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Day-to-day variations in sleep 
quality affect standing balance in 
healthy adults
Luis Montesinos   1,2, Rossana Castaldo1,3, Francesco P. Cappuccio   4,5 & Leandro Pecchia   1

Acute sleep deprivation is known to affect human balance and posture control. However, the effects 
of variations in sleep quality and pattern over consecutive days have received less attention. This 
study investigated the associations between day-to-day variations in sleep quality and standing 
balance in healthy subjects. Twenty volunteers (12 females and 8 males; age: 28.8 ± 5.7 years, body 
mass index: 23.4 ± 3.4 kg/m2, resting heart rate: 63.1 ± 8.7 bpm) with no history of sleep disorders or 
balance impairments participated in the study. Sleep and balance were assessed over two consecutive 
days. Sleep quality variations were assessed using sleep diary, actigraphy and heart rate variability 
(HRV) measures. Sleep was monitored at home, using an unobtrusive wearable device. Balance 
was assessed in a gait lab using foot centre of pressure (COP) displacement during quiet standing. 
Subjects with a day-to-day deterioration in sleep quantity and quality (i.e., decreased duration and 
increased fragmentation, increased nocturnal activity and decreased HRV) exhibited significant 
changes in balance (i.e., larger COP area, amplitude and standard deviation). Conversely, subjects 
with no significant alterations in sleep quantity and quality showed no significant changes in COP 
displacements. These results confirmed our hypothesis that changes in sleep quality and pattern over 
consecutive days may affect balance.

Human balance is a fundamental skill required to perform most of our daily-life activities. It is the result of 
the complex integration of the central nervous system with the visual, the vestibular, the proprioceptive and 
the musculoskeletal systems. During quiet standing, human balance is achieved by constantly reconfiguring 
ground reaction forces under the feet to counteract the sway of the body. The point of application of the ver-
tical ground reaction force vector is known as centre of pressure (COP)1. COP displacement is one of the most 
common techniques to measure human balance during quiet standing (a technique known as posturography or 
stabilometry)2–5. COP displacement is measured with a force platform or other instrumented surface (e.g. a mat) 
which produces a two-dimensional time-series representing the COP trajectory in the anterior-posterior (AP) 
and medial-lateral (ML) axes. COP displacements can be characterised by computing their area, amplitude and 
variability (i.e., standard deviation), among many other measures. Interestingly, these measures reflect different 
postural control states. For instance, a wider and more fluctuating COP displacement increases the likelihood of 
crossing the stability limits, and it is therefore interpreted as a more unstable state. In contrast, a COP displace-
ment that is too narrow and having low variability may indicate an overly stiff postural control (known as “freez-
ing”) that is likely to reduce the ability to adjust to external challenges.

Acute sleep deprivation is associated with alterations in posture control during quiet standing (known as static 
balance)6–15. Balance deficits after intervals of 24 to 48 hours of sleep deprivation are reflected by wider7,10,13–15, 
more fluctuating6,9,11,12 and faster8 COP displacements in the AP axis. Moreover, vision plays a substantial role 
in static balance after 24-h sleep deprivation, as suggested by wider and more fluctuating COP displacements 
observed when subjects are tested with eyes closed than when they are tested with eyes open12. After 26 hours of 
sleep deprivation, subjects also showed higher body sway under the single-task condition and lower body sway 
under the dual-task condition, suggesting that cognitive load also plays an important role in balance control 
under sleep deprivation. These findings suggest that the effects of sleep deprivation on postural steadiness found 
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under no cognitive load are compensated with a “freezing” strategy under cognitive load condition14. Moreover, 
older adults (~60 years old) suffer more sleep deprivation effects on balance than young adults (~25 years old)15. 
This finding may be relevant in the context of fall prevention in senior citizens, especially in hospitalised older 
adults. Therefore, all these studies agreed that long periods of sleep deprivation (≥24 h) are associated with dete-
riorations in static balance, especially in senior subjects.

More recently, the effects of chronic sleep restriction due to sleep debt and social jet lag have been studied16,17. 
Chronic low sleep quality (i.e. higher sleep fragmentation and lower sleep efficiency) was found to affect balance 
control causing higher postural instability16. Moreover, social jetlag (i.e. the misalignment of the biological driven 
and the socially dictated sleep times) was also found to deteriorate balance control17, as suggested by posture con-
trol performance being consistently better on Mondays (after two of days of higher-quality sleep) than on Fridays 
(after a week of restricted sleep).

Our study investigated the associations between day-to-day variations of sleep quality and static balance. In 
other words, we focused on the sensitivity of human postural steadiness to shifts in sleep quality over two con-
secutive nights. The underlying hypothesis of this study was that static balance can be affected by day-to-day var-
iations in sleep quality, and in particular that a deterioration in sleep quality over two consecutive nights would 
be accompanied by a worsening in postural control. In order to test this hypothesis, a sample of healthy subjects 
underwent sleep and balance assessment for two consecutive days. Sleep assessment was performed using an 
unobtrusive wearable device recording electrocardiography and chest actigraphy, as well as a sleep diary. Balance 
assessment was performed via foot COP displacement using an insole pressure measurement system.

Methods
Participants.  Participants were recruited using e-mail advertising sent to postgraduate students from the 
School of Engineering, University of Warwick. Exclusion criteria included history of sleep disorders, neurological 
or physical disabilities and pharmacological treatment potentially affecting sleep patterns and postural control 
(e.g. anti-depressants, hypnotics and stimulants).

Baseline characteristics, such as age, height, weight, general health status and use of medications, were col-
lected during a baseline assessment and briefing session. Participants were also asked to complete the Pittsburgh 
Sleep Quality Index (PSQI) instrument18. The PSQI questionnaire provides a global score computed from nine-
teen self-rated questions related to sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances, 
use of sleeping medication and daytime dysfunction. The PSQI global score was used to compare baseline sleep 
quality over the past month between groups.

All subjects provided informed consent prior to participation in the study. This research was performed in 
accordance with relevant regulations, thus it was approved by the Biomedical and Scientific Research Ethics 
Committee of the University of Warwick (REGO-2014-1039).

Equipment.  Participants’ monitoring during sleep was performed using the Zephyr BioHarnessTM 3.0 
(Medtronic, Inc., Annapolis, MD, USA), a patch-type device that measures tri-axial trunk acceleration and 
one-lead electrocardiogram (ECG) signals at a sampling frequency of 100 Hz and 1 kHz, respectively, and a reso-
lution of 12 bits per sample. The device uses proprietary algorithms to compute user’s activity level and posture 
based on the acceleration signals. Activity level is reported in gravitational force units (i.e., g-force or simply g, 
where 1 g = 9.806 m/s2) within a range of 0 to 16 g and is computed as = + +Activity x y z2 2 2, where x, y and 
z (the vertical, medial-lateral and anterior-posterior axes, respectively) are the averages of the three-axial acceler-
ation magnitudes over the previous 1-second window. Posture is reported in degrees as the angle of deviation 
from the vertical axis. Activity level and Posture time-series are reported with a frequency of 1 sample per second. 
Moreover, this device performs R peak detection on the ECG waveform and reports R-R intervals in milliseconds. 
Raw three-axial accelerations, ECG signals, R-R interval time-series, and a summary file containing the activity 
and posture time-series are stored in the internal memory of the device during usage and can be downloaded for 
further processing. The validity and reliability of the Zephyr BioHarnessTM have been found to be strong to very 
strong for heart rate, acceleration and posture monitoring at low to moderate physical activity levels19,20.

Balance testing was performed using the Tekscan® F-Scan® system (Tekscan, Inc., South Boston, MA, USA), 
a plantar pressure measurement and analysis system. This system is based on a pair of ultra-thin (0.15 mm) 
instrumented insoles with a spatial resolution of 3.9 pressure-sensing elements per cm2. Bi-plantar pressure data 
were collected at a rate of 200 frames per second. Based on pressure data, the F-Scan Research 7 software com-
putes the foot COP location for each frame. COP displacement is stored as time-series of numerical data in the 
anterior-posterior (AP) and medial-lateral (ML) axes in relation to the subject’s orientation. Figure 1 shows a typ-
ical bi-plantar pressure distribution map during quiet standing and the resulting centre of pressure displacement 
trajectory. As per the manufacturer’s recommended procedures, the F-Scan® system was calibrated for each par-
ticipant following the point calibration routine, the suggested method for standing balance trials. This calibration 
procedure requires each sensor to be individually calibrated by having the subject standing on a single foot at a 
time for a few seconds (~5 seconds). In fact, Hsiao et al. emphasised on the importance of calibrating the system 
in actual experimental conditions prior to use21. Following the proper calibration procedure, the accuracy of the 
F-Scan® has been found to be satisfactory (i.e., with a measurement error less than 6%) when the sensors are sub-
jected to static loads (e.g. during quiet standing) and the pressure applied during the protocol is comparable with 
that used during calibration21. These considerations are worth mentioning, as some studies have questioned the 
validity and reliability of the Tekscan® F-Scan® system, when utilised with dynamic loads (i.e. walking22) or when 
the sensors were calibrated using two pressure values and tested over a wider range23.

Study protocol.  A schematic of the study protocol is shown in Fig. 2. After baseline assessment, participants 
underwent sleep and balance assessment for two consecutive days. For sleep assessment, they were asked to wear 
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the BioHarnessTM during sleep; i.e., to apply it at the time of usual bedtime and to take it off after the final awak-
ening. Additionally, subjects were required to complete the Consensus Sleep Diary24 every morning immediately 
after getting out of bed during their participation in the study. Participants were invited to stick to their regular 
sleep schedule and habits (i.e. no intervention was applied).

Balance was assessed in two morning sessions starting at the same time of the day (9:00 or 10:00 a.m.) for any 
given participant. Previous studies have suggested that COP measures of postural control change throughout the 
day, allegedly following a circadian pattern7–9. By starting both sessions at the same time of the day, the influence 
of time of day on postural control measures was discarded as a potential confounder. At each session, participants 
were asked to complete four quiet standing trials with eyes open. Namely, they were instructed to stand quietly on 
the foot pressure sensors with arms hanging naturally at their sides and eyes staring at a fixed point on the wall in 
front of them. The sensors were attached to the floor side-by-side in a comfortable position for each participant 
(about shoulder width). The duration of each trial was 30 seconds and a brief resting interval (~15 seconds) was 
allowed between trials. Participants wore socks but no shoes during the whole duration of the session.

Data processing.  Data collected via the sleep diary, the BioHarness and the Tekscan system were processed 
as follows in order to compute a set of sleep and balance measures (see Table 1 for a summary of those measures 
with their definitions).

Sleep Diary Measures.  Five sleep measures were extracted from the sleep diary: (1) sleep onset latency (SOL); 
(2) wake after sleep onset (WASO), a measure of sleep fragmentation; (3) total sleep time (TST) or sleep duration; 
(4) sleep efficiency (SE), and; (5) subjective sleep quality (SSQ).

Sleep Activity Level Measures.  Activity level signals were processed to compute six measures of activity dur-
ing sleep. Firstly, raw signals were trimmed using posture data to discard intervals outside the sleep period (i.e. 
before getting into and after getting out of bed). Subsequently, the signals were segmented into continuous, 
non-overlapping 1-minute epochs and activity counts were computed for each epoch using the zero-crossing 
mode; i.e., the activity level was compared with the reference activity level, and each threshold crossing generated 
an activity count25. The threshold was set to 0.1 g for high sensitivity. Finally, the following activity measures were 
computed from the activity counts: mean and standard deviation of activity counts per epoch (ACT_MEAN and 
ACT_SD, respectively), activity index (AI), fragmentation index (FI), and maximum and average duration of the 

Figure 1.  Plantar pressure map and centre of pressure trajectory. Left: Representative bi-plantar pressure map 
during quiet standing. The black and white circle represents the foot centre of pressure computed from pressure 
distribution data. Right: Representative centre of pressure trajectory (left foot) for a 20-second window.

Figure 2.  Schematic diagram of the study protocol. Sleep monitoring was performed using a wearable device 
that records trunk acceleration and electrocardiogram signals. Balance testing was performed using a plantar 
pressure measurement and analysis system based on a pair of instrumented insoles.
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inactive intervals (MAX_REST and AVG_REST, respectively). These measures were computed using in-house 
written scripts in Matlab R2016b (The Mathworks, Inc., Natick, MA, USA).

Heart Rate Variability Measures.  Heart rate variability (HRV) measures were computed from R-R series in order 
to characterise autonomic cardiac modulation during sleep. A higher parasympathetic tone has been observed 
during non-rapid eye movement sleep (NREM), particularly during deep sleep; in contrast, a higher sympathetic 
tone has been observed during wake intervals, rapid eye movement sleep (REM) and sleep arousals26. Therefore, 
the HRV analysis provided with an indication of the presence of wake intervals and arousals, as well as of shorter 
deep sleep periods.

Firstly, the R-R series were trimmed using posture data to discard heart beats outside the sleep period. 
Subsequently, the software HRVanalysis27 was used to compute four HRV measures: two frequency-domain 
measures (LF and HF power) and two nonlinear measures (Approximate entropy and Sample entropy). The 
algorithms for anomalous R-R peaks exclusion and correction implemented in the HRVanalysis software were 
applied. Additionally, three frequency-domain measures (LF normalised, HF normalised and LF/HF ratio) were 
computed using in-house written scripts in Matlab R2016b. The meaning of these HRV measures has been widely 
described in detail elsewhere28,29. In the context of sleep assessment, those features are associated with specific 
sleep stages and relevant phenomena (e.g. arousals)26. In the frequency-domain, HF power describes the para-
sympathetic activity, whereas LF power describes both parasympathetic and sympathetic activity. Thus, the rela-
tionship between both branches is normally explored with the normalised frequency values and the LF/HF ratio. 
Finally, entropy measures represent an index of complexity in the cardiac signal. An increase in complexity (i.e., 
an increase in the entropy measure) is associated with parasympathetic modulation and its decrease is interpreted 
as the result of an increased sympathetic tone.

Balance Measures.  COP time-series were trimmed to discard the initial and last 5 seconds of each trial in order 
to account for the “adaptation phase” of the participant to the quiet standing task and for the effects of fatigue 
or lack of attention associated to a sustained task, respectively5. Subsequently, the COP time-series were passed 
through a fourth-order zero-phase Butterworth low-pass digital filter with a cut-off frequency of 5 Hz in order to 
remove acquisition noise. Afterwards, they were detrended (i.e., the mean was subtracted). Hence, the analysis 

Measure Units Description

Sleep measures

Sleep diary measures

  Sleep onset latency (SOL) min Duration of the transition interval from wakefulness to sleep.

  Wake after sleep onset (WASO) min Total duration of intervals of wakefulness between sleep onset and final awakening. It is a 
measure of sleep fragmentation.

  Total sleep time (TST) h Total duration of actual sleep

  Sleep efficiency (SE) % Ratio of total sleep time to time-in-bed expressed as a percentage

  Subjective sleep quality (SSQ) — Subjective appraisal of quality of sleep (1 = Very poor, 2 = Poor, 3 = Fair, 4 = Good, 5 = Very 
good)

Activity level measures

  ACT_MEAN counts Mean activity counts per epoch for the whole sleep opportunity

  ACT_SD counts Standard deviation of activity counts per epoch for the whole sleep opportunity

  Activity Index (AI) % Ratio of the number of epochs with activity counts > 0 to the total number of epochs 
expressed as a percentage

  Fragmentation Index (FI) % Ratio of inactive intervals (activity counts = 0) with duration ≤ 5 minutes to the total number 
of inactive intervals expressed as a percentage

  MAX_REST min Duration of the longest inactive interval (activity counts = 0)

  AVG_REST min Average duration of all inactive intervals (activity counts = 0)

HRV measures

  LF ms2 Power in the low frequency range (0.04–0.15 Hz)

  HF ms2 Power in the high frequency range (0.15–0.4 Hz)

  LF normalised — LF power in normalised units, computed as LF/LF+HF × 100

  HF normalised — HF power in normalised units, computed as HF/LF+HF × 100

  LF/HF ratio — Ratio LF to HF

  Approximate entropy (ApEn) — A measure of the regularity or predictability of fluctuations in a time-series

  Sample entropy (SampEn) — A modification of ApEn that reduces the chances of overestimating the entropy in a time-
series

COP displacement measures

  Area cm2 Area of the ellipse that contains 95% of the COP points

  Amplitude cm Distance between the minimum and maximum positions. Also known as “range”.

  Standard deviation cm Dispersion of the COP position around the mean

Table 1.  Summary of sleep and centre of pressure displacement measures HRV = Heart rate variability. COP = 
Centre of pressure.
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of the COP displacement was carried out relative to its mean position and not to the origin of the sensor’s coor-
dinate system. Finally, three COP displacement measures were computed as described in detail by Duarte et al.2: 
Area, Amplitude and Standard deviation. These measures were computed for left and right feet independently. 
Additionally, the measures for left and right feet were averaged. Amplitude and Standard deviation were com-
puted in the AP axis only, as previous studies have shown that it is mainly on this axis that balance alterations are 
observed10,12,14,15. Scripts for COP data processing were also written in Matlab R2016b.

The datasets generated during the current study are available from the corresponding author on reasonable 
request.

Statistical analysis.  Participants were stratified according to the sleep quality scores they reported in the 
sleep diary (SSQ) in Control group (i.e., participants who reported no variation in sleep quality over two con-
secutive nights) and Case group (i.e., participants who reported a variation in sleep quality over two consecutive 
nights; e.g. good sleep quality in one night and poor sleep quality in the other). The validity of self-reported sleep 
quality was tested by running pairwise comparisons for all other sleep measures within each group. By definition, 
no differences over consecutive nights were expected for the Control group, while significant differences were 
expected for the Case group. Two-sided Wilcoxon paired tests with a significance level set at 0.05 were used for 
these comparisons, given that most sleep measures exhibited a non-normal distribution (Shapiro-Wilk test with 
a p-value < 0.05).

Subsequently, a repeated measures ANOVA-type rank test for factorial designs was performed in order to test 
the main effects and the interaction effects of Group and Session on balance measures30. This test was developed 
for experimental designs where subjects are stratified in several groups, as well as observed at different time points 
(i.e., mixed designs). Importantly, these tests have been found to be robust with respect to outliers and small sam-
ple sizes. The computational implementation of this test provided by the authors through the R package nparLD 
version 2.1 was used31. The main effects and interaction effects of Group and Session were tested for all balance 
measures. A p-value < 0.05 was accepted as indicative of statistical significance. This analysis was performed in R 
version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria).

Finally, differences in balance measures between sessions were investigated for each group (i.e. post hoc com-
parisons): for the Control group, pairwise comparisons were always made between Session 2 and Session 1, given 
that by definition for this group sleep quality was equally rated in both sleep opportunities; for the Case group, 
pairwise comparisons were done between the session with the poorest sleep quality and the session with the best 
sleep quality, regardless of the order in which they were chronologically presented. Two-tailed Wilcoxon paired 
tests were performed given the non-normal distribution of most balance measures (Shapiro-Wilk test with a 
p-value < 0.05). A p-value < 0.05 was accepted as indicative of statistical significance. These tests were conducted 
in Matlab R2016b.

Results
Participants’ baseline characteristics and stratification.  Twenty healthy volunteers (12 females and 
8 males) participated in our study. The sample had an overall mean (standard deviation) age of 28.8 (5.7) years, 
height of 170.8 (8.3) cm, mass of 68.7 (13.2) kg, body mass index of 23.4 (3.4) kg/m2, heart rate at rest of 63.1 
(8.7) beats/minute, PSQI score of 5.1 (2.4) and sleep duration of 7 (1) hours during the past month. No significant 
differences were found between groups for these characteristics (Table 2).

Six participants reported no variation in sleep quality over two consecutive nights (Control group), whereas 
14 participants reported a variation in sleep quality over two consecutive nights (Case group). No significant 
differences were found in sleep measures over the two consecutive nights for the Control group. Conversely, the 
Case group exhibited significant differences for some sleep measures (Table 3). Namely, for the poorest sleep 
quality night (i.e., the lowest-rated) the Case group exhibited:

•	 Longer wake-after-sleep-onset (p = 0.043) and shorter total sleep time (p = 0.038), as self-reported in the 
sleep diary.

•	 Higher mean and standard deviation of activity counts per epoch (p = 0.033 and p = 0.048, respectively), 
higher activity index (p = 0.033) and shorter mean duration of the longest inactive interval (p = 0.041) as 
computed from the body acceleration signals.

•	 Lower heart rate variability, as reflected by lower power in the high-frequency band (p = 0.033) and lower 
approximate and sample entropies (p = 0.021 and p = 0.006, respectively).

Group and Session main effects and interaction effects on balance measures.  The main effects 
of Group and Session were not significant for any COP displacement measure (Table 4). However, two COP dis-
placement measures showed significant Group*Session interaction effects:

•	 Area of displacement for the right foot (p = 0.025).
•	 Standard deviation (AP axis) for the right foot (p = 0.017).

Pairwise comparisons for balance measures.  As reported in Table 5, eight COP displacement measures 
exhibited significant differences after sleep deterioration (Case group). Namely, after the lowest-rated sleep par-
ticipants showed a less stable balance as reflected by:
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•	 An increase in the area of displacement for left and right feet, as well as for the averaged measure (p = 0.049, 
p = 0.011 and p = 0.035, respectively).

•	 An increase in the amplitude of displacement (AP axis) for left and right feet, as well as for the averaged meas-
ure (p = 0.025, p = 0.013 and p = 0.020, respectively).

•	 An increase in standard deviation (AP axis) for the right foot and the average for both feet (p = 0.035 and 
p = 0.042, respectively).

Conversely, no significant COP displacement measure variations were observed in the Control group (i.e., 
subjects presenting no sleep quality variations). Figure 3 illustrates the observed results for the feet-averaged COP 
displacement measures.

Variable

All (N = 20) Control group (N = 6) Case group (N = 14)

p-valueMean SD Mean SD Mean SD

Age (years) 28.8 5.7 29.5 5.7 28.4 5.9 0.711

Mass (kg) 68.7 13.2 64.3 11.3 70.6 13.9 0.339

Height (cm) 170.8 8.3 167.6 6.8 172.1 8.8 0.279

BMI (kg/m2) 23.4 3.4 22.8 3.7 23.7 3.4 0.608

HR (bpm) 63.1 8.7 63.4 8.2 63.0 9.2 0.925

PSQI 5.1 2.4 5.0 1.7 5.1 2.7 0.908

TST (hours) 7.0 1.0 7.2 1.0 7.0 1.1 0.727

Table 2.  Baseline characteristics of study participants. Mean and standard deviation for all subjects, subjects 
without day-to-day variation in sleep quality (Control group) and subjects with variation in day-to-day sleep 
quality (Case group). P-values from two-tailed paired t-tests are also shown. SD = Standard deviation. BMI = 
Body Mass Index. HR = Heart Rate at rest. PSQI = Pittsburgh Sleep Quality Index. TST = Total sleep time for 
the past month.

Measure

Control group (N = 6) Case group (N = 14)

MD IQR p MD IQR p Trend

Sleep diary measures

   SOL (min) −7.5 20 0.656 2.5 17 0.386 ↑

   WASO (min) −0.5 5 0.375 4 10 0.043 ↑↑

   TST (h) −0.5 1.5 0.250 −0.675 1.83 0.038 ↓↓

   SE (%) 2.5 5 0.438 −1.5 10 0.236 ↓

Activity level measures

   ACT_MEAN (counts) −0.045 0.097 0.438 0.024 0.109 0.033 ↑↑

   ACT_SD (counts) −0.045 0.227 0.219 0.075 0.266 0.048 ↑↑

   Activity Index (%) −1.514 4.978 0.313 0.793 4.149 0.033 ↑↑

   Fragmentation Index (%) −3.199 12.433 0.156 3.571 13.166 0.735 ↑

   MAX_REST (min) −13 30 0.219 −9 22 0.041 ↓↓

   AVG_REST (min) 1.575 6.764 0.844 −1.416 4.49 0.191 ↓

HRV measures

   LF (ms2) 52.556 767.843 0.438 −238.447 615.061 0.146 ↓

   HF (ms2) −44.143 231.888 1 −115.617 241.026 0.033 ↓↓

   LF normalised 0.689 6.171 1 2.323 8.165 0.127 ↑

   HF normalised −0.689 6.171 1 −2.323 8.165 0.127 ↓

   LF/HF ratio 0.188 1.095 0.844 0.323 1.745 0.191 ↑

   ApEn −0.001 0.05 1 −0.037 0.059 0.021 ↓↓

   SampEn 0.034 0.149 0.844 −0.042 0.109 0.006 ↓↓

Table 3.  Day-to-day differences in sleep measures. Median difference and interquartile range of the median 
difference subjects without day-to-day variation in sleep quality (Control group) and subjects with variation in 
day-to-day sleep quality (Case group). P-values from two-tailed paired Wilcoxon tests are also shown. MD = 
Median difference; IQR = Interquartile range. p = P-values from two-tailed paired Wilcoxon tests. Bold values 
indicate significant differences (p < 0.05). ↓↓ (↑↑) = Significantly lower (higher) for poorer sleep quality night. 
↓ (↑) = Lower (higher) for poorer sleep quality night. SOL = Sleep onset latency; WASO = Wake after sleep 
onset; TST = Total sleep time; SE = Sleep efficiency. HRV = Heart rate variability.
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Discussion
This study investigated the associations between day-to-day variations in sleep quality and balance during quiet 
standing. We hypothesised that postural steadiness, measured by foot COP displacement, may be affected by 
changes in sleep quality over two consecutive nights and that deterioration in sleep quality impairs balance con-
trol. Firstly, we wanted to explore whether or not day-to-day self-reported sleep quality was confirmed by instru-
mented sleep assessment. Therefore, participants were stratified in two groups based on whether or not they 
reported a shift in sleep quality over two consecutive nights. Importantly, reported changes in sleep quality were 
not artificially induced; they were rather the consequence of spontaneous sleep disturbances experienced during 
the lowest-rated sleep opportunity (e.g. the need to use the bathroom, an uncomfortable room temperature and 
involuntarily waking up in the middle of the night or early in the morning for no apparent reason, among the 
most referred disturbances). Subjects reporting a shift in sleep quality reported significantly higher sleep frag-
mentation (WASO) and significantly lower sleep duration (TST) for the lowest-rated sleep opportunity. They 
also showed higher levels of activity and shorter inactive intervals as measured via body acceleration signals, 
suggesting a less quiet and more fragmented sleep. These results suggest that self-reported sleep quality was 
indeed associated with more discontinuous and less quiet sleep, in line with the study by Furtado et al.16, in which 
higher WASO and activity levels were observed in subjects with low-quality sleep over one week. Moreover, in our 
study, subjects reporting a variation in sleep quality also exhibited higher sympathetic activity (i.e., lower heart 
rate variability) during the sleep opportunity, which according to existing literature suggests the presence of more 
wake intervals and/or arousals, and fewer and/or shorter deep sleep intervals26. All these differences confirmed 
that the subjective sleep quality appraisal that participants made via the sleep diary reflected actual variations in 
objective sleep measures.

The main effects and the interaction effects of Group and Session on balance measures were tested. No sig-
nificant Group or Session main effects were found for any COP measure, confirming the overall homogeneity in 
balance performance between groups and sessions. Conversely, two COP displacement measures more showed 
significant Group*Session interactions, confirming our hypothesis that day-to-day variations in balance are asso-
ciated with variations in sleep quality over consecutive nights.

Factor/Interaction Group Session Group*Session

Measure Fn p Fn p Fn p

Area, left foot (cm2) 0.096 0.757 1.427 0.232 0.603 0.437

Area, right foot (cm2) 0.086 0.770 0.029 0.866 5.027 0.025

Area, average (cm2) 0.062 0.804 0.31 0.578 0.734 0.392

Amplitude, AP, left foot (cm) 0.118 0.731 0.982 0.322 0.271 0.603

Amplitude, AP, right foot (cm) 0.242 0.623 1.867 0.172 3.243 0.072

Amplitude, AP, average (cm) 0.074 0.786 3.652 0.056 0.989 0.32

Standard deviation, AP, left foot (cm) 0.032 0.859 0.436 0.509 0.901 0.342

Standard deviation, AP, right foot (cm) 0.211 0.646 0.002 0.962 5.656 0.017

Standard deviation, AP, average (cm) 0.049 0.824 0.637 0.425 2.550 0.11

Table 4.  Main effects and interactions effects of Group and Session on balance measures. AP = Anterior-
posterior. Fn = ANOVA-type statistic. p = P-values from ANOVA-type non-parametric two-tailed paired tests. 
Bold values indicate significant differences (p < 0.05).

Measure

Control group (N = 6) Case group (N = 14)

MD IQR p MD IQR p Trend

Area, left foot (cm2) 0.014 0.248 0.688 0.048 0.281 0.049 ↑↑

Area, right foot (cm2) −0.049 0.207 0.313 0.031 0.176 0.011 ↑↑

Area, average (cm2) 0.003 0.55 0.844 0.042 0.239 0.035 ↑↑

Amplitude, AP, left foot (cm) 0.248 0.437 0.563 0.319 1.693 0.025 ↑↑

Amplitude, AP, right foot (cm) −0.066 0.969 0.844 0.228 0.609 0.013 ↑↑

Amplitude, AP, average (cm) 0.091 0.343 0.688 0.252 1.121 0.020 ↑↑

Standard deviation, AP, left foot (cm) 0.006 0.099 0.844 0.056 0.364 0.058 ↑

Standard deviation, AP, right foot (cm) −0.032 0.089 0.438 0.046 0.217 0.035 ↑↑

Standard deviation, AP, average (cm) 0.005 0.12 1 0.048 0.283 0.042 ↑↑

Table 5.  Day-to-day differences in centre of pressure displacement measures. Median difference and its 
interquartile range for subjects without day-to-day variation in sleep quality (Control group) and subjects with 
variation in day-to-day sleep quality (Case group). AP = Anterior-posterior. MD = Median difference; IQR 
= Interquartile range. p = P-values from two-tailed paired Wilcoxon tests. Bold values indicate significant 
differences (p < 0.05). ↓↓ (↑↑) = Significantly lower (higher) after poorer sleep quality night. ↓ (↑) = Lower 
(higher) after poorer sleep quality night.
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The Group*Session interaction effects abovementioned were found to be attributable to subjects that exhib-
ited a variation in sleep quality over consecutive nights. The group of subjects reporting and exhibiting worsen-
ing in sleep measures over two consecutive days also exhibited larger COP displacements (i.e., amplitude and 
area) and fluctuations (i.e., standard deviation), particularly in the anterior-posterior axis. These results are in 
line with previous studies, which have also found larger, more fluctuating and faster COP displacements in the 
anterior-posterior axis as a result of 24 to 48 hours of sleep deprivation6–15. This suggests that the alterations in 
postural control observed after a day-to-day deterioration in sleep quality have similar manifestations (direction) 
to those of the ones produced by longer periods of sleep deprivation. These alterations are expected to increase 
(magnitude) in older adult populations, as has been found in previous studies15.

Altogether, our results confirm that day-to-day variations in sleep quality are associated with variations in 
static balance. The fact that no differences were found in the group of participants that reported and exhibited no 
differences in sleep quality over two nights supports this conclusion.

The neurophysiological mechanisms behind the observed alterations in postural control need to be elucidated. 
It is known that both vigilant attention and the visual system are affected by sleep deprivation32–35. Both have also 
been found to play an important role in postural control36–40. Future studies could further investigate the effects of 
day-to-day variations in sleep quality and standing balance by observing its modulation by available attentional 
resources (e.g. cognitive plus postural task versus only postural task) and/or visual conditions (e.g. eyes open 
versus eyes closed).

Although the effects of acute total sleep deprivation6–15, chronic low sleep quality16 and social jetlag17 on pos-
tural control had been previously investigated, to the best of our knowledge, the novelty of our paper is that it 
focused on whether or not spontaneous variations in sleep quality over two consecutive nights may affect static 
balance. Our findings suggest that a deterioration in sleep quality over two consecutive nights is associated with 
balance during quiet standing, as measured by the centre of pressure displacement.

This finding may be relevant in the context of fall prevention, as previous studies have found significant asso-
ciations between COP displacement measures and risk of falling (although a consensus has not yet been reached 
on what are the key balance outcome measures for fall prediction)41–44. Therefore, this topic warrants more studies 
to produce additional evidence.

The present study has some limitations. Centre of pressure displacement is the simplest model of human 
balance, thus it reflects only partially human postural steadiness and limits its interpretation45. The adoption of 
more advanced models and the introduction of additional testing conditions (e.g. under different cognitive loads 
and visual conditions) in further studies could give deeper insights on which mechanisms of balance control are 
more affected by sleep deterioration.

Figure 3.  Centre of pressure displacement measures. Mean (bars) and standard error of the mean (error lines) 
by group and session. The Control group comprises subjects without day-to-day variations in sleep quality; the 
Case group comprises subjects with variations. AP = Anterior-posterior; p = p-value from two-tailed paired 
Wilcoxon tests.



www.nature.com/scientificreports/

9SCIENTIfIC Reports |         (2018) 8:17504  | DOI:10.1038/s41598-018-36053-4

References
	 1.	 Winter, D. A. Human balance and posture control during standing and walking. Gait Posture 3, 193–214 (1995).
	 2.	 Duarte, M. & Freitas, S. M. Revision of posturography based on force plate for balance evaluation. Braz. J. Phys. Ther. 14, 183–192 

(2010).
	 3.	 Visser, J. E., Carpenter, M. G., van der Kooij, H. & Bloem, B. R. The clinical utility of posturography. Clin. Neurophysiol. 119, 

2424–2436 (2008).
	 4.	 Paillard, T. & Noé, F. Techniques and Methods for Testing the Postural Function in Healthy and Pathological Subjects. BioMed Res. 

Int. 2015, 1–15 (2015).
	 5.	 Scoppa, F., Capra, R., Gallamini, M. & Shiffer, R. Clinical stabilometry standardization. Gait Posture 37, 290–292 (2013).
	 6.	 Schlesinger, A., Redfern, M. S., Dahl, R. E. & Jennings, J. R. Postural control, attention and sleep deprivation. NeuroReport 9, 49–52 

(1998).
	 7.	 Nakano, T. et al. Nineteen-hour variation of postural sway, alertness and rectal temperature during sleep deprivation. Psychiatry 

Clin. Neurosci. 55, 277–278 (2001).
	 8.	 Gribble, P. A. & Hertel, J. Changes in Postural Control during a 48-Hr. Sleep Deprivation Period. Percept. Mot. Skills 99, 1035–1045 

(2004).
	 9.	 Avni, N. et al. Brief posturographic test as an indicator of fatigue. Psychiatry Clin. Neurosci. 60, 340–346 (2006).
	10.	 Fabbri, M., Martoni, M., Esposito, M. J., Brighetti, G. & Natale, V. Postural control after a night without sleep. Neuropsychologia 44, 

2520–2525 (2006).
	11.	 Patel, M. et al. Effects of 24-h and 36-h sleep deprivation on human postural control and adaptation. Exp. Brain Res. 185, 165–173 

(2008).
	12.	 Ma, J. et al. Effects of sleep deprivation on human postural control, subjective fatigue assessment and psychomotor performance. J. 

Int. Med. Res. 37, 1311–1320 (2009).
	13.	 Bougard, C., Lepelley, M.-C. & Davenne, D. The influences of time-of-day and sleep deprivation on postural control. Exp. Brain Res. 

209, 109–115 (2011).
	14.	 Robillard, R., Prince, F., Boissonneault, M., Filipini, D. & Carrier, J. Effects of increased homeostatic sleep pressure on postural 

control and their modulation by attentional resources. Clin. Neurophysiol. 122, 1771–1778 (2011).
	15.	 Robillard, R., Prince, F., Filipini, D. & Carrier, J. Aging worsens the effects of sleep deprivation on postural control. Plos One 6, 

e28731 (2011).
	16.	 Furtado, F. et al. Chronic Low Quality Sleep Impairs Postural Control in Healthy Adults. Plos One 11, e0163310 (2016).
	17.	 Umemura, G. S., Pinho, J. P., da Silva Brandão Gonçalves, B., Furtado, F. & Forner-Cordero, A. Social jetlag impairs balance control. 

Sci. Rep. 8 (2018).
	18.	 Reynolds, C. F., Monk, T. H., Berman, S. R. & Kupfer, D. J. The Pittsburgh Sleep Quality Index: a new instrument for psychiatric 

practice and research. Psychiatry Res 28, 193–213 (1989).
	19.	 Johnstone, J. A., Ford, P. A., Hughes, G., Watson, T. & Garrett, A. T. Bioharness(TM) multivariable monitoring device. Part I: Validity. 

J. Sports Sci. Med. 11, 400–408 (2012).
	20.	 Johnstone, J. A., Ford, P. A., Hughes, G., Watson, T. & Garrett, A. T. Bioharness(TM) multivariable monitoring device. Part II: 

Reliability. J. Sports Sci. Med. 11, 409–417 (2012).
	21.	 Hsiao, H., Guan, J. & Weatherly, M. Accuracy and precision of two in-shoe pressure measurement systems. Ergonomics 45, 537–555 

(2002).
	22.	 Patrick, K. & Donovan, L. Test–retest reliability of the Tekscan® F-Scan® 7 in-shoe plantar pressure system during treadmill 

walking in healthy recreationally active individuals. Sports Biomech. 17, 83–97 (2018).
	23.	 Price, C., Parker, D. & Nester, C. Validity and repeatability of three in-shoe pressure measurement systems. Gait Posture 46, 69–74 

(2016).
	24.	 Carney, C. E. et al. The Consensus Sleep Diary: Standardizing Prospective Sleep Self-Monitoring. Sleep 35, 287–302 (2012).
	25.	 Jean-Louis, G., Kripke, D. F., Mason, W. J., Elliott, J. A. & Youngstedt, S. D. Sleep estimation from wrist movement quantified by 

different actigraphic modalities. J. Neurosci. Methods 105, 185–191 (2001).
	26.	 Chouchou, F. & Desseilles, M. Heart rate variability: a tool to explore the sleeping brain? Front. Neurosci. 8 (2014).
	27.	 Pichot, V., Roche, F., Celle, S., Barthélémy, J.-C. & Chouchou, F. HRVanalysis: A Free Software for Analyzing Cardiac Autonomic 

Activity. Front. Physiol. 7 (2016).
	28.	 Malik, M. Heart rate variability. Ann. Noninvasive Electrocardiol. 1, 151–181 (1996).
	29.	 Rajendra Acharya, U., Paul Joseph, K., Kannathal, N., Lim, C. M. & Suri, J. S. Heart rate variability: a review. Med. Biol. Eng. Comput. 

44, 1031–1051 (2006).
	30.	 Brunner, E., Domhof, S. & Langer, F. Nonparametric analysis of longitudinal data in factorial experiments. (J. Wiley, 2002).
	31.	 Noguchi, K., Gel, Y. R., Brunner, E. & Konietschke, F. nparLD: An R Software Package for the Nonparametric Analysis of 

Longitudinal Data in Factorial Experiments. J. Stat. Softw. 50 (2012).
	32.	 Lim, J. & Dinges, D. F. Sleep Deprivation and Vigilant Attention. Ann. N. Y. Acad. Sci. 1129, 305–322 (2008).
	33.	 Akerstedt T. Sleepiness, alertness, and performance. In Sleep, health, and society: from aetiology to public health 355–381 (Oxford 

University Press, 2010).
	34.	 Horne, J. A. Binocular convergence in man during total sleep deprivation. Biol. Psychol. 3, 309–319 (1975).
	35.	 De Gennaro, L., Ferrara, M., Urbani, L. & Bertini, M. Oculomotor impairment after 1 night of total sleep deprivation: a dissociation 

between measures of speed and accuracy. Clin. Neurophysiol. 111, 1771–1778 (2000).
	36.	 Woollacott, M. & Shumway-Cook, A. Attention and the control of posture and gait: a review of an emerging area of research. Gait 

Posture 16, 1–14 (2002).
	37.	 Paulus, W. M., Straube, A. & Brandt, T. Visual stabilization of posture. Physiological stimulus characteristics and clinical aspects. 

Brain J. Neurol. 107(Pt 4), 1143–1163 (1984).
	38.	 Day, B. L., Steiger, M. J., Thompson, P. D. & Marsden, C. D. Effect of vision and stance width on human body motion when standing: 

implications for afferent control of lateral sway. J. Physiol. 469, 479–499 (1993).
	39.	 Nougier, V., Bard, C., Fleury, M. & Teasdale, N. Contribution of central and peripheral vision to the regulation of stance: 

developmental aspects. J. Exp. Child Psychol. 68, 202–215 (1998).
	40.	 Uchiyama, M. & Demura, S. Influence of changes in visual acuity under various visual field conditions on the spectral characteristics 

of center of pressure sway. J. Sports Med. Phys. Fitness 47, 210–216 (2007).
	41.	 Piirtola, M. & Era, P. Force Platform Measurements as Predictors of Falls among Older People – A Review. Gerontology 52, 1–16 

(2006).
	42.	 Howcroft, J., Lemaire, E. D., Kofman, J. & McIlroy, W. E. Elderly fall risk prediction using static posturography. Plos One 12, 

e0172398 (2017).
	43.	 Sample, R. B., Kinney, A. L., Jackson, K., Diestelkamp, W. & Bigelow, K. E. Identification of Key Outcome Measures When Using the 

Instrumented Timed Up and Go and/or Posturography for Fall Screening. Gait Posture 57, 168–171 (2017).
	44.	 Johansson, J., Nordström, A., Gustafson, Y., Westling, G. & Nordström, P. Increased postural sway during quiet stance as a risk factor 

for prospective falls in community-dwelling elderly individuals. Age Ageing 46, 964–970 (2017).
	45.	 Crétual, A. Which biomechanical models are currently used in standing posture analysis? Neurophysiol. Clin. Neurophysiol. 45, 

285–295 (2015).



www.nature.com/scientificreports/

1 0SCIENTIfIC Reports |         (2018) 8:17504  | DOI:10.1038/s41598-018-36053-4

Acknowledgements
L.P. acknowledges Dr. Federico Pecchia and Dr. Fabrizio Rinaldini for their help in conceiving the research 
question underlying this study.

Author Contributions
L.M. designed and performed the experiments, analysed the data and wrote the manuscript. R.C. performed the 
experiments and reviewed/edited the manuscript. F.P.C. contributed to the discussion and reviewed/edited the 
manuscript. L.P. conceived the hypothesis, contributed to the discussion, and reviewed/edited the manuscript. 
All the authors participated in the elaboration of this version of the manuscript and agreed with the final version.

Additional Information
Competing Interests: The work of L.M. was supported by a scholarship awarded by CONACyT, the Mexican 
National Council for Science and Technology (409248). The work of R.C. was supported by the University of 
Warwick through the Institute of Advanced Study’s Early Career Fellowship and an EPSRC IAA grant (EP/
R511808/1). F.P.C. leads the Sleep, Health and Society Programme at the University of Warwick. He holds the 
Cephalon Chair, an endowed post at Warwick Medical School, the result of a donation from the company (now 
incorporated). The appointment to the chair was made entirely independent of the company, and the post 
holder is free to devise his own program of research. Cephalon did not have any stake in intellectual property 
associated with the post holder, and the chair has complete academic independence from the company.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Day-to-day variations in sleep quality affect standing balance in healthy adults

	Methods

	Participants. 
	Equipment. 
	Study protocol. 
	Data processing. 
	Sleep Diary Measures. 
	Sleep Activity Level Measures. 
	Heart Rate Variability Measures. 
	Balance Measures. 

	Statistical analysis. 

	Results

	Participants’ baseline characteristics and stratification. 
	Group and Session main effects and interaction effects on balance measures. 
	Pairwise comparisons for balance measures. 

	Discussion

	Acknowledgements

	Figure 1 Plantar pressure map and centre of pressure trajectory.
	Figure 2 Schematic diagram of the study protocol.
	Figure 3 Centre of pressure displacement measures.
	Table 1 Summary of sleep and centre of pressure displacement measures.
	Table 2 Baseline characteristics of study participants.
	Table 3 Day-to-day differences in sleep measures.
	Table 4 Main effects and interactions effects of Group and Session on balance measures.
	Table 5 Day-to-day differences in centre of pressure displacement measures.




