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• Studies had shown no effect of light deprivation in closed-loop exercise performance.
• The light deprivation decreased performance in open-loop, constant intensity exercise test (TE).
• Light deprivation decreased the subjective TE test tolerance by speeding up the RPE.
• Participants increased their focus on internal body sensations during the light-deprived TE test.
• There was greater psychophysiological disturbance during light-deprived TE test.
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Studies have shown that there is no effect of light deprivation in closed-loop exercise performance, however less
is known about the open-loop exercise performance. Thus, we verified if light deprivation may affect perfor-
mance and psychophysiological responses to a time-to-exhaustion (TE), constant intensity exercise test. Twelve
menperformedTE tests (at 80%WPEAK ofmaximal incremental test) in control and light-deprived condition. Gas-
eous exchange (VE and VO2), heart rate (HR) and vastus lateralis electromyography (EMG) were continuously
assessed, ratings of perceived exertion (RPE) and associative thoughts to exercise (ATE) were obtained every
60 s. Responses at absolute time of exercisematchedby the shortest time to exhaustion, and responses at exhaus-
tion were compared between conditions (P b 0.05). Exhaustion was shortened (5.0 ± 1.6 min vs 6.4 ± 2.4 min)
and RPE slope was elevated in light deprivation, when compared to control (P b 0.05). Responses of VE, VO2 and
RPE were greater at exhaustion in light deprivation TE test than at the equivalent, paired time in control test.
However, responses were similar at exhaustion of both TE tests; the exception was the lower EMG when the
light was deprived. The light deprivation shortened the exhaustion and increased RPE in TE test, until the attain-
ment of similar maximal psychophysiological responses.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Visual cue is an important stimulus to recognize the external envi-
ronment, so motor performance during physical exertion is suggested
to be affected bymanipulations of visual cue [1,2]. Using a light depriva-
tion approach with auditory cues, earlier study by Kriel et al. [3]
had observed that, when compared to a control condition, neither per-
formance nor psychophysiological responses such as ratings of per-
ceived exertion (RPE) and heart rate (HR) were affected during a
40 km closed-loop cycling trial. The authors concluded that visual
elino Matarazzo, São Paulo, SP
input was not required to perform this exercise mode. However, these
results were counterintuitive, as the darkness is expected to negatively
affect physical performance; individuals may feel lower alertness and
subjective exercise tolerance in the absence of light [4]. From a mecha-
nistic perspective, light deprivation may negatively affect physical per-
formance due to a slowing of the motor cortices activation and arousal
[5,6], perhaps as a result of the reduced connection between prefrontal
cortex and hypothalamus, triggered by the retina of eyes in the absence
of light [7–9,10]. Therefore, more studies are required to elucidate if
light deprivation may affect physical performance and psychophysio-
logical responses to exercise.

The absence of negative effects of darkness in that study [3] may be
related to some aspects. First, the light-deprived condition was per-
formed in a sequential order, after the illuminated-control condition.
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As highlighted by the authors, the lack of randomization between the
light-deprived (2nd test) and illuminated-control exercise test (1st
test) was a weakness of the study. Individuals could have improved
physical performance in the second test due to the effects of order,
thus reducing the negative effects of darkness on physical performance.
Moreover, effects of darkness are apparentwhen brightness is very low,
probably less than 5.5 lx [5,6]. Unfortunately, Kriel et al. [3] did not re-
port the brightness used in that study.

Another aspect that should be pointed out is that the exercise toler-
ance (i.e., physical performance) and psychophysiological responses
during exercise were obtained during a 40 km closed-loop cycling trial
[3]. In closed-loop exercises individuals are free to pace themselves ac-
cording to a known, pre-determined endpoint. It has been suggested
that performance in this exercise mode is based on a RPE template
model, so that the attainment of the exercise endpoint is programmed
to match maximal RPE values (i.e. maximal subjective tolerance); pac-
ing would be continuously adjusted to avoid that the maximal subjec-
tive exercise tolerance is reached before the exercise endpoint [11,12].

However, in laboratory tests such as a time-to-exhaustion (TE) cy-
cling test, the exercise endpoint is unknown in anticipation. During a
TE test individuals have to maintain a fixed power output throughout
the test, so that they have no choice to pace themselves according to a
RPE template [13,14]. Therefore, rather than closed-loop exercises, TE
cycling tests seem to be highly dependent on the individuals' subjective
tolerance to fatigue, as the time-to-exhaustion is related to the time of
exercise until the attainment of maximal RPE values [12,15,16]. In this
regard, some authors have suggested that the rate of increase in RPE
fairly predicts the TE test performance, as the lowered subjective toler-
ance is related to a faster increase in RPE and reduced time-to-
exhaustion [11,14]. However, it is still to be confirmed if light depriva-
tion may reduce the subjective exercise tolerance in TE tests, thus ele-
vating the rate of increase in RPE and decreasing performance.

Therefore, this study aimed to investigate the light deprivation ef-
fects on performance andRPE responses to a TE cycling test.Wehypoth-
esized that light deprivation may decrease the subjective exercise
tolerance by shortening the attainment of maximal RPE values. As a re-
sult, the physical performance measured as the time-to-exhaustion
would be reduced.

2. Materials and methods

2.1. Participants and experimental design

Twelve physically active males (25.1 ± 4.9 years, 175.7 ± 5.7 cm,
77.8 ± 5.7 kg, and 11.4 ± 4.5% of body fat), unhabituated with dark en-
vironments volunteered to participate in this study. The participants
were free from visual and cognitive disorder as well as from neuromus-
cular and cardiopulmonary disease; they were informed about the ex-
perimental procedures, risks, and benefits before signing a written
consent form. This study conformed to the Declaration of Helsinki, and
was previously approved by the local Research Ethics Committee.

The experimental design consisted of three sessions. In the first ses-
sion, participants completed a physical activity readiness questionnaire
(PARQ), were familiarized with the cycle ergometer and psychophysio-
logical measures, and performed a maximal incremental test. During
sessions two and three, participants who were already familiarized
with TE tests, performed a TE cycling test set at 80% of the peak power
output (WPEAK) achieved in the preliminary maximal incremental test,
either exposed to (control condition) or deprived of light (light-de-
prived condition). These TE tests were performed in a counterbalanced
fashion, in laboratory (~20 °C) environment at the same time of the day.
Thus, psychophysiological responses were obtained while participants
cycled in illuminated-control and light-deprived environments. Psycho-
logical variableswere RPE and associative thoughts to exercise (ATE), as
previous study suggested that higher RPE during physical task in the ab-
sence of visual stimuli (individuals blindfolded with a sleeping mask)
was related to a greater ATE [17]. On the other hand, traditional
laboratorial variables such as cardiopulmonary and electromyography
(EMG) responses were the physiological variables.

All the tests were performed on a bicycle (Giant®, USA) adapted
with comfortable saddle and pedals, coupled with a cycle-simulator
(CompuTrainer™ RacerMate 8000, EUA), calibrated before the tests ac-
cording to the manufacturer's instructions.

2.2. Preliminary session

After PARQ's completion, participants were evaluated for anthropo-
metric variables, thus bodymass, height, and chest, abdomen, and thigh
skinfolds were obtained. To get acquainted to instruments and scales,
participants cycled for 10 minwhile using a mask for gaseous exchange
measures. Thereafter, they were familiarized with psychological scales.
The RPE was obtained according to the 15-point Borg's scale [18]. The
participantswere oriented to consider breathlessness, cardiopulmonary
work, body temperature and overall discomfort to rate their perceived
exertion. On the other hand, ATE was obtained through a 10 cm bipolar
line ranging from 0 (dissociative thoughts) to 10 (associative thoughts),
as suggested elsewhere [17]. Briefly, participants were oriented to rate
their thoughts according to internal (sensations derived from the
body) and external cues (unrelated body sensations such as daily
tasks, environment, etc), scoring 0 to 4 as dissociative and 6 to 10 as as-
sociative thoughts. The number 5 would score a shift from dissociative
to associative thoughts. Participants were fully aware about the distinc-
tion between associative and dissociative thoughts, however only the
associative thoughts to exercise (ATE) were reported. Evidences of
ATE scale's validity have been provided [17].

After familiarization with instruments and scale, participants were
positioned on the bicycle for a 3min baseline period, whichwas follow-
ed by a 5min self-paced warm-up period. Immediately after the warm-
up, they began a traditionalmaximal incremental test, with initialwork-
load set at 100W and pedal cadence at ~80 rpm. The workload was in-
creased 25W·min−1, until exhaustion. They were strongly encouraged
to push themselves for as long as they could, while exhaustion was
identified as the incapacity to maintain the pedal cadence at ~80 rpm
(despite three strong verbal encouragements). Throughout the prelim-
inary incremental test, participants wore a mask (Hans Rudolph, USA)
connected to an open-system gas analyzer for breath-by-breath mea-
surements of the gaseous exchange (Quark CPET, Cosmed, Italy). The
gas analyzer was calibrated according to manufacturer's recommenda-
tion before each test. In addition, the HR was assessed by a cardio belt
(Suunto, Finland) at a 2-Hz frequency. The oxygen uptake (VO2) data
were smoothed to 10 s intervals and the VO2 peak (VO2PEAK) was deter-
mined as the average of the three highest VO2 values obtained during
the last 60 s of the test [19]. The WPEAK was defined as the maximal
power output achieved during the test.

2.3. Open-loop exercise procedures

After the preliminary session (~7 days), participants performed TE
cycling tests in the illuminated-control and light-deprived environ-
ment, following a washout interval of 3 to 7 days between them. In
order to manipulate the laboratory's brightness, we sealed the
laboratory's door and windows with thick black plastic, and a 1.1 m2

area was further isolated with black thick curtains to separate the bicy-
cle from the electronic devices and experimenter. Furthermore, the
lights of the electronic devices were covered with black fabric to block
other light sources. In the illuminated-control condition the laboratory's
lightswere switched on to provide a set-up environmentwith a normal,
constant light intensity of ≈224 lx and 1001 W/m2 [9]. In contrast, the
room's lights were switched off in the light-deprived condition, and a
dark environment with ≈2 lx and 001 W/m2 was created. The overall
perception was of complete darkness in the testing room, in the light-
deprivation conditions.
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Fig. 1.Oxygen uptake (VO2) during time-to-exhaustion (TE) tests in the illuminated-con-
trol (white bar) and light-deprived environment (black bar). * indicates different of con-
trol TE test (P b 0.05). The figure depicts isotime comparisons (absolute exercise time in
control TE test that matched the exhaustion in light deprivation TE test).
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After being prepared for physiological measures (i.e. gaseous ex-
change, HR and EMG assessments), participants were accommodated
on the bicycle for a 3 min baseline period, for gaseous exchange mea-
sures at rest. In the light-deprived condition, the room's light was
switched off after the preparation for physiological measures, thus par-
ticipants were habituated to the darkness during a 2 min period before
the standard baseline. Thereafter, the baseline period was followed by a
7 min standard warm-up period, composed of a 5 min self-paced exer-
cise, in which participants could freely adjust gear and cadence, and a
2min controlled-pace exercisewith intensity set at 100Wand pedal ca-
dence set at 80 rpm. This controlled-pace warm-up was used for nor-
malization of the EMG signal during exercise [20,21]. Before the TE
tests' commencement, participants were oriented to push themselves
to the limit of exercise tolerance. Then, they immediately began the TE
cycling tests while no visual and verbal feedback was provided during
the exercise; the exception was the verbal feedback about the pedal ca-
dence. The evaluator asked participants to increase or decrease the
pedal cadence when it deviated from the target value (80 rpm). The ex-
ercise exhaustion (i.e. endpoint) was defined as the incapacity to main-
tain the target pedal cadence and power output.

Throughout the TE tests, gaseous exchangewas recorded breath-by-
breath, whereas HR was recorded at 2 Hz. The EMG was continuously
assessed through a surface bipolar active electrode placed over themus-
cle belly of the vastus lateralis (VL)muscle, following the probable fiber
orientation. The VL muscle was chosen because it is one of the primary
motor muscles during cycling. Before electrode placement, the skin was
shaved, cleaned, and exfoliated. Then, the electrode position was
marked with a surgical pen on the skin to ensure the same electrode
placement on the following testing session. The EMG signal was ampli-
fied to 1000 and sampled at 2 kHz with a hardware band-pass filter set
at 20Hz and 500Hz (Delsys,MyomonitorWireless EMG Systems, USA).

The RPE was obtained according to the 15-point Borg's scale [18].
The experimenter asked the participants to report their RPE and ATE
every 60 s during the TE tests. In the light-deprived condition a flash-
light was used for a few seconds, to illuminate the scales in each
measurement.

2.4. Data analysis

2.4.1. Responses at baseline
Cardiopulmonary responses were analyzed at baseline, before the

exercise commencement. Thus, responses of VO2, ventilation volume
(VE) and HR in the last 10 s of the baseline period were averaged.

2.4.2. Exercise responses
The time-to-exhaustion in TE test was reduced in light-deprivation

condition for all participants, so that psycho- (RPE and ATE) physiolog-
ical (gaseous exchange, HR and EMG) responses were analyzed at two
distinct instants. First, responses at exhaustion instant in the light-
deprived TE test were compared to responses at equivalent time in
the illuminated-control TE test. In addition, responses at exhaustion in-
stant in both the illuminated-control and light-deprived TE tests were
compared.

The VO2, VE data were initially filtered, and values greater than 3
standard deviation (SD) from the local mean were replaced by the
mean. Then, a cubic spline interpolation techniquewas used to estimate
data at 1 s intervals. Furthermore, HR datawere smoothed to 1 Hz to re-
move extreme values. Values of VO2, VE, andHRwere averaged over the
last 10 s window at exhaustion in the control and light-deprived TE
tests, as well as over the 10 s window at equivalent exercise time in
the control TE test that paired to exhaustion in the light-deprived TE
test.

The EMG data during the exercise were initially subtracted from the
baseline EMG signal. Thereafter, the root mean square (RMS) value
of the EMG signal obtained during the controlled-pace warm-up
(i.e., 2 min cycling at 100 W and 80 rpm) was used to normalize the
EMG data of exercise [21,20]. After the EMG signal treatment, the
EMG RMS was calculated over the last 10 s window at exhaustion in
the control and light-deprived TE tests, and over 10 s window at equiv-
alent time of exercise in the control TE test thatmatched the exhaustion
in the light-deprivation TE test.

Regarding RPE and ATE responses, the nearest RPE and ATE re-
sponses at equivalent time of exercise in the control TE test that
matched the exhaustion in the light-deprivation TE test were used for
comparisons. In addition, RPE and ATE responses at exhaustion of
both the control and light-deprived TE test were compared. The rate
of increase in RPE (RPESLOPE) was also calculated to indicate how fast
the RPE increased throughout the TE cycling tests.
2.4.3. Statistics
The data distributionwas initially analyzedwith Shapiro–Wilk's test

to ensure Gaussian distribution, and afterward they were reported as
mean (±SD). Time-to-exhaustion, responses at baseline and RPESLOPE
in both the conditions were compared through a paired t-Student test.
Psychophysiological responses during exercise were compared through
a repeated measures ANOVA (2 × 2) having time of exercise and light
condition as fixed factors. Bonferroni's test was used to correct multiple
comparisons, critical F values were corrected by Greenhouse–Geisser's
epsilon value when appropriately indicated by Mauchley's sphericity
test. Importantly, to verify if light deprivation would alter psychophys-
iological responses at exhaustion in TE testswewere interested in inter-
action effects, rather than main effects (i.e. time and condition).
Significant results were accepted when P b 0.05. Power and effect size
(expressed as Cohen's d) of significant results were further reported
and interpreted as small (b0.2), moderate (N0.2 and b0.8) and large
(N0.8).
3. Results

3.1. Preliminary maximal incremental test

Participants attained a WPEAK of 262.3 ± 39.3 W and a VO2PEAK of
42.4 ± 4.8 mL·kg−1·min−1 during the maximal incremental cycling
test.
3.2. Baseline responses

No difference was observed in gaseous exchange at baseline, be-
tween conditions. For example, baseline VO2 values were 6.0 ±
1.6 mL·kg−1·min−1 in illuminated-control and 5.4 ± 1.2 mL·kg−1·-
min−1 in light-deprived condition (P N 0.05; df = 11). Accordingly, VE
was 12.3 ± 2.4 L·min−1 and 12.2 ± 3.7 L·min−1 (P N 0.05; df = 11)
and HR was 68 ± 13 and 66 ± 14 bpm in control and light-deprived
condition (P N 0.05; df = 10), respectively.
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Fig. 2. Ventilation volume (VE) during time-to-exhaustion (TE) tests in the illuminated-
control (white bar) and light-deprived environment (black bar). * indicates different of
control TE test (P b 0.05). The figure depicts isotime comparisons (absolute exercise
time in control TE test that matched the exhaustion in light deprivation TE test).

Fig. 5. Ratings of perceived exertion (RPE) during time-to-exhaustion (TE) tests in the il-
luminated-control (white bar) and light-deprivedenvironment (black bar). * indicates dif-
ferent of control TE test (P b 0.05). The figure depicts isotime comparisons (absolute
exercise time in control TE test that matched the exhaustion in light deprivation TE test).
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3.3. Exercise responses

The time-to-exhaustion was significantly reduced (P = 0.02; df =
11, d = 0.81 and power = 0.73) in light-deprived condition (5.0 ±
1.6 min), when compared to illuminated-control condition (6.4 ±
2.4 min). No effect of order was found between the first and second
TE tests (P = 0.14).

Repeatedmeasure ANOVA showed an exercise time x light condition
interaction effect, so that VO2 (P = 0.02; d = 1.43 and power = 0.70)
(Fig. 1), VE (P = 0.01; d = 1.30 and power = 0.82) (Fig. 2), RPE (P =
0.01; d = 1.27 and power = 0.85) (Fig. 5) and ATE (P = 0.02, d =
1.10 and power = 0.69) (Fig. 6) responses at exhaustion in the light-
deprived condition were greater than responses at equivalent, absolute
time of exercise in the illuminated-control TE test. However, HR (Fig. 3)
and EMG (Fig. 4) were not different between conditions (P N 0.05).

On the other hand, most psycho- (i.e., RPE and ATE) physiological
(i.e., VO2, VE, andHR) responseswere not different (P N 0.05) at exhaus-
tion in the illuminated-control and light-deprived TE test. The exception
was the lower EMG signal at exhaustion in the light-deprivation (P =
0.03 d = 2.9 and power = 0.90), which followed the shorter time-to-
exhaustion of this condition. Table 1 shows these responses.
Fig. 3. Heart rate (HR) during time-to-exhaustion (TE) tests in the illuminated-control
(white bar) and light-deprived environment (black bar). The figure depicts isotime com-
parisons (absolute exercise time in control TE test that matched the exhaustion in light
deprivation TE test).

Fig. 4. Electromyography (EMG) of vastus lateralismuscle during time-to-exhaustion (TE)
tests in the illuminated-control (white bar) and light-deprived environment (black bar).
The figure depicts isotime comparisons (absolute exercise time in control TE test that
matched the exhaustion in light deprivation TE test).
3.4. Rate of increase in RPE

The light-deprivation induced greater (P = 0.04; df = 11, d = 0.71
and power=0.71) RPESLOPE (0.30± 0.13 a.u.·min−1) during the TE cy-
cling test, more than the illuminated-control condition (0.24 ± 0.07
a.u.·min−1).
4. Discussion

We hypothesized that light deprivationmay decrease subjective ex-
ercise tolerance, thus elevating the rate of increase in RPE and impairing
TE cycling test performance. The findings of the present study con-
firmed this first hypothesis, as light deprivation reduced the time-to-
exhaustion together with an increased RPESLOPE in TE cycling test. Psy-
chophysiological responses at exhaustion in the light-deprived TE test
were greater than responses at equivalent, absolute exercise time in
the control TE test, however psychophysiological responses were simi-
lar at exhaustion in both the conditions. These results suggest that
light deprivation decreased the subjective TE test tolerance by speeding
up the RPE, until the attainment of a similar maximal psychophysiolog-
ical response.

According to a fatigue model, the open-loop exercise endpoint is
subconsciously created before the exercise may threaten the body ho-
meostasis [12,15,16], thus our results may suggest that the exercise
time to reach a maximal, tolerable psychophysiological disturbance
was shortened in light-deprived environment. In this regard, the greater
RPESLOPE in light-deprived exercise may have played an important role
in creating a safe open-loop exercise endpoint. Our results corroborate
the interpretation that RPE is a psychophysiological construct that indi-
cates the remaining time of exercise, until the attainment of a maximal
tolerable disturbance [11,12,14]. Thus, an exercise endpoint in both the
illuminated-control and light-deprived environments may have been
created, having as limit a similar maximal RPE and psychophysiological
response at exhaustion. As the power output could not be further ad-
justed during the TE cycling tests, the greater RPESLOPE in light-
Fig. 6. Associative thoughts to exercise (ATE) during time-to-exhaustion (TE) tests in the
illuminated-control (white bar) and light-deprived environment (black bar). * indicates
different of control TE test (P b 0.05). Thefigure depicts isotime comparisons (absolute ex-
ercise time in control TE test that matched the exhaustion in light deprivation TE test).
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Table 1
Psycho-physiological responses at exhaustion (endpoint) in control and light-deprived TE tests.

VE
L·min−1

VO2

mL·kg−1·min−1
HR
bpm

EMG
% of warm up

RPE
a.u.

ATE
%

Control 124.9 ± 18.6 34.6 ± 4.9 178.0 ± 13.9 230 ± 70 18.8 ± 1.3 92.5 ± 9.7
Light deprivation 124.4 ± 18.4 35.6 ± 4.2 176.2 ± 15.2 170 ± 50 18.7 ± 1.8 93.3 ± 10.7
P 0.85 0.33 0.64 0.03 0.69 0.86

Comparisons between control and light-deprived condition were performed at the final 10 s of the TE test.
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deprived environment indicated the shortened time of tolerance to per-
form the exercise in this environment.

Although it is difficult to determine why deprivation of light de-
creased the subjective exercise tolerance (thus speeding up the RPE in-
crease), some aspects could be pointed out. According to the conscious
processing hypothesis, emotional stress (such as anxiety) mediates the
reinvestment of conscious control of movement by increasing the inter-
nal attentional focus [22,23]. Perhaps, the darkness increased anxiety-
related disorders, thus increasing the participants' focus on internal
body sensations as amean to consciously control themotor actions dur-
ing exercise [22,24,25]. The fact that there was a 6.6% increase in ATE at
exhaustion in the light-deprived TE test, when compared to equivalent
exercise time in the control TE test (isotime comparisons), may rein-
force this suggestion.

Assuminga greater ATE as a result of the darkness, then the reduction
in physical performance during the light-deprived TE testmayhave been
a consequence of the impairment in movement economy. According to
the constrained action hypothesis [22], automaticity of movement de-
creases due to a higher muscular co-contraction, when individuals
focus on internal sensations derived from exercise. Studies have report-
ed impairment in leg movement automation and movement economy
when individuals perform physical tasks while focusing on internal
body sensations [26–28]. In the present study, when comparing the
equivalent, absolute exercise time in illuminated-control TE test that
matched the exhaustion in light-deprived TE test (isotime comparisons)
we observed a higher VO2-EMG and VE-EMG relationship in the light-
deprived condition, as VO2 and VE were increased while EMG was not.
These results suggest an impaired running economy when individuals
used internal, rather than external focus of attention [27]. However, fu-
ture studies are required to confirm this hypothesis, aswemeasured nei-
ther cycling economy nor EMG from synergist muscles [28].

The greater VO2 andVEduring TE tests in light deprivationmay have
affected the RPESLOPE. Assuming that RPE is influenced by peripheral
physiological signals such as cardiopulmonary responses [29], this
greater peripheral physiological signal may have speeded up the RPE
during light-deprived TE cycling tests. In addition, it is possible that al-
terations in ATE further affected RPE in light-deprived TE tests, as previ-
ous studies have suggested that increases in RPE during exercise are
related to increases in ATE [12,30,31].

The present results may provide some insights for future studies.
First, onemay be interested to know how physical performance obtain-
ed in diurnal training sessions could be transferred to nighttime compe-
titions. In this regard, one could be further interested to know the effects
of training routines performed in light-deprived set-ups. Perhaps, im-
provements in physical performance could be greater after training rou-
tines in light-deprived set-ups,more than in normal, brightness set-ups;
the greater psychophysiological stress in the darkness could induce ad-
aptations, highly advantageous when transferred to brightness
environments.

In summary, results of the present study showed that light depriva-
tion decreased subjective exercise tolerance, thus elevating the RPE and
reducing TE cycling test performance. These results further suggest that
the higher rate of increase in RPE in light-deprivation TE test indicated
the shortened time to reach a similar, maximal psychophysiological
disturbance.
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