rapid aminoacidemia, and induce a larger
but more transient rise in MPS than casein (Tang et al.,
2009; Reitelseder et al., 2011). Whole-body protein synthesis is
stimulated more with whey protein whereas whole-body protein
breakdown is suppressed with ingestion of casein (Boirie et al.,
1997). After ingestion of isolated casein, soy and whey protein
(all providing 10 g EAA) the acute (3 h) rise in MPS was found
to be greatest with whey protein both at rest and following
exercise (Tang et al., 2009). Interestingly, soy protein had higher
MPS than casein at both rest and after exercise as well (Tang
et al., 2009). It appears that at least up to 3 h post-RE the most
effective protein source is whey (Tang et al., 2009). Even for
those considering weight loss, after 2 week of being hypocaloric,
habitual daily consumption of whey (54 g) is more effective than
soy at offsetting the decline in the postprandial MPS response
(Hector et al., 2015).

In an effort to elucidate the attenuated anabolic response with
casein supplementation, we evaluated the rates of MPS after a
bout of RE with either a single bolus (25 g) or small pulses every
20min (2.5 g) of whey protein (West et al., 2011). The 25 g bolus
of whey protein lead to higher MPS between both 1–3 and 3–
5 h post-exercise (West et al., 2011). The rapid and immediate
bolus may be increasing EAA delivery to the muscle, specifically
leucine, to a certain threshold that is triggering a MPS and the
associated anabolic pathways. Indeed, blends of protein (1:2:1,
whey:casein:soy) were later shown, when leucine content was
matched, to be as effective as whey in stimulating MPS (Reidy
et al., 2013). Furthermore, participants given 25 g of whey protein
or 6.25 g whey with 5 g leucine added showed an increased MPS
at rest and after RE to a similar extent despite a four-fold lower
protein dose (Churchward-Venne et al., 2014). It appears that the
leucinemia (and quite possibly the ensuing intramuscular leucine
concentration) is the driver of the MPS response and thus the
recovery process. The addition of isoleucine and valine (the other
branched-chain AAs) does not improve MPS (Churchward-
Venne et al., 2014). This response is an underappreciated result
considering many supplements contain combinations of the
branched-chain AAs, which, based on our data, would not be
advantageous to consume co-temporally because they share the
same transporter (Hyde et al., 2003). Thus, as we speculated
(Churchward-Venne et al., 2014), consumption of crystalline
BCAA resulted in competitive antagonism for uptake from the
gut and into themuscle andwas actually not as effective as leucine
alone in stimulating MPS. Despite the popularity of BCAA
supplements we find shockingly little evidence for their efficacy
in promoting MPS or lean mass gains and would advise the use
of intact proteins as opposed to a purified combination of BCAA
that appear to antagonize each other in terms of transport both

into circulation and likely in to the muscle (Churchward-Venne
et al., 2014).

It appears that post-exercise MPS, measured within 3 h, is
optimized by protein ingestion that contains a high leucine
content where proteins are rapidly digested (i.e., whey) (Tang
et al., 2009). The slower and more protracted aminoacidemia
accompanying the ingestion of casein protein (Pennings et al.,
2011), shown in pre-sleep protein ingestion studies (Res et al.,
2012; Snijders et al., 2015), may be more effective at sustaining
MPS and possibly at attenuating negative net protein balance
(although all data to date on this mechanism are at the whole-
body level) over longer periods of time. We propose the
differences between protein sources in their ability to stimulate
MPS are a combination of both the delivery (digestion) and
AA composition of the protein, in particular leucine content.
The AA composition in whey is superior to that of soy likely
due to an increased leucine content (Tang et al., 2009). Lastly,
there appears to be a leucine “threshold” for stimulation of MPS
that is around ∼3 g of leucine per meal (Churchward-Venne
et al., 2014), which may be determining the per meal protein
recommendation of∼0.4 g protein/kg.

Protein and Carbohydrate Co-ingestion

The purpose of carbohydrate (CHO) co-ingestion with protein is
to stimulate insulin release beyond that seen with AA ingestion
alone with the idea that insulin improves net protein balance.
Indeed, local insulin infusion at rest increases MPS (Biolo et al.,
1995a, 1999; Hillier et al., 1998) and blood flow (Biolo et al.,
1999). When insulin is infused along with AAs there is an
increase in MPS (Bennet et al., 1990; Hillier et al., 1998) and
slight attenuation of MPB (Bennet et al., 1990) beyond that of
just AA ingestion (Bennet et al., 1990) or insulin infusion (Hillier
et al., 1998). However, following RE, insulin infusion has no
effect on blood flow or MPS, though the slight suppression of
MPB remains (Biolo et al., 1999). Coinciding with the previous
finding (Biolo et al., 1999), in response to a single bout of RE,
the ingestion of CHO alone has no effect on MPS, but attenuates
MPB (Roy et al., 1997; Børsheim et al., 2004). However, co-
ingesting CHO with AA/protein following RE has no further
stimulatory effects on MPS and does not suppress MPB so long
as protein is adequate (∼25 g) (Koopman et al., 2007; Glynn
et al., 2010; Staples et al., 2011). These results indicate that when
performing RE and providing adequate protein there is no benefit
of co-ingesting CHO on stimulating MPS. This is most likely
because the level of insulin required for optimal stimulation
of MPS is remarkably low (Greenhaff et al., 2008; Trommelen
et al., 2015) (i.e., 10–15 IU/ml), only 2–3 times basal resting levels
for most healthy persons, which is easily reached with even a
small dose of protein. With lower doses of protein (i.e., <0.25 g
protein/kg), however, CHO ingestion may impact net protein
balance via the ability to increase systemic insulin and suppress
MPB and/or enhance AA delivery to the muscle, but we need to
experimentally test this thesis. We conclude that while ingestion
of CHO post-exercise would be necessary to replenish depleted
glycogen stores we do not see a strong need to recommend
CHO on top of protein to be consumed post-exercise. It appears
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that even in a glycogen-depleted state protein is still effective
at stimulating MPS following resistance exercise (Camera et al.,
2012) and that only a minimal level of insulin is required to
achieve optimal rates of MPS (Greenhaff et al., 2008).

Training Status

Training “age” may be an important variable impacting the
quantity and duration of the anabolic response following RE.
Compared to untrained participants, trained individuals have
attenuated post-RE MPS and MPB resulting in less total muscle
protein turnover (Phillips et al., 1999). A study by Tang et al.
(2008) had participants train one leg for 8 week while the other
served as the control. After the 8 week intervention, an acute bout
of exercise stimulated a longer MPS response in the untrained or
control leg relative to the trained leg suggesting an attenuation
of the duration (but not magnitude) of MPS with training (Tang
et al., 2008). Following a similar study design, after 8 weeks
Kim et al. (2005) found an attenuation in mixed MPS in the
trained leg, though myofibrillar protein synthesis remained the
same. This finding is similar to that of Wilkinson et al. (2008)
indicating a training-induced refinement, and perhaps efficiency,
of post-exercise MPS. For a comprehensive review on the topic
of training status and how it affects the MPS response and time
course see Damas et al. (2015). The general conclusion from
this review is that RE training reduces not the amplitude but
the duration of the MPS response (Damas et al., 2015). This
may in fact highlight that maximizing hypertrophic potential in
the trained state may require greater focus on the post-exercise
period for protein provision.

Despite the wealth of studies relating to the role of protein
in augmenting the adaptive response to resistance exercise,
relatively little has been conducted to identify whether resistance-
trained individuals require greater relative post-exercise or daily
protein consumption compared to those who are untrained.
Data exist to suggest that athletes performing intensive periods
of training may benefit from increased protein intake from
the perspective of supporting immune function (Witard et al.,
2014b). Moreover, those who engage in weight-categorized
competition or sport may benefit from increased dietary protein
intake (Mettler et al., 2010; Areta et al., 2014; Phillips, 2014b).
However, asmentioned above, the post-REMPS response reaches
a maximum at 20 g or∼0.25 g/kg in both untrained (Moore et al.,
2009) and trained (Witard et al., 2014a) young men. Whether
or not these results hold true when performing whole-body RE
has yet to be determined. We direct the interested reader to
the following papers for more discussion on the topic: (Phillips
and van Loon, 2011; Phillips, 2012, 2014b). The opinions of
these reviews suggest that resistance-training athletes may benefit
from larger protein intakes higher than the recommended dietary
allowance in the range of 1.3–1.8 g/kg/day (Phillips and van Loon,
2011; Phillips, 2012, 2014b). Nonetheless, the training regimens
of the modern athlete are often interdisciplinary in nature and
it is therefore critical to appreciate the context of the research,
athlete, and training paradigm before making recommendations
regarding “optimal” protein intake. Regardless, consideration for
the “3R” approach should be common practice.

Resistance Exercise Program Variables

and Training

Different skeletal muscle adaptations are induced by RE training
than endurance training (Egan and Zierath, 2013). In this regard,
we have shown that after 10 week of RE training, performing a
single bout of RE increases myofibrillar, but not mitochondrial,
protein synthesis whereas synthesis in both protein pools were
acutely stimulated by RE in the pre-trained state (Wilkinson
et al., 2008). Furthermore, with resistance training mixed MPS
may decrease but fraction-specific adaptations (in this case
myofibrillar MPS) may actually be enhanced (Kim et al., 2005).
Indeed, it appears that the remodeling process following exercise
is specific to the type of exercise performed (Wilkinson et al.,
2008) and is tailored with training (Kim et al., 2005).

Manipulating different RE variables impacts both the acute
and chronic anabolic response. For example, when young,
resistance-trained (recreationally weight-training ≥2 times
per week for ≥2 years) men received 20 g of whey protein
after exercise, those who lifted with increased time under
tensions (12 s per repetition) had elevated MPS compared to
a repetition-matched control (2 s per repetition) (Burd et al.,
2012). Specifically, Burd et al. (2012) found that sarcoplasmic
MPS between 0 and 6 h, mitochondrial protein synthesis between
0–6 and 24–30 h, and myofibrillar protein synthesis between
24 and 30 h were all elevated with a longer time under tension
beyond that of the repetition-matched group. It is worth noting
that the repetition-matched group performing less time under
tension per repetition lifted the same relative load. Indeed,
the electromyography of the vastus lateralis indicated that the
group exercising with a longer time under tension had increased
muscle activity, and presumably muscle fatigue, toward the
end of set completion (Burd et al., 2012). We speculate that the
elevated MPS response to the longer time under tension is a
result of increased motor unit recruitment which may be linked
to muscle damage/remodeling (Proske and Morgan, 2001);
however, we acknowledge we do not have experimental support
for our proposed mechanisms. Interestingly, we have reported
that when recreationally-active participants performed leg
extensions at either 30 or 90% of their one-repetition max (1RM)
to contractile failure there was an equal increase in mixed MPS
(Burd et al., 2010). Additionally, 24 h after the RE bouts there
was elevated myofibrillar MPS in only the 30% group (Burd et al.,
2010). Not surprisingly, the 30% group had to perform more
repetitions to achieve contractile failure and thus accumulated
significantly more time under tension. Another study from
our laboratory investigated this same principle over a 10 week
period of training (Mitchell et al., 2012) in healthy but untrained
young men and showed that the acute changes in MPS (Burd
et al., 2010) mirrored those seen with training (i.e., equivalent
hypertrophy). Though time under tension was not measured,
it was concluded that regardless of the load lifted, performing
RE to volitional failure results in hypertrophy (Mitchell et al.,
2012). It appears that reaching contractile failure is required for
optimal skeletal muscle growth. This can be achieved regardless
of the repetition load. Manipulating variables such as time
under tension or repetition-load may accelerate the time it takes
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to reach contractile failure by increasing muscle fatigue and
enhancing the rate of motor unit recruitment, but they do not
likely individually enhance MPS.

In contrast to current recommendations (American College of
Sports Medicine, 2009), we propose that an important variable
to consider in regards to the optimization of MPS and the
subsequent hypertrophic response is to ensure, regardless of the
load lifted, that loads are lifted to the point of contractile failure.
Contractile failure, particularly when lifting lighter loads, often
occurs when there is significant muscle fatigue and motor unit
activation. Motor unit activation refers to the size and quantity
of motor units recruited. The term “muscle fatigue” is frequently
misinterpreted. Fatigue is the inability to produce maximal force;
thus, muscle fatigue is the inability of recruited motor units to
generate their maximal force output (Stephens and Taylor, 1972;
Dorfman et al., 1990). Significant muscle fatigue is reached by
activating and exhausting a full cadre of motor units (and thus
fiber types) and, regardless of any RE variable, requires a high
degree of effort. From a broad prescriptive standpoint, we have
emphasized the need for a high degree of effort in performing RE
(Phillips and Winett, 2010). We propose that the manipulation
of a multitude of RE variables may mean much less in terms of
stimulating hypertrophy than simply exerting a high degree of
effort to achieve contractile failure.

Relatively high (70–100% 1RM) training loads have been
proposed to induce greater muscle hypertrophy (Campos et al.,
2002; American College of Sports Medicine, 2009) than lower
loads due to the increased mechanical loading and demand
for fiber recruitment. However, as muscle fibers fatigue their
motor units drop out and cease firing; a process that necessitates
different motor units to be recruited to preserve the required
force (Dorfman et al., 1990; Moritani et al., 1992). This is, at
least partially, why surface electromyography and motor unit
activation increase with muscular fatigue (Dorfman et al., 1990)

and why similar hypertrophic adaptations are seen with varying
external loads (Schoenfeld et al., 2014). Though lower loads may
not initially need to recruit the larger motor units (innervating
fast-twitch fibers) like higher loads may, with significant muscle
fatigue there is an accompanied “dropout” of the smaller motor
units (innervating slow-twitch fibers) such that subsequent
contractions will be obliged to recruit additional (larger) motor
units. If comparable motor units are activated and both groups
are exercising until contractile failure it seems reasonable that
similar adaptations are seen between low- and high-load RE
training (Schoenfeld et al., 2014). However, we hypothesize
that muscle fatigue (inability to generate maximal force) is
not as important as motor unit activation in inducing muscle
hypertrophy. For example, to reach contractile failure exercising
at ∼30% 1RM one would have to achieve ∼70% muscle fatigue.
In contrast, to reach contractile failure at ∼70% 1RM, an
individual would only achieve∼30%muscle fatigue. Thusmuscle
fatigue, albeit rendering an increase in motor unit activation,
cannot be the most important determinant of the skeletal muscle
response to RE if low- and high-load RE are inducing similar
MPS (Burd et al., 2010) and hypertrophy (Mitchell et al., 2012).
Instead, we hold on to the hypothesis that reaching contractile
failure is what drives skeletal muscle adaptation (see Figure 1).
We emphasize that it is naïve to prescribe moderate-heavy loads
as the only way to induce muscle hypertrophy (American College
of Sports Medicine, 2009). We also acknowledge that, as Mitchell
et al. (2012) has shown, there may be a neuromuscular effect
where the practice of lifting heavier loads over longer durations
stimulates greater improvements of muscular strength. This is
potentially due to a lack of inhibition on afferent feedback
(Amann et al., 2009), but future research is required to be certain.

A number of meta-analyses on the impact of different RE
program variables on muscle strength and hypertrophy are
available (Peterson et al., 2005; Krieger, 2010; Schoenfeld et al.,

FIGURE 1 | Schematic showing how resistance exercise variables and protein ingestion can impact muscle protein turnover. MPS, muscle protein

synthesis; MPB, muscle protein breakdown; PRO, protein.
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2014, 2015). The conclusion, on examination of these analyses
(Peterson et al., 2005; Krieger, 2010; Schoenfeld et al., 2014,
2015), would be that exercise volume (load × sets × reps) and
training frequency (sessions per week) are important variables
that affect the hypertrophic response and to this list we would
propose the addition of effort. Contrary to popular belief, muscle
hypertrophy may not be significantly influenced by resistance
exercise load (Schoenfeld et al., 2014). This is despite 7 out of
the 11 studies being volume equated, essentially suggesting the
participants in the low-load groups did not train until contractile
failure (Schoenfeld et al., 2014). We recognize there are many
other variables that are manipulated to maximize changes in

muscle mass, however, we hypothesize that these are largely moot
when contractile failure is reached. Instead of any particular
medley of RE variables, we propose that muscular hypertrophy
is fundamentally driven by maximal motor unit recruitment and
exercising until contractile failure.
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Recovery from exercise: vulnerable
state, window of opportunity, or
crystal ball?

Meredith J. Luttrell and John R. Halliwill *

Department of Human Physiology, University of Oregon, Eugene, OR, USA

Why should we study the recovery from exercise as a discrete phenomenon from exercise

itself? We identify three distinct (but not mutually exclusive) rationales that drive the

need to investigate the physiology of recovery from exercise. (1) Some individuals are

at a heightened risk of clinical outcomes in the immediate post-exercise period; thus

the potential negative outcomes of this “vulnerable state” must be weighed against the

numerous benefits of exercise training, and may be mitigated to reduce risk. (2) Many of

the signaling mechanisms responsible for the beneficial effects of exercise training remain

amplified during the exercise recovery period, andmay present a “window of opportunity”

that can be exploited by interventions to enhance the beneficial adaptations to exercise

training, especially in clinical populations. (3) On an individual level, exercise recovery

responses may provide investigators with a “crystal ball” ability to predict future clinical

outcomes even in apparently healthy individuals. In short, the physiology of recovery is

a multi-faceted and complex process, likely involving systems and pathways that are

distinct from the physiology of exercise itself. For these reasons, it merits ongoing study.

Keywords: exercise, recovery, athletic performance, regional blood flow, post-exercise, post-exercise

hypotension

Introduction

Traditionally, the field of exercise physiology has been devoted to researching the physiological
changes that occur during an acute bout of exercise, and the long-term adaptations to exercise
training.More recently, the “physiology of recovery” has emerged as a sub-discipline focused on the
time period between the end of a bout of exercise and the subsequent return to what is considered
a “resting” or “recovered” state.

Precisely defining “recovery from exercise” is a challenging task due to the varied meanings of
recovery. Recovery can refer to a distinct time frame. Depending on the physiological system or
pathway of interest, this temporal definition of recovery may range from minutes (e.g., the return
of heart rate to near-resting levels) to weeks (e.g., restoration of force-generating capacity after
muscle damaging exercise). Additionally, these time frames vary with individual phenotype; for
example, trained athletes and individuals with chronic diseases often display altered recovery time
courses relative to healthy individuals. Recovery can also refer to specific physiological processes
or states, which are distinct from exercise itself and resting physiological states. As a representation
of what occurs during the transition from an exercising state to a resting state, we may ask, how
do we enhance recovery in athletes? Lastly, recovery can refer to an end-point, e.g., having reached
a state of recovery after a bout of exercise, or a starting-point, e.g., an athlete has recovered from
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prior training and is physiologically ready for additional training
stress, or an injured athlete has recovered and can return to play.

This emerging research area, the physiology of recovery,
encompasses multiple physiological systems, and is ripe for
rigorous study by integrative physiologists with an interest in
generating novel insights related to exercise and physical activity.
Translating the basic science of recovery from exercise into
practical applications related to human health and performance
drives much of the interest in pursuing this intriguing (but often
overlooked) aspect of exercise physiology. In this perspective, we
identify three distinct (but not mutually exclusive) paradigms
that drive the need to investigate the human physiology of
recovery from exercise.

Recovery from Exercise: A Vulnerable

State?

There is substantial evidence that regular endurance and
resistance exercise training reduces vulnerability to a number of
chronic diseases and conditions (Booth et al., 2000). However,
despite the countless beneficial effects of exercise on health
and well-being, some individuals may be vulnerable to negative
health outcomes (ranging from minor to life threatening) during
recovery from exercise.

A dramatic example of this is the significant risk of sudden
cardiac death in the 30min following a bout of vigorous activity
in men free from overt cardiovascular disease, as reported
in the Physicians’ Health Study (Albert et al., 2000). While
this data appears alarming, these authors also note that the
overall absolute risk of sudden cardiac death after exercise is
quite low, with estimates of 1 death occurring for every 1.5
million bouts of exercise in men, and is even more rare in
women, with 1 death for every 36.5 million hours (the difference
between bouts of exercise in men and hours of exercise in
women are reflective of the measurements reported in the
respective studies) (Albert et al., 2000; Whang et al., 2006). The
physiological mechanisms underpinning these adverse events are
varied, but are likely due to cardiac abnormalities in structure
or function in young individuals that lead to fatal arrhythmias,
and to the disruption of unstable atherosclerotic plaques resulting
in myocardial infarction in adults, particularly in previously
sedentary individuals (Thompson et al., 2007). Recommended
screening that includes information about previous episodes of
exercise-related syncope and screening for cardiac abnormalities
can identify individuals at high risk of exercise-related sudden
cardiac death, especially in young athletes who are unlikely to
have atherosclerotic cardiovascular disease (Maron et al., 1996;
Bille et al., 2006).

Although it can be a predictor of sudden cardiac death,
post-exercise syncope in the absence of structural or functional
cardiac abnormalities is most often benign. An obvious example
is that of prolonged dynamic exercise in warm weather, which
generates a combination of blood volume loss/dehydration and
elevated cutaneous blood flow that contribute to reduced venous
return, predisposing individuals to orthostatic intolerance
(heat syncope) during or after exercise (Hayes et al., 2000;

González-Alonso, 2007). However, even in the absence of heat
stress and hypovolemia, between 50 and 80% of otherwise
healthy adults develop pre-syncopal signs and symptoms
when subjected to head-up tilt following exercise, as recently
reviewed (Halliwill et al., 2014). Both prolonged endurance
and brief intense exercise predispose individuals to syncope
or pre-syncopal symptoms by reducing orthostatic tolerance,
a manifestation of an altered physiological state which is
distinct from both the exercising state and the resting state
(Bjurstedt et al., 1983; Halliwill, 2001; Halliwill et al., 2013).
Briefly, post-exercise syncope (in individuals without underlying
cardiac or vascular dysfunction, and in the absence of heat
stress and hypovolemia) is multifactorial, involving centrally
mediated sympatho-inhibition, local sustained release of a
post-exercise vasodilator substance within the previously active
skeletal muscle, loss of the muscle pump, and in some cases,
hyperventilation induced cerebral vasoconstriction (Halliwill
et al., 1996; VanNess et al., 1996; Carter et al., 1999; Kulics et al.,
1999; MacDonald, 2002; Moynes et al., 2013). Research into this
post-exercise phenomenon has provided insight into effective
countermeasures against pre-syncopal symptoms (McCord et al.,
2008; Lacewell et al., 2014). Wieling et al. (2015) have identified
physical countermeasures, such as bending and contracting lower
body muscles, that engage the skeletal muscle pump to augment
venous return after exercise. External countermeasures, such
as the impedance threshold device, which generate negative
intrathoracic pressure to enhance venous return, also protect
against pre-syncopal symptoms post-exercise (Lacewell et al.,
2014). Lower limb compression garments, which have recently
become popular among elite and recreational athletes, may also
reduce pre-syncopal signs and symptoms after exercise (Privett
et al., 2010).

Another vulnerable state is that of delayed-onset muscle
soreness (DOMS), a common occurrence among individuals
performing unfamiliar or strenuous exercise that can occur
with either endurance or resistance exercise (Armstrong, 1984;
Cheung et al., 2003). The muscle fiber and connective tissue
damage caused by novel exercise results in a temporary
decrement in muscle force development, in addition to the pain
andmuscle tenderness that is characteristic of this condition. The
inflammatory process occurring over the following 48 h after the
damaging exercise bout results in macrophage infiltration and
edema which is implicated as critical in resolving the muscle
damage associated with DOMS, but it is also responsible for the
pain and discomfort associated with this condition (Armstrong,
1984; Smith, 1991). Complete recovery from DOMS may take
weeks, but this phenomenon is complex and specific components
of recovery may vary in duration. Whether this vulnerable state
can be mitigated by interventions during recovery is a vibrant
area of research, particularly among coaches and athletic training
staff who are concerned about returning athletes to full capacity
for training and competition. A number of recent articles have
investigated the impact of common treatments used to prevent
or attenuate soreness, including post-exercise cryotherapy and
non-steroidal anti-inflammatory drugs (NSAIDs), on exercise
recovery characteristics. The current consensus appears to be that
cryotherapy has a negligible impact on alleviating discomfort,

Frontiers in Physiology | www.frontiersin.org July 2015 | Volume 6 | Article 204 | 63

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


Luttrell and Halliwill Physiology of recovery from exercise

but may hinder the skeletal muscle repair and recovery process
(Isabell et al., 1992; Paddon-Jones and Quigley, 1997; Sellwood
et al., 2007). Likewise, NSAIDs may also hinder the repair
and recovery, but can alleviate some of the discomfort (Urso,
2013). Support for alternative modalities such as massage or light
exercise on DOMS-associated pain remains largely inconclusive,
but they potentially exert a mild analgesic effect without
hindering repair and recovery.

Recovery from Exercise: A Window of

Opportunity?

For many physiological systems, recovery from exercise provides
a window of opportunity to maximize or even exploit the altered
physiology of the recovery period. Many of the responses we
discuss here occur anywhere from 2 to 3 h immediately following
exercise (e.g., post-exercise hypotension), but may last up to 48 h
or more (e.g., altered blood lipids). Athletes have been taking
advantage of the physiology of recovery to improve training
and athletic performance during competition, by strategically
consuming macronutrients during recovery. In the context of
clinical populations, recovery from exercise can be exploited to
mitigate the negative effects of some chronic diseases. In this
section, we discuss just a few situations where recovery from
exercise provides a window of opportunity to maximize the
benefits of exercise.

Exercise training is a common intervention for many chronic
diseases and conditions, both for the long-term training benefits,
but also for the acute effects of a single bout of exercise. A
bout of dynamic exercise transiently increases insulin sensitivity,
decreases blood lipid levels, and reduces blood pressure after
exercise, making exercise and the subsequent recovery period an
ideal time for therapeutic intervention in individuals with these
cardiovascular risk factors (Braun et al., 1995; Crouse et al., 1997,
1995; Grandjean et al., 2000; Holloszy, 2005; Halliwill et al., 2013).
In fact, repeated bouts of exercise at least every other day have
been suggested as a treatment for high cholesterol (Crouse et al.,
1997). The post-exercise “window of opportunity” could be used
to exploit these transient changes associated with exercise; for
example, this may be a time when pharmacological interventions
may act synergistically with enhanced insulin sensitivity and
blunted blood lipid levels. Ideally, these interventions would slow
or reverse the progression of chronic diseases, thus reducing the
need for pharmacological interventions and improving quality of
life in these individuals.

Our research group and others have documented the
phenomenon of sustained post-exercise hypotension in young
healthy adults, and the exaggerated post-exercise hypotensive
response in individuals with hypertension (Rueckert et al.,
1996; Pescatello et al., 1999; Forjaz et al., 2000; Halliwill, 2001;
Halliwill et al., 2013). As with hypercholesterolemia, exercise
training (and a single bout of dynamic exercise in particular)
induced post-exercise hypotension is a proposed therapy to treat
hypertension in some individuals (Hamer, 2006). Evidence from
hypertensive animals models suggests that this effect may be
at least partially mediated by altered gamma-aminobutyric acid

(GABA) signaling in the rostral ventrolateral medulla (RVLM)
and nucleus tractus solitarii (NTS), ultimately reducing the gain
and range of baroreceptor activity post-exercise (Kajekar et al.,
2002; Chen et al., 2009). Further exploiting this mechanism
with additional interventions, pharmacological or otherwise, may
be a viable treatment option in hypertensive individuals who
are resistant to exercise training alone. Pro-angiogenic factors
(including vascular endothelial growth factor-a, angiopoietin-
2, matrix metalloproteinases) are transiently elevated after an
acute exercise bout (Breen et al., 1996; Gustafsson and Kraus,
2001; Hoier et al., 2012), and may also be of therapeutic interest
for patients with limited exercise capacity or impaired limb
blood flow (e.g., peripheral artery disease, spinal cord injury,
or muscular dystrophies). Hypoxic and blood flow restricted
exercise have both been hypothesized to enhance the angiogenic
adaptation to endurance exercise, although little is known about
their effects on angiogenic factors when applied in the post-
exercise time period (Esbjörnsson et al., 1993; Minchenko et al.,
1994; Richardson et al., 1999; Olfert et al., 2001).The recovery
period, when angiogenic factors are already increased, may be
a window in which additional therapeutic interventions could
prove more potent. It may be possible that reducing blood flow
or oxygen delivery post-exercise can have an additive effect
on angiogenic signaling induced by exercise alone, although
to our knowledge, this has not been experimentally tested in
humans.

For athletes concerned with optimizing training and
performance, macronutrient intake during recovery may be a
key component of their training regimen. The metabolic changes
associated with both endurance and resistance exercise and
recovery may be enhanced with appropriate nutrient timing
strategies. In endurance athletes, maximizing skeletal muscle
glycogen storage by ingesting carbohydrates in recovery has
a significant effect on subsequent performance. This is taking
advantage of the physiology of recovery related to glucose
transporters, insulin sensitivity, and perhaps elevations in blood
flow (Emhoff et al., 2011). For power and strength athletes, as
well as endurance athletes, there is an analogous window of
opportunity based on the elevated rate of protein synthesis in
recovery, so that this time period is ripe for protein ingestion
(Levenhagen et al., 2001; Areta et al., 2013). Optimization of
macronutrient intake during recovery is a large area of research
related to human performance, and may translate to clinical
populations and older adults (Esmarck et al., 2001).

Recent evidence also suggests that interventions such as
muscle cooling, applied during recovery from exercise, can
enhance skeletal muscle expression of transcription factor PGC-
1α, potentially promoting mitochondrial biogenesis beyond
levels observed without this intervention (Ihsan et al., 2014).
This finding provides a contrast to the use of cryotherapy
for mitigating muscle soreness and inflammation, which was
discussed above, and leads to the interesting possibility that
common interventions may have divergent effects on muscle
recovery, depending on the outcome variable of interest (i.e.,
acute inflammation vs. skeletal muscle mitogenesis). Obviously,
more research focused on unraveling these complex and
interconnected pathways is necessary, and may provide valuable
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insight into the unique physiology of recovery from exercise
and how it can be exploited to improve athletic or clinical
outcomes.

Recovery from Exercise: A Crystal Ball?

In clinical settings, exercise testing has clear and proven
prognostic value, providing insight into future disease risk.
Among apparently healthy and clinical populations, the
physiology of recovery can also predict an individual’s risk of
an adverse health outcome. For example, heart rate recovery
between 1 and 5min after a moderate intensity bout of
dynamic exercise is an independent predictor of all-cause
mortality (Johnson and Goldberger, 2012). Both heart rate
and blood pressure recovery can provide non-invasive clinical
indicators related to autonomic function, making these simple
measurements highly informative (Terziotti et al., 2001;
Buchheit et al., 2007; Cahalin et al., 2013). In fact, measurements
in recovery can non-invasively be used to assess future clinical
risks that would otherwise not be apparent in a typical health
screening (Cole et al., 2000; Shetler et al., 2001).

Beyond general screening functions, blood pressure recovery
and post-exercise hypotension after a single bout of exercise
are predictive of an individual’s blood pressure response
to chronic exercise training (Liu et al., 2012; Hecksteden
et al., 2013). This simple, minimally invasive test could make
effective use of resources in a clinical setting to identify
individuals who are responsive to blood pressure reductions
with training, and individuals who may require additional
pharmacological intervention. In these cases, recovery from
exercise provides researchers and clinicians clues to patient
cardiovascular health. This concept aligns with current interest
in identifying “responders” and “nonresponders” to exercise and
exercise training (Karavirta et al., 2011; Timmons, 2011). With
additional research in this area, it may soon be possible to
identify individuals who may reap more health or performance
benefits from one type of training (e.g., endurance vs. resistance
training), or may also identify individuals for whom exercise
would be contra-indicated (e.g., hypertrophic cardiomyopathy)
(Keller et al., 2011). To our knowledge, there are currently no
studies that have identified recovery from exercise variables as
a means to identify responders vs. non-responders to specific
exercise interventions, but this may be an interesting future
direction for the physiology of recovery.

Can these notions be generalized beyond the realm of the
cardiovascular and autonomic nervous systems? Relatively little
is currently known about how other major organ systems
recover from exercise, or how other recovery phenotypes could
provide clues about either future health or even future athletic
performance. For example, are there individual differences in
recovery of skeletal muscle function and force development
that could predict development or loss of muscle strength or
function with age or training? Or could metabolic recovery
predict adaptations in substrate utilization that may identify
individuals for whom exercise training may prevent insulin
resistance? These questions may appear far-fetched, but given
what we now understand about individual responses to exercise

and exercise training, it would not be surprising to discover that
individual recovery from exercise is heterogeneous, phenotype-
sensitive, and can be exploited for prediction of health or athletic
performance benefits. It is also conceivable that the results of a
simple recovery test which predicts an individual’s mortality risk
could provide sufficient motivation for some individuals to make
lifestyle improvements to mitigate this risk. Given the relative
ease of tracking heart rate and blood pressure, these recovery
measurements could be made on an individual level to monitor
exercise effectiveness or track health outcomes. Ideally, this
information will inform future patient care through personalized
medication and exercise prescription (i.e., precision exercise
training). As research on the physiology of recovery expands,
there is great potential for studies to find new “crystal ball”
forecasters of future health.

The Trifecta of Recovery

As evidenced by the diversity of systems engaged during
recovery from exercise, this field of research has implications
for both human health and athletic performance, and can be
useful to researchers and healthcare professionals alike. From
what is currently known about the physiology of recovery,
the three paradigms we have outlined in this perspective all
likely overlap within an individual after a single bout of
exercise. For example, our personal interest in the sustained
post-exercise vasodilation crosses all three paradigms, creating
vulnerabilities and opportunities, and providing prognostic
implications, as depicted in Figure 1. Such responses allow
for potentially different pathways of intervention, depending
on the health and goals of the individual. For example,
an athlete vulnerable to post-exercise syncope may choose

FIGURE 1 | Recovery from exercise can be conceptualized as creating

vulnerable states, windows of opportunity, and providing crystal ball

prognostic value.
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to perform physical counter-maneuvers to prevent syncopal
symptoms, rather than pursue a pharmacological intervention
that may close the window of opportunity after exercise
for beneficial exercise training effects. By conceptualizing the
physiology of recovery as this balance of vulnerable state,

window of opportunity, and crystal ball paradigms provides
a way to frame lines of inquiry and help broaden the field
of exercise physiology in exciting directions for the benefit
of the clinical patient, elite athlete, and weekend warrior
alike.
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The concept of specificity of exercise prescription and training is a longstanding and widely
accepted foundation of the exercise sciences. Simply, the principle holds that training adaptations
are achieved relative to the stimulus applied. That is, the manipulation of training variables (e.g.,
intensity or loading, mode, volume, and frequency) directly influences the acute training stimu-
lus, and so the long-term adaptive response (Young et al., 2001; Bird et al., 2005). Translating this
concept to practice then recommends that exercise be prescribed specific to the desired outcomes,
and the more closely this is achieved, the greater the performance gain is likely to be. However, the
cardiovascular and metabolic adaptations traditionally associated with long, slow distance training
types, similarly achieved using high-intensity training methods (for a review see Gibala et al., 2012),
highlights understanding of underlying physiology as paramount for effective training program
design. Various other factors including illness, sleep, and psychology also impact on the training
stimulus (Halson, 2014) and must be managed collectively with appropriate post-exercise recov-
ery to continue performance improvements and reduce overtraining and injury risks (Kenttä and
Hassmén, 1998).

Despite the emphasis that is placed on specificity in the application of the desired training stim-
ulus, it is noteworthy that this concept receives less attention within the post-exercise recovery
literature. Indeed, most recovery strategies are intended to treat only symptoms of exercise-induced
muscle damage by blunting inflammatory responses associated with disturbances to the structural
integrity of the exercisedmusculature (Minett andDuffield, 2014). Be it through lifestyle (e.g., active
recovery, sleep), physiological (e.g., post-exercise cooling, massage, compression), or nutritional
and pharmacological interventions (e.g., supplements, anti-inflammatorymedications), these com-
mon recovery techniques aim to hasten regenerative processes below the neuromuscular junction
with limited consideration for other causative mechanisms (Minett and Duffield, 2014). Com-
pounded by the use of different exercise tasks under varying environmental conditions (e.g., hot
vs. thermo-neutral temperatures) and contexts (e.g., isolated vs. repeated exercise bouts, pre-season
vs. competition), this tendency for a one-size-fits-all approach to post-exercise recovery is likely to
contribute to contrasting reports of the efficacy of many techniques. While these concerns could
indicate the need for greater understanding of the mechanistic demands of specific exercise tasks
and post-exercise recovery protocols so to be suitably matched, they are of great consequence in
applied settings where maladaptation may be the result of inappropriate recovery practices (Kenttä
and Hassmén, 1998).

The research narrative surrounding post-exercise cooling for recovery reflects this point. A
derivative of the use of ice as a therapeutic treatment of soft tissue injuries, the proposed bene-
fits of acute cooling interventions on recovery after exercise relate to peripheral vasoconstriction
centralizing blood volume away from exercised musculature (Bleakley and Davison, 2009). This
is proposed to benefit metabolite removal, biochemical expression of damage and inflammation,
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swelling and soreness (Bleakley and Davison, 2009; Costello et al.,
2013). While a series of meta-analyses show considerable vari-
ance in the effectiveness of post-exercise cooling in optimizing
performance return (e.g., strength, jump, and sprint variables)
(Bleakley et al., 2012; Leeder et al., 2012; Poppendieck et al.,
2013), evidence for a disconnect between the rise in blood-based
muscle damagemarkers and the recovery of neuromuscular force
production is noteworthy (Pointon et al., 2012; Minett et al.,
2014). It could be reasoned that the indirect nature of biochemi-
cal time course expressions of common variables reported during
recovery (e.g., creatine kinase) may not necessarily directly reflect
concurrent neuromuscular function, though it does at least ques-
tion the traditional rationale for using post-exercise cooling and
how it influences performance recovery. Further, such reports
give strength to the argument that physiological rationale for
post-exercise cooling is limited and that any ergogenic influences
reflect a perceptual or placebo effect (Broatch et al., 2014).

Irrespective of whether post-exercise cooling benefits recov-
ery through the treatment of exercise-induced muscle damage
or through other means, the specificity of administration of this
intervention becomes key. Most pertinent, changes in circula-
tory dynamics and muscle metabolism as a result of post-exercise
cooling (Vaile et al., 2011; Ihsan et al., 2013) seemingly contrast
the blood flow needs required for muscle protein synthesis and
training adaptation to occur (Yamane et al., 2006; Fröhlich et al.,
2014). Roberts et al. (2014) recently suggested that the greater
work capacity achieved using cold-water immersion recovery
after resistance training could facilitate advantageous chronic
adaptations, with similar conclusion drawn after the mainte-
nance of force output following intermittent-sprint performance
(Pointon et al., 2012; Minett et al., 2014). Contrastingly, however,
interactions between the use of post-exercise cooling recover-
ies and training adaptation may be exercise specific, with both
positive (Halson et al., 2014) and negative findings (Fröhlich
et al., 2014) reported in cyclists and strength trained individu-
als, respectively. For example, while highly speculative, it might

be hypothesized that the upregulation of PGC-1α expression and
nitric oxide production after post-exercise cooling could stim-
ulate GLUT4 translocation and muscle glucose uptake (Ihsan
et al., 2014), thus augmenting mRNA expressions of genes asso-
ciated with cellular metabolism and mitochondrial biogenesis
achieved through endurance exercise (Mahoney et al., 2005).
Equally, as resistance training stresses different pathways, mal-
adaptation reported could be resultant of delayed amino acid
delivery with blood flow changes (Biolo et al., 1995), or altered
macrophage activity and a lesser growth factor concentrations
as a result of cold application (Takagi et al., 2011). Regardless,
this does point to the need for matching of training stimulus and
recovery mechanisms to avoid unfavorable outcomes.

The topic of post-exercise recovery from training has been
the focus of recent attention in both narrative (e.g., Nédélec
et al., 2013; Minett and Duffield, 2014) and systematic reviews
(e.g., Bleakley et al., 2012; Leeder et al., 2012; Bieuzen et al.,
2013; Costello et al., 2013; Poppendieck et al., 2013). While
these literature detail the physiological, perceptual, and perfor-
mance effects during recovery, discussion as to the specificity

and context within which interventions are best applied is lim-
ited. Emphasis should be placed on the matching of the recov-
ery needs (e.g., cellular vs. specific systems, or both) with those
affected by any particular recovery approach. As seen with the
recent training studies focused on the use of post-exercise cool-
ing recoveries (Fröhlich et al., 2014; Halson et al., 2014), chronic
adaptations are affected by recovery choices. In the case of the
elite sporting environment where small changes often represent a
meaningful difference for performance outcomes, informed deci-
sions surrounding the context of post-exercise recovery (e.g.,
timing, frequency, exercise mode) are of utmost importance.
Areas for future research include consideration for the individual
responses to specific recovery methods, influence of athlete pref-
erence or perception, and the need to link this to applied practices
where sport-specific skill performance, psychology and usability
are as valuable as physiological change.
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The purpose of this investigation was to compare the effect of two commonly used
therapeutic modalities (a) neuromuscular electrical stimulation (NMES) and (b) cold water
immersion (CWI) on circulating tumor necrosis factor alpha (TNF-α) and monocyte TNF-α
receptor (TNFR1) expression following intense acute resistance exercise and subsequent
recovery. Thirty (n = 30) resistance trained men (22.5 ± 2.7 y) performed an acute heavy
resistance exercise protocol on three consecutive days followed by one of three recovery
methods (CON, NMES, and CWI). Circulating TNF-α levels were assayed and TNFR1
expression on CD14+ monocytes was measured by flow cytometry measured PRE,
immediately post (IP), 30-min post (30M), 24 h post (24H), and 48 h post (48H) exercise.
Circulating TNF-α was elevated at IP (p = 0.001) and 30M (p = 0.005) and decreased at
24H and 48H recovery from IP in CON (p = 0.015) and CWI (p = 0.011). TNF-α did not
significantly decrease from IP during recovery in NMES. TNFR1 expression was elevated
(p < 0.001) at 30M compared to PRE and all other time points. No significant differences
between groups were observed in TNFR1 expression. During recovery (24H, 48H) from
muscle damaging exercise, NMES treatment appears to prevent the decline in circulating
TNF-α observed during recovery in those receiving no treatment or CWI.

Keywords: muscle damage, immune function, cytokines, athletic training, TNF-α

INTRODUCTION
Tumor necrosis factor-α (TNF-α) is a multifunctional cytokine
involved in the regulation of inflammation and tissue injury.
Among its various functions, it is most noted for its pro-
inflammatory role in tissue degradation (Li and Reid, 2001;
Peterson et al., 2006; Zaldivar et al., 2006). As an early medi-
ator in muscle damage, TNF-α can be synthesized by several
immune and nervous cells and is rapidly released in the blood
by circulating monocytes and in skeletal muscle by invading
macrophages after exercise-induced muscle damage (Hirose et al.,
2004; Zaldivar et al., 2006). Furthermore, TNF-α can induce both
necrosis and apoptosis of myocytes through intracellular signal-
ing pathways (Hardin et al., 2008) which accompanies a decline
in muscle contractile properties and diminished performance
(Cassatella, 1995; Hardin et al., 2008).

Strenuous exercise often results in considerable muscle dam-
age that may impact subsequent athletic performance (Crameri
et al., 2007). Thus, various recovery modalities are often used
by athletes as a means to counteract the inflammatory response
which accompanies the potentially damaging effects of intense
exercise. Cold water immersion (CWI) is one of the most com-
mon recovery modalities used by athletes to expedite muscle
repair and recovery (Barnett, 2006; Rice et al., 2008; Bleakley et al.,
2012).

While previous literature has shown beneficial results of CWI
such as decreasing indirect markers of muscle damage as well
as attenuating pro-inflammatory cytokine release, some studies

show little to no effect on blood markers and immune responses
(Bleakley et al., 2012; Leeder et al., 2012; Tseng et al., 2013). While
there is evidence that CWI is effective in decreasing leukocytosis
(Tseng et al., 2013), to date, research on the effects of CWI on
inflammatory cells following intense exercise is limited (Leeder
et al., 2012; Tseng et al., 2013).

Neuromuscular electrical stimulation (NMES) is another ther-
apeutic modality used to facilitate rehabilitation and recovery
after muscular trauma (Peake et al., 2008; Babault et al., 2011).
Current literature examining the benefit NMES is equivocal,
revealing both positive and neutral effects on measures of mus-
cle strength and power, as well as pain modulation (Miller et al.,
2000; Peake et al., 2008; Babault et al., 2011). One possible mecha-
nism for the benefit of NMES is an increase in blood flow (Babault
et al., 2011), which could possibly lead to an increase in recruit-
ment of leukocytes to damaged tissue, potentially accelerating the
muscle regeneration process. While currently unknown, it is pos-
sible that NMES may also elicit unique effects on specific immune
cells and cytokines.

The purpose of the present investigation was to investigate the
efficacy of CWI and NMES on the cellular interaction between
circulating TNF-α levels and its receptor expression (TNFR1)
on human monocytes in response to heavy resistance exer-
cise. Since circulating concentrations of cytokines exert their
effects through binding to a receptor, TNFR1 was included in
our measurement. The assessment of how recovery modali-
ties mediate the inflammatory response may provide additional
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insight to muscle recovery processes and subsequent perfor-
mance. We hypothesized that CWI would mitigate circulating
TNF-α and TNFR1 expression while NMES would not attenuate
TNF-α and TNFR1 on circulating monocytes following the heavy
resistance training protocol and subsequent bouts of resistance
exercise.

METHODS
PARTICIPANTS AND DESIGN
Thirty resistance-trained men (22.5 ± 2.7 y, 1.74 ± 0.12 m, 83.4
± 6.9 kg) participated in this study and were randomly divided
into one of three groups: Control (CON), neuromuscular elec-
trical stimulation (NMES), and cold water immersion (CWI), by
use of a random number generator. Participants were required to
have a minimum of 1 year of resistance training experience to par-
ticipate, particularly in the squat exercise, and were not permitted
to use additional nutritional supplements or recovery strategies
while enrolled in the study. The University Institutional Review
Board approved the research protocol which was in accordance
with the Declaration of Helsinki and each participant gave his
informed consent.

METHODOLOGY
Participants reported to the lab on four separate occasions. On
the first visit (T1), participants were tested for maximal strength
[one repetition-maximum (1-RM)] on the barbell back squat,
dead lift, and barbell split squat exercises. Prior to the second visit
(T2), participants were instructed to refrain from exercising for
72 h. The 1RM session was completed no more than a week before
the T2 visit. At T2, participants performed four sets of no more
than 10 repetitions for each set until failure of the squat (80% 1-
RM), dead lift (70% 1-RM), and barbell split squat (70% 1-RM)
exercises with 90 s rest intervals between each set and exercise. At
T3 and T4, squats (4 sets of 10 repetitions at 80% 1RM) were
performed (Figure 1).

NEUROMUSCULAR ELECTRIC STIMULATION THERAPY (NMES)
Participants randomly assigned to NMES were provided with
24 min of electrical stimulation immediately following the post-
exercise blood draw (T2) or post-exercise (T3) using a commer-
cially available product (Compex Performance US, DJO, Vista,
CA). Participants were asked to lay supine with three electrodes
placed on the quadriceps muscles of each leg. Specifically, one
large electrode with a negative charge was placed at the most
proximal point of the upper leg, while two small electrodes with
positive charge were placed on the belly of the vastus lateralis and
vastus medialis. The unit was set to the manufacturer’s estab-
lished recovery mode. The investigator adjusted the stimulation
intensity to a level as high as possible before the participant felt
unwarranted discomfort. The intensity administered to each par-
ticipant was noted by the research investigator, and was used for
the subsequent recovery intervention period (T3), similar to pre-
viously published methods (Vanderthommen et al., 2007). The
treatment protocol consisted of nine sequences, with the first
three stages lasting for 2 min, and the remaining six for 3 min.
Frequency of contraction started at 9 Hz, stepping down 1 Hz per
stage to 1 Hz.

COLD WATER IMMERSION
Immediately post-exercise participants in the CWI group were
provided a 22.9 cm high ice bath with a temperature that was
maintained at 10–12◦C immediately following a post-exercise
blood draw (T2) or immediately post-exercise (T3). Participants
were required to fully submerge their lower body into the water
up to their umbilicus for 10-min.

BLOOD MEASUREMENTS
During the T2 experimental session, blood samples were obtained
pre-exercise for baseline measurement (PRE), immediately post-
exercise (IP), and 30 min post-exercise (30M). During the T3
and T4 experimental sessions, blood samples were obtained pre-
exercise marking 24 h post-exercise (24H), and 48 h post-exercise
(48H). During T2, all blood samples were obtained using a 20-
gauge Teflon cannula placed in a superficial forearm vein kept
patent with isotonic saline. PRE blood samples were drawn fol-
lowing a 15-min equilibration period prior to exercise. IP blood
samples were taken within 1 min of exercise cessation. Each par-
ticipant’s blood samples were obtained at the same time of day
during each session.

Blood samples were collected into two Vacutainer® tubes, one
containing no anti-clotting agent and the second containing K2

EDTA. The blood in the first tube was allowed to clot at room
temperature for 30 min and subsequently centrifuged at 3000 ×
g for 15 min along with the remaining whole blood from the
second tube. The resulting plasma and serum was placed into sep-
arate 1.8-mL microcentrifuge tubes and frozen at −80◦C for later
analysis.

BIOCHEMICAL ANALYSIS
Creatine Kinase (CK) was analyzed with the use of a spectropho-
tometer and a commercially available enzymatic kit (Sekisui
Diagnostics, Charlottetown, PE, Canada) per manufacturer’s
instructions. Myoglobin concentrations were determined using
enzyme-linked immunosorbent assays (ELISA) (Calbiotech,
Spring Valley, CA). Determination of serum immunoreactivity
values was determined using a BioTek Eon spectrophotometer
(BioTek, Winooski, VT, USA). All samples were run in duplicate
with a mean intra-assay variance of 2.6% for CK and 5.73% for
myoglobin. Coefficient of variation for each hemoglobin assay
was 3.73% for and 0.65% for hematocrit.

Serum samples were assayed for concentrations of TNF-α,
using a cytokine assay (Millipore Milliplex, cat no. HCYTOMAG-
60K; Billerica, MA) on a MAGPIX instrument (Luminex
Technologies; Luminex, Austin, TX) according to the manufac-
turer’s instructions. All samples were run in duplicate with a mean
intra-assay variance of 8.36% for TNF-α.

CELL STAINING
Erythrocytes were lysed from 350 μl of whole blood (Pharm
Lyse; BD Biosciences, Franklin Lakes, NJ) within 30 min of
collection. Samples were then washed in staining buffer con-
taining 1 × phosphate-buffered saline containing fetal bovine
serum (FBS) by centrifugation and aspiration. This process was
repeated three times. Leukocytes were then resuspended in 100 μl
Pharminigen stain buffer (BD Biosciences, Franklin Lakes, NJ).
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FIGURE 1 | Study design for control (CON), neuromuscular electrical stimulation (NMES), and cold water immersion (CWI). PRE = Pre-exercise. IP =
Immediately post-exercise. 30M = 30 min post-exercise. 24H = 24 h post-exercise. 48H = 48 h post-exercise. 1RM = 1-repetiton maximum. Tx = Treatment.

Direct staining methods were used to label CD14 and CD120a
(TNFR1). Fluorescein isothiocyanate (FITC) conjugated to anti-
CD120a (H398, IgG2 α; AbDSerotec, Raleigh, NC) and PerCP
Cy5.5 conjugated anti-CD14 (M5E2; BD Pharminigen) were used
in the receptor labeling process. Surface staining was performed
by adding 10 μl of directly conjugated FITC-anti-CD120a, 5 μl
of directly conjugated PerCP Cy5.5-anti-CD14 to the cell sus-
pension and incubating in the dark for 30 min at 20◦C. Cells
were resuspended in 1.0 ml of stain buffer for flow cytometry
analysis.

FLOW CYTOMETRY
Flow cytometry analysis of stained cells was performed on a
C6 Accuri Flow Cytometer (BD Biosciences); equipped with BD
Accuri analysis software (BD Biosciences). Forward and side
scatter along with four fluorescent channels of data were col-
lected using two lasers providing excitation at 488 and 640 nm.
Monocytes were determined by initial gating based on forward
and side scatter, followed by gating for CD14+ cells as also
described by Tallone et al. (2011). A minimum of 10,000 events,
defined as CD14+ monocytes, were obtained with each sample.
Analysis of monocyte subpopulations was completed by quadrant
analyses, in which CD14 was compared with CD120a. Mean fluo-
rescence of CD120a was recorded, representing the mean density
of receptors per cell.

STATISTICAL ANALYSIS
A repeated measures analysis of variance (ANOVA) was used
to analyze both TNF-α and TNFR1 data. If an interaction was
found, follow-up analyses included One-Way repeated measures
ANOVAs and Tukey post-hoc comparisons. Prior to analysis all
data was assessed to ensure normal distribution, homogeneity
of variance and sphericity. Dietary compositions between groups
were analyzed using an unpaired t-test. Results were considered
significant at an alpha level of p = 0.05. All data are reported as

mean ± SD. Data were analyzed using SPSS v20 software (SPSS
Inc., Chicago, IL, USA).

RESULTS
Participants assigned to the CWI, NMES, and CON groups did
not differ in in any physical characteristics. Participants were
experienced, resistance trained individuals having an average
resistance training history of 7.9 ± 3.3 years and an average
squat 1RM of 150.2 ± 22.4 kg. Additionally, the exercise load pre-
sented a similar stress to all groups in terms of total volume and
number of repetitions performed. Muscle damage corresponded
with significant elevations in CK from PRE (103.4–166.3 U/L) to
24H (290%, 468.9–677.1 U/L) and 48H (271% 424.6–612.5 U/L)
post-T2 and myoglobin from PRE (23.3–35.5 ng/mL) to IP
(192%, 63.8–114.8 ng/mL) and 30P (357%, 89.3–180.6 ng/mL),
as reported previously (Jajtner et al., 2014).

CK and myoglobin responses to the protocol did not appear
to be affected by NMES or CWI treatments. Analysis of the par-
ticipants’ dietary recall revealed no differences in total caloric or
protein intake (g and g•kg−1 body mass) between groups on days
of T2 and T3.

CIRCULATING TNF-α LEVELS
No between-group differences were noted in TNF-α at PRE
(8.3 ± 4.2 pg/mL). The Two-Way time × group repeated mea-
sures ANOVA for TNF-α indicated a significant time effect
(F = 8.68, p < 0.001), but no significant main effect for group
(p > 0.05), or time × group interaction (p > 0.05). With
all groups combined, circulating TNF-α was elevated at IP
(10.8 ± 5.3 pg/mL; p = 0.001) and at 30M (9.6 ± 4.3 pg/mL; p =
0.005) compared to PRE concentrations (Figure 2). TNF-α con-
centrations were in similar physiological range to other resistance
trained males (Kraemer et al., 2014).

Since treatments were not administered until after IP, a sepa-
rate repeated measures was run from IP to determine the effect of
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FIGURE 2 | Circulating TNF-α response to acute heavy resistance

exercise and subsequent recovery in control (CON), neuromuscular

electro stimulation (NMES) and cold water immersion (CWI), groups

at Pre-exercise (PRE), Immediately post-exercise (IP), 30-min

post-exercise (30M), 24 h post-exercise (24H), and 48 h post-exercise

(48H) # Significantly elevated from PRE (p < 0.05). ∗ Significantly
(p ≤ 0.05) lower than IP.

each treatment. When compared to IP values, TNF-α was signif-
icantly lower at 24H (p = 0.015) and 48H (p = 0.001) in CON.
CWI was significantly lower (p = 0.011) at 48H compared to IP
values.

TNFR1
One hundred percent of CD+14 monocytes expressed TNFR1.
The Two-Way × group repeated measures ANOVA for TNFR1
density (expressed as relative fluorescence) indicated a significant
time effect (F = 4.25, p = 0.023), but no main effect for group
(p > 0.05), or time × group interactions (p > 0.05). TNFR1 lev-
els were significantly elevated (p < 0.01) at 30M compared to all
other time points (Figure 3).

DISCUSSION
The main findings of this investigation were that TNF-α was ele-
vated immediately following acute heavy resistance exercise, and
decreased at 24 h and 48 h into recovery in those receiving no
treatments. Treatment with NMES appeared to prevent the recov-
ery decline in circulating TNF-α compared to the CON group. In
addition, TNFR1 expression on CD14+ monocytes appears to be
elevated 30-min following acute heavy resistance exercise, and did
not appear to be affected by treatment during the recovery period.

The increase in circulating TNF-α following heavy resistance
exercise is consistent with findings reported by others. Brenner
et al., found that resistance exercise increased TNF-α to a greater
extent than moderate aerobic or maximal cycling (Brenner et al.,
1999). Conversely, some investigations have found no change in
TNF-α, Smith et al. (2000), Peake et al. (2006), and in one study a
decrease in TNF-α was observed (Hirose et al., 2004). However,
studies which saw no elevation in TNF-α recruited individu-
als without prior resistance training experience and employed
only eccentric movements (Smith et al., 2000; Buford et al.,
2009). Another study, which observed a decrease in circulat-
ing TNF-α, used only eccentric elbow flexion (Hirose et al.,

FIGURE 3 | TNFR1 [expressed as Mean Fluorescence Intensity (MFI)]

on CD14+ monocytes response to acute heavy resistance exercise and

subsequent recovery in control (CON), neuromuscular electro

stimulation (NMES) and cold water immersion (CWI), groups at

Pre-exercise (PRE), Immediately post-exercise (IP), 30-min

post-exercise (30M), 24 h post-exercise (24H), and 48 h post-exercise

(48H) # Significantly elevated from PRE (p < 0.05).

2004). Therefore, it is likely that resistance-trained individuals
performing heavy dynamic resistance exercise experience a more
pronounced TNF-α response following an acute exercise bout
than non-trained individuals. The elevated circulating TNF-α
levels in response to heavy resistance exercise is an important
pro-inflammatory event in the tissue repair process (Freidenreich
and Volek, 2012). Resistance-trained individuals possibly elicit an
increased immunological response to exercise and when coupled
with large amount of muscle mass involved in this type of exer-
cise, acutely produce more pro-inflammatory cytokines (Leeder
et al., 2012).

Without treatment, circulating TNF-α returned to baseline at
24H and 48H into recovery. Treatment with NMES resulted in
circulating TNF-α concentrations that did not return to base-
line values at 24H and 48H into recovery while. To the authors’
knowledge, this is the first study to examine the effects of NMES
on the immune response to heavy resistance training. While used
commonly in therapy settings for pain modulation, there is lit-
tle evidence in the literature that NMES is an effective means
of recovery following strenuous exercise (Vanderthommen et al.,
2007; Peake et al., 2008).

NMES is believed to function by initiating muscular con-
tractions that accelerate the blood flow to the stimulation site,
which increases the rate of lactate and other metabolic byprod-
uct removal (Babault et al., 2011). Therefore, in the present study,
NMES treatment may have provided a constant stimulus for tis-
sue breakdown and removal. The nature of NMES stimulating
muscle contractions may have evoked a continuous elevation of
pro-inflammatory cytokines during the recovery period as TNF-
α has been shown to be expressed from injured skeletal muscle
(Tseng et al., 2013). The CWI group was elevated at IP and
returned to baseline at 48 h post-exercise. Since there is evidence
that CWI is effective in decreasing leukocytosis (Tseng et al.,
2013), it is possible that cryotherapy may prevent or even delay
the repair process.
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Our data demonstrate an exercise-induced elevation in TNFR1
on CD14+ monocytes at 30M following heavy resistance exer-
cise which is supports previously published data (Townsend
et al., 2013). However, TNFR1 expression on CD14+ monocytes
was not significantly different between any of the interventions.
While not significant, TNFR1 expression on CD14+ monocytes
in NMES was lower on average than expression in CON and
CWI during recovery. This lower expression corresponded to time
points where circulating TNF-α was elevated in the NMES group
in our study. Previous studies have also reported that receptor
expression and serum concentration cytokine patterns may not
coincide (Peake et al., 2006; Zaldivar et al., 2006). Potentially, ele-
vations in circulating cytokines may be saturating their receptors
and thus reducing subsequent expression (Fragala et al., 2011).
Furthermore, secretion of TNF-α cannot solely be attributed to
immune cells (Li and Reid, 2001), so it is possible that NMES
modulates the presence of TNFR1 on monocytes differently than
serum concentration TNF-α and the observed increase in circu-
lating TNF-α may have been attributed to muscle cytokine release.
Nevertheless, there is currently little research on TNFR1 expres-
sion on leukocytes in response to strenuous resistance exercise
protocols, and further investigations are needed aimed at deter-
mining how exercise modulates specific immune cells and the
implications of their response.

Although inflammation has been commonly associated with
detrimental consequences, pro-inflammatory processes are essen-
tial for subsequent muscle repair and regeneration (Li and
Reid, 2001; Peterson et al., 2006; Crameri et al., 2007; Urso,
2013). In the tissue repair cascade, early responding inflamma-
tory cells, mainly circulating monocytes (Peake et al., 2005) and
tissue-embedded macrophages secrete several pro-inflammatory
cytokines which stimulate satellite cell activation (Mackey et al.,
2007). Thus, interventions that attenuate or block inflammation
may actually hinder or delay the repair processes (Mackey et al.,
2007; Urso, 2013). Nevertheless, prior studies have shown that
acute anti-inflammatory treatments may allow for improved sub-
sequent muscular contractile and structural function (Grounds
and Torrisi, 2004; Piers et al., 2011). Thus, it appears that there
may be specific time points following acute damage in which
anti-inflammatory interventions are most beneficial to muscle
contractile function and repair, however these time frames have
yet to be identified (Urso, 2013).

In the present study, therapies were implemented immediately
following exercise, which resulted in elevated circulating TNF-α
concentration during recovery compared to controls. While this
is the first study to report the effect of NMES on circulating TNF-
α and TNFR1 expression following heavy resistance exercise, it
is important to consider that the cytokine response to exercise
stress and subsequent muscle disruption is complex and in con-
stant flux (Cassatella, 1995; Peake et al., 2005; Bleakley et al.,
2012). Whereas the present study examined TNF-α and its recep-
tor as a possible mechanism to explain the efficacy of recovery
modalities, it is important to note that several additional pro-
and anti-inflammatory cytokines and immune markers (IL-1β,
IL-6, IL-10) contribute to the tissue repair processes. However,
the aim of the current investigation was to provide additional
insight to an important subset of immune cells in response to

acute resistance exercise. Further study of additional cells and
cytokines are needed to fully elucidate the mechanisms behind
therapeutic modalities in tissue recovery.

In conclusion, it appears that CWI and NMES therapies do
not attenuate circulating TNF-α during recovery compared to
control conditions, as had been hypothesized. However, it seems
that NMES is potentially attenuates TNFR1 expression more
than CWI. These data contribute new insights on how recovery
modalities affect the immune response to muscle recovery from
resistance exercise.
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In team sports, game decisive events are
often reliant on transient repeated-sprint
ability (RSA), which refers to the abil-
ity to produce the best possible aver-
age sprint performance over a series of
sprints (<10 s), separated by short (<60 s)
recovery periods (Bishop et al., 2011).
Researches on RSA, particularly focusing
on factors contributing to fatigue (Girard
et al., 2011) and interventions (e.g., train-
ing, ergogenic aids, altitude) likely to
improve this fitness component (Bishop
et al., 2011; Billaut et al., 2013), are under-
going unprecedented popularity. Although
differences exist in terms of sprint dura-
tion (4–10 s) or distance (10–40 m) and
recovery time (10–30 s) or nature (pas-
sive or active) between RSA protocols,
a single set of 5–15 maximal “all-out”
efforts (i.e., close-loop design) is gener-
ally used to assess performance or fatigue
resistance. Compared to time trials (i.e.,
possibility to constantly adjust mechani-
cal performance) or time to exhaustion
tasks (i.e., option of voluntarily ending
exercise; open-loop design), one advantage
of the RSA test model is to circumvent
the confounding effects associated with
pacing.

With the repetition of maximal efforts,
muscle fatigue develops (i.e., reversible
decline in muscle force production),
arising from a complex interaction
between muscular perturbations and
neural adjustments so that no singu-
lar isolated factor likely represents a
direct causative mechanism explaining
the rate of decline in peak sprint speed
(running) or peak/mean power output

(cycling) during RSA protocols (Girard
et al., 2011). In addition to large per-
turbations in peripheral physiological
state with repeated sprinting, when sub-
stantial fatigue levels are incurred (i.e.,
sprint decrement score >10%), reduc-
tions in mechanical performance and in
the amplitude of quadriceps EMG sig-
nals [Root Mean Square (RMS) activity]
often coincide, implying that motor unit
activity (i.e., a decrease in recruitment;
firing rate; or both) may also become
suboptimal (Mendez-Villanueva et al.,
2008; Girard et al., 2011; Brocherie et al.,
2014). Very recently, RSA investigations
have been conducted under elevated envi-
ronmental stress (heat or hypoxia) or
where the degree of fatigue at exercise
start was manipulated to more thoroughly
understand the nature of the underly-
ing mechanisms. The consistent finding
was that acute moderate hypoxia (i.e.,
a fraction of inspired oxygen of 13.8%;
Billaut et al., 2013) or the induction of
pre-existing locomotor muscle fatigue
(i.e., following a 10-min neuromuscu-
lar electrical stimulation protocol of the
quadriceps; Hureau et al., 2014) caused
significant parallel reductions in RMS
activity of the active musculature and
in power output with cycle-sprint rep-
etitions (i.e., their magnitudes exceeded
those of control situations), while the
amount of peripheral quadriceps fatigue
incurred at exercise termination was sim-
ilar. The interpretation was that feedback
from fatiguing muscles plays an impor-
tant role in the determination of central
motor drive and force output, so that

the development of peripheral muscle
fatigue is confined to a certain level (also
referred as a “critical” threshold) so as not
to surpass a sensory tolerance limit.

Because the modifications in muscle
recruitment patterns are highly influenced
by changes in RSA performance, it can be
argued that muscle “de-recruitment” with
sprint repetitions may not be the cause
but rather the consequence of progressive
decreases in velocity or power production.
In an effort to resolve this issue, innovative
approaches have emerged, either based on
the determination of the power-EMG rela-
tionship during warm-up sprints that are
subsequently compared to EMG changes
during a RSA test (Bishop, 2012) or based
on the comparison of fatigue responses
during two sets of repeated sprints sepa-
rated by a recovery period (i.e., few min-
utes) and matched for initial mechanical
output (Mendez-Villanueva et al., 2008).
The rationale is to determine whether
a disproportionate decrease in neural
drive over mechanical performance (sprint
time/power output) actually occurs during
RSA tests.

To delineate the neural and muscular
factors driving performance recovery fol-
lowing repeated sprints a sprint-matching
paradigm was introduced, where exer-
cise responses during two sets of repeated
cycling sprints (10 × 6-s “all out” sprints
with 30 s recovery followed after 6 min
of passive recovery by five 6-s sprints),
matched for initial mechanical output
in a “non-fatigued” (sprints 4–8) and a
“fatigued” state (sprints 11–15), were actu-
ally compared (Mendez-Villanueva et al.,
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2007). Results indicated that there was
a greater fatigability in the five repeti-
tions of the second vs. first set, despite
mechanical output produced for the ini-
tial bout of both sets (i.e., sprints 4 and
11) being similar. Furthermore, muscle
activation was lower (∼12%) in sprint
11 than 4, while the rate of decrease
in net EMG activity was similar for the
two sets of repeated sprints. Taken as
a whole, this highlights that the short-
term activation history of the active mus-
culature alters the muscle recruitment
pattern and fatigability during sets of
repeated sprints matched for initial power
output. Using the same data set, with
the addition of muscle biopsies of the
vastus lateralis obtained at rest, imme-
diately after the 10 first sprints and
after 6 min of recovery it was further
demonstrated that phosphocreatine resyn-
thesis was associated with total work
done in sprint 11 (r = 0.79, P < 0.05)
and total work done during sprints
11–15 (r = 0.67, P < 0.05), while EMG
amplitude remained depressed (Mendez-
Villanueva et al., 2013). The lower per-
formance maintenance during subsequent
repeated sprints was mostly mediated by
intramuscular factors probably related to
limitations in metabolic supply, as also evi-
denced by the disproportionate ∼2-fold
greater decrease in total work in rela-
tion to RMS in the second set of sprints
(sprint 11–15) than in the first five sprints
(sprint 1–5).

In an effort to improve our
understanding of fatigue-causing mecha-
nisms during repeated sprinting, we invite
multiple-sets RSA studies to carefully eval-
uate the ensuing recovery rate of single-
and multiple-sprint performance and
return of neuromuscular markers, with
special reference to restoration of central
nervous system functioning and of periph-
eral physiological state. Furthermore,
quantifying whether disproportionate
decreases in neural drive or in mus-
cle contractility occur over mechanical
performance during successive sets of

repeated sprints, may help to determine
if the attenuation of the EMG amplitude
is actually the consequence, or the cause,
of slower sprint times or reduced power
production. Further investigation where
environmental stressing conditions could
vary across successive sets of repeated
sprints and/or during the between-sets
intervening recovery periods may assist in
clarifying this contention, accepting the
premise that an increase in hypoxia sever-
ity would alter exercise-induced demands
(and thereby recovery requirements) on
the neuromuscular system. Under this
framework, our recent comparison of the
effects of an initial set of exhaustive inter-
mittent cycling under normoxia, moderate
or severe hypoxia on locomotor perfor-
mance and quadriceps fatigability, and
how recovery from this first exercise bout
influence subsequent normoxic perfor-
mance during the completion of a second
set using a similar exercise mode may lead
the way (Christian et al., 2012). In doing
so particular attention should be paid to
study perceptual recovery as well, as it
may interact with feed-forward/feedback
mechanisms to influence athlete prepared-
ness for ensuing exercise bouts (Minett
and Duffield, 2014).
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