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Background and ObjectiveaaThis study evaluated the effects of a mattress with better body 
pressure dispersal in comparison to a control mattress on sleep quality. 
MethodsaaIn this randomized crossover study, 10 healthy young men slept in an experimental 
sleep room on either a functional mattress made from polyurethane, with a special four-layer 
three-dimensional structure, or a control mattress made from solid polyester wadding, which is a 
mattress commercially available in Japan. Polysomnography recordings were used to characterize 
sleep architecture, and the length of slow wave sleep (SWS) episodes and delta power density were 
calculated from the electroencephalography data and subjective sleep quality was evaluated by 
questionnaire they answered after waking. 
ResultsaaThere were no significant differences in sleep latency, the total duration of each sleep 
stages, total sleep time, or sleep efficiency. Although the difference was subtle, delta power density 
significantly increased with the functional mattress. There was no difference in the total duration 
of SWS, but there were significantly fewer SWS episodes with the functional mattress (10.3 ± 1.8) 
than with the control mattress (16.9 ± 1.2) and longer SWS episode duration (10.9 ± 1.7 min) with 
the functional mattress than with the control mattress (5.6 ± 0.5 min). 
ConclusionsaaIt was suggested that the functional mattress lengthened SWS episode duration, 
and its fragmentation was effective in evaluating the sleep quality of healthy young individuals.
 Sleep Med Res 2019;10(2):75-82
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INTRODUCTION

Over past few decades, the importance of sleep and its consequences on our health has gained 
greater recognition, in which sleep problems, such as insomnia, insufficient sleep and other sleep 
disorders, have become common in the modern society. There has been an extensive study in 
epidemiology and physiology on the aspects of individual’s health and social status relating to 
sleep, in addition to sleeping environments, such as noise [1,2], light [3-5], thermal conditions 
[6], and other residential factors [7]. There has also been an increase in public interest on the 
sleeping environment, including the functions and materials used in the bedding systems [8]. 

Many previous studies that evaluated the effects of mattresses on sleep among healthy par-
ticipants have lacked clarity in their descriptions of the nature of interventions performed and 
the methods used to evaluate sleep. Ambiguous terms, such as “soft,” “firm,” “comfort,” and “dis-
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comfort” have been used to describe the different types of mat-
tresses used [8-10], while some studies provided no detailed in-
formation about their mattresses [11,12], making experiments 
difficult to repeat. Other studies evaluated the effects of mattress-
es on pressure distribution and spinal distortion but did not mea-
sure sleep quality [13-16]. Studies that only used the question-
naires and/or actigraphy to assess sleep for different mattress 
conditions were unable to provide insights into the effects on the 
stages of sleep and sleep architecture [8,10,17]. 

A limited number of studies have used polysomnography 
(PSG) to assess the effects of mattress condition on sleep archi-
tecture [11,12,18]. Focusing on the pressure distribution, Chen 
et al. [11] reported an association between the distribution of 
pressure over a mattress and the amount of slow wave sleep (SWS) 
and micro-arousals experienced. However, even though the gen-
eral characteristics of the mattresses in this study were report-
ed, there were no descriptions on the composition of each layer 
of the mattress, their thickness, or the specific differences between 
the mattresses. A study by Verhaert et al. [18] focusing on spinal 
alignment did not detect any difference in sleep stages between 
mattresses, although they reported that a “sagging” sleep system 
negatively affected sleep quality for people sleeping in a prone 
or lateral posture. Scharf et al. [12] found no significant differ-
ences between the mattresses in terms of sleep stages or number 
of wakes; however, the mattress conditions influenced cyclic al-
ternating patterns, a reflection of the instability of sleep, indi-
cating that the mattresses did have at least some influence on 
individuals’ sleep. This suggested that measuring only the total 
duration of each sleep stage may not be sufficient to evaluate the 
effects of mild interventions, such as the uses in different mat-
tresses, on the quality of sleep. Notably, sleep studies in rodents 
use episode duration as an index of the consolidation of non-rap-
id eye movement sleep (NREM) [19,20], which plays a signifi-
cant role in increasing slow wave activity (SWA) [21,22].

The present study aimed to evaluate differences in sleep be-
tween the functional mattress with better body pressure disper-
sal and the control mattress using the following parameters; the 
number of occurrences of each sleep stage throughout the night, 
and the duration of each sleep stage episode.

 

METHODS

Design
The experiment was conducted using a randomized crossover 

design to take account of individual variations in sleep. 

Participants
Eleven healthy adult men were recruited. However, one failed 

to follow experimental instructions for his sleep schedule prior 
to the PSG test; thus, 10 participants completed the study. They 
were all nonsmokers, not on medication, none had a history or 

symptoms of sleep disorders or complaints about their sleep. The 
Morningness–Eveningness Questionnaire (MEQ) [23,24] was 
used to exclude anyone with an extreme morning or evening type. 
Habitual sleep quality was assessed using the validated Japanese 
edition of the Pittsburgh Sleep Quality Index (PSQI) [25,26]. The 
characteristics of the participants are presented in Table 1. The 
range in age was from 21 years to 28 years, height from 167 cm 
to 181 cm, weight from 53.8 kg to 88.1 kg, body mass index from 
18.6 kg/m2 to 26.9 kg/m2, and body fat from 7.4% to 21.4%. The 
range in PSQI was from 2 to 11, where five of the 10 participants 
had PSQI scores ≥ 6, indicating poor sleep quality. The range 
in MEQ score was from 44 to 64 (i.e., from the neutral type to 
the moderate morningness type). Their habitual sleep duration, 
bedtime, and waking time were 7.0 ± 1.3 h, 0:09 ± 0:51, 7:36 ± 
0:57, respectively. According to the photographic record on their 
bedding environment, 9 out of 10 participants showed that they 
pile few thin mattresses to create their bedding. This study was 
approved by the Ethics Committee of the Faculty of Health and 
Sports Sciences at the University of Tsukuba (approval no. 27-32). 
Written informed consent was obtained from all participants. 

Procedures
The participants were given detailed instructions on the pro-

cedures of the experiment. They were asked to maintain the same 
sleep schedule as the experiment night and avoid naps from 1 
week prior to and throughout the study period, which was con-
firmed by a sleep sensor mat (Nemuri SCAN, PARAMOUNT 
BED Co., LTD., Tokyo, Japan) installed under the mattress at the 
participant’s home. They were asked to avoid exercises and any 
consumption of alcohol and caffeine from 3 days prior to the 
experiment. They completed a self-reported sleep diary starting 
a week before the experiment, and submitted the data on sleep 
recordings taken from the sleep sensor mat. The night before the 
experiment day, participants were asked to sleep in the experi-
mental room using the control mattress to adapt and to avoid 
any first night effect. 

On the day leading up to the start of the experiment, partici-

Table 1. The characteristics of participants

Variables Values (n = 10)
Age (yr) 23.9 ± 2.2
Height (cm) 173.2 ± 4.0
Weight (kg) 72.5 ± 9.7
Body mass index (kg/m2) 24.1 ± 2.5
Body fat (%) 17.6 ± 4.1
PSQI score 6.3 ± 3.4
MEQ score 54.7 ± 6.8
Habitual sleep duration (h) 7.0 ± 1.3
Values are presented as mean ± SD. 
PSQI: Pittsburgh Sleep Quality Index, MEQ: Morningness–Eve-
ningness Questionnaire.
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pants ate three meals at home, with the caloric intake and pro-
tein–fat–carbohydrate balance calculated according to their body 
weight [27]. To avoid any acute effects of food on sleep, the third 
meals was eaten 5 h prior to their habitual sleep time. Participants 
arrived at the laboratory 3 h before their habitual bedtime. The 
order of the mattresses were randomized. Before the sleep record-
ings started, they completed a short questionnaire about their 
impressions of the mattress. PSG recordings started at their ha-
bitual sleep time and continued for 8 hours. 

The second PSG test using the other mattress was performed 
after the washout period of more than 2 nights but within 2 weeks 
to avoid any seasonal effects on sleep. 

Mattresses
The functional mattress (&Free Mattress SA.R, Nishikawa 

Sangyo Co., Ltd., Tokyo, Japan) was made from polyurethane, 
with a special four-layer three-dimensional structure which were 
expected to distribute the body pressure efficiently and to main-
tain certain body posture for balanced body support (Fig. 1, right). 
The control mattress was made from solid polyester wadding, 
which is a mattress commercially available in Japan (Fig. 1, left). 
The characteristics of these two mattresses are presented in Ta-
ble 2. Apart from the experimental day, temporary distribution of 
body pressure was measured using an XSENSOR system (XSEN-
SOR Technology Corporation, Calgary, Canada) under instruc-
tion of each sleeping posture for all participants. An example of 

the distribution of body pressure with varying sleeping posture 
on the mattress is shown in Fig. 2. For all participants, the mean 
body pressure was lower on the functional mattress than on the 
control mattress in all postures (Table 3). In the pretest using the 
same blanket with each mattresses (n = 3), no differences in bed-
ding climate [temperature and humidity were measured every 
10 min using data logger (TR-72wf, T&D Corporation, Matsu-
moto, Japan) and core body temperature was measured using 
CorTempTM (HQ Inc., Palmetto, USA)] between the mattresses 
were confirmed. Participants used the same pillow, blanket, and 
wore their habitual sleepwear in both conditions.

Prior to the electrode sensors, participants were asked to lie 
down on the mattress and complete a questionnaire on their im-
pressions of the mattress, which had been constructed on the ba-
sis of a previous study [28]. The mattress was rated as follows: 
sensation of warmth or coldness (1, warm to 5, cold), stiffness (1, 
hard to 5, soft), overall comfort (1, poor to 5, excellent), humid-
ity (1, humid to 5, dry), comfort for the lower back (1, very bad 
to 7, very good), comfort for the shoulder (1, very bad to 7, very 

Table 2. The characteristics of mattresses

Control mattress Functional mattress
Structure Corrugation Four-layered special  

   three-dimensional 
structure

Thickness (m) 0.08 0.09
Size (m)

Length 1.91 1.95 
Width 0.91 0.97 

Material Polyester solid wadding Polyurethane
Density (kg/m3) 49.8 36.5
Hardness (N) 365 107
Cover Polyester 100% Cotton 100%
Density and hardness were calculated conformed Japanese Indus-
trial Standard.

Table 3. Mean body pressure in each posture 

Functional 
mattress

Control 
mattress

p value

Supine (mm Hg) 18.9 ± 3.0 24.1 ± 5.2 0.012*
Lateral, right (mm Hg) 22.5 ± 3.6 28.8 ± 6.0 0.012*
Lateral, left (mm Hg) 22.7 ± 3.7 29.7 ± 5.6 0.012*
Prone (mm Hg) 17.9 ± 3.7 21.5 ± 5.2 0.017*
Values are presented as mean ± SD. Data of 2 participants were 
missed due to mechanical failure (n = 8). 
Significant differences were marked as *p < 0.05.

Layer A

Layer B
Layer C
Layer D

Fig. 1. Structure of control mattress (left) and functional mattress 
(right).

Supine

Lateral
(left)

Lateral
(right)

Prone

Fig. 2. Body pressure distribution in control mattress (left) and 
functional mattress (right). Body pressure distribution is shown as 
the gradations from blue (low pressure) to red (high pressure).



78  Sleep Med Res 2019;10(2):75-82

Mattress and Slow Wave Sleep Continuity

good), comfort for the spine (1, very bad to 7, very good), com-
fort for normal sleeping when falling asleep (1, very bad to 7, 
very good), ease of rolling over (1, very difficult to 7, very easy), 
and overall preference to the mattress (1, not preferred to 7, high-
ly preferred). Participants (n = 8) answered this questionnaire af-
ter waking in the following morning as well. The questionnaire 
results were used to analyze subjective impressions of mattress-
es from 8 participants who answered both in the night and in 
the morning.

Sleep Recording and Measurements
The participants slept in an experimental room (FHC-15S, Fuji 

Medical Science Co., Ltd., Chiba, Japan), in which the temper-
ature and relative humidity were maintained at 25°C and 55%, 
respectively, during sleep. PSG was conducted using Alice 5 PSG 
(Philips Respironics GK, Tokyo, Japan). This included six elec-
troencephalography (EEG) channels, two electrooculography 
channels, an electromyography channels, and one body position 
sensor, which was fixed at the midline of the chest. The EEG elec-
trodes were placed on the surface of the head in accordance 
with the International 10–20 system, recording at the frontal (F3, 
F4), central (C3, C4), and occipital (O1, O2) sites, and at two ref-
erence sites on M1 and M2. EEG was recorded in 30-s epochs 
which was used to score sleep stages according to the standard 
criteria [29]. 

The C3–M2 EEG recording was sampled at 200 Hz and ana-
lyzed using discrete fast Fourier transform techniques, applying 
the transform to EEG record lengths of 5 s to obtain a frequency 
resolution of 0.2 Hz. Each 5-s segment of the EEG signal was 
windowed with a Hanning tapering window prior to computing 
the power spectra. The power content (expressed in μV2) for each 
30-s epoch of sleep was determined as the average power across 
the six 5-s segments [30]. The spectral distribution was catego-
rized into the following frequency bands: delta (0.75–4.0 Hz), 
theta (4.1–8.0 Hz), alpha (8.1–12.0 Hz), sigma (12.1–14.0 Hz), 
and beta (14.1–30.0 Hz). The delta power density was calculat-
ed as the delta power divided by the total power (over the range 
0.75–30.0 Hz) during NREM, expressed as a percentage.

For 8 hours, PSG recording was continued and participants 
were told to keep recumbent. However, some participants re-
mained awake during the part of the last hour, which may have 
induced unclear situations of whether they woke up promptly 
or had to reluctantly go back to sleep. Therefore, sleep data for 
the first 7 h were used in the analysis. 

After waking, the participants answered a questionnaire about 
their subjective sleep quality. The Oguri-Shirakawa-Azumi sleep 
inventory MA version (OSA-MA) was used to assess subjective 
sleep quality [31]. This questionnaire consists of 16 items with 5 
factors (“Sleepiness on rising,” “Initiation and maintenance of 
sleep,” “Frequent dreaming,” “Refreshness,” and “Sleep length”), 
and these factors were standardized with a mean of 50 as their 
final scores.  

Statistical Analysis
SWS episode duration and frequency was calculated from 

aforementioned stage of scored SWS. The Wilcoxon signed rank 
test was used to compare the data for the two mattresses. Three-
way ANOVA was used to evaluate the short SWS episode dura-
tion, with the frequency of SWS episode duration as the response 
variable and mattress type, SWS episode duration, and partici-
pants as the predictor variables. The analyses were performed 
using SPSS ver. 22 (IBM Corp., Armonk, NY, USA). A p-value < 
0.05 was considered statistically significant.

RESULTS

Sleep Architecture and Stage Shifts
Sleep architecture results are shown in Table 4. There was no 

significant difference between the mattresses in terms of sleep la-
tency, rapid eye movement sleep (REM) latency, sleep efficien-
cy, or the total duration of NREM1, NREM2, SWS, REM, and 
wake after sleep onset. The number of SWS episodes was signif-
icantly lower with the functional mattress (10.3 ± 1.8) than with 
the control mattress (16.9 ± 1.2). Difference in total number of 
stage shift between the two mattress conditions was not statisti-
cally significant (114.1 ± 6.7 vs. 126.9 ± 6.8, p = 0.09), and num-
ber of stage shift was similar when stage shift from/to SWS was 
excluded (101.3 ± 5.6 vs. 106.3 ± 7.2, p > 0.3). 

Table 4. Summary of polysomnography

Sleep architecture
Functional 

mattress
Control 
mattress

p value

Sleep latency (min) 6.3 ± 1.4 9.3 ± 4.7 0.779
NREM1 (min) 41.3 ± 4.2 37.5 ± 3.6 0.444
NREM2 (min) 198.9 ± 8.2 206.3 ± 7.9 0.386
SWS (min) 91.3 ± 9.1 94.5 ± 7.8 0.646
REM (min) 70.5 ± 6.6 65.0 ± 5.3 0.386
WASO (min) 7.5 ± 4.6 7.0 ± 1.4 0.400
REM latency (min) 139.1 ± 16.0 120.7 ± 16.0 0.646
Arousal index 1.5 ± 0.5 1.5 ± 0.5 0.887
Sleep efficiency (%) 96.8 ± 1.3 97.1 ± 1.4 0.646
Total stage shift (n) 114.1 ± 6.7 126.9 ± 6.8 0.097
NREM1 (n) 40.2 ± 2.3 39.9 ± 3.9 0.720
NREM2 (n) 43.1 ± 3.2 48.7 ± 3.5 0.125
SWS (n) 10.3 ± 1.8 16.9 ± 1.2 0.022*
REM (n) 10.3 ± 1.1 11.0 ± 1.2 0.833
WASO (n) 11.2 ± 1.4 11.4 ± 1.4 0.876
Values are presented as mean ± SD (n = 10). Significant differenc-
es were marked as *p < 0.05.
NREM: non-rapid eye movement sleep, SWS: slow wave sleep, 
REM: rapid eye movement sleep, WASO: wake after sleep onset. 
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SWS Episode Duration
Mean duration of SWS episode was 10.9 ± 1.7 min with the 

functional mattress as compared with 5.6 ± 0.5 min with the con-
trol mattress. Distribution of SWS episode duration is shown 
in histogram (Fig. 3). Long SWS episode (especially more than 
30 min) was observed more during sleep in the functional mat-
tress, and the number of SWS episodes lasting for just an epoch 
(30 s) was markedly decreased with the functional mattress com-
pared to with the control mattress. The mean duration of SWS 
episodes was significantly longer with the functional mattress 
than with the control mattress (p = 0.013). Three-way ANOVA 
for the frequency of SWS episode durations in the range 0.5–5 
min showed significant main effects of the mattress [F(1,153) = 
11.6, p = 0.001] and the SWS episode duration [F(8,153) = 24.1, 
p < 0.000], as well as a significant interaction of mattress × SWS 
episode duration [F(8, 153) = 4.4, p = 0.003] (Fig. 4).

Delta Power Density
The delta power density was higher with the functional mat-

tress than with the control mattress (78.7% ± 1.3% vs. 77.5% ± 
1.4%, p = 0.028) (Fig. 5). 

Subjective Reports of Mattress and Sleep Quality
In the questionnaire about the mattresses completed before 

sleep, participants scored the functional mattress as significantly 
softer than the control mattress (p = 0.017), with better overall 
feeling (p = 0.034), greater comfort in the supine position (p = 
0.023), and greater comfort in their habitual posture when fall-
ing asleep (p = 0.011). Responses after sleep showed that partic-
ipants felt that the functional mattress was significantly softer 
(p = 0.039) and provided greater comfort for the lower back (p = 
0.023) compared to the control mattress. 

Regarding the subjective sleep quality, “Refreshness” was sig-
nificantly better with the functional mattress (50.5 ± 4.1 vs. 43.9 
± 7.3, p = 0.028) while there were no differences between the two 

mattresses in “Sleepiness on rising,” “Initiation and maintenance 
of sleep,” “Frequent dreaming,” and “Sleep length.”

DISCUSSION

We observed that the functional mattress lengthened SWS ep-
isode duration. Better pressure distribution may have reduced 
discomfort at sites of compression on the body’s surface, reduc-
ing the fragmentation of SWS. Chen et al. [11] reported that dif-
ferences in pressure distribution of mattresses affected sleep. In 
the study, increase in SWS and the decrease in micro-arousals 
were observed in participants sleeping on pressure intermedi-
ately distributed mattress, compared to the ones that were over-
ly-concentrated or overly-even in distribution of pressure [11]. 
In the present study, body pressures were actually lower with 
the functional mattress for all participants in every posture com-
pared to the control mattress. Moreover, the functional mat-

Fig. 3. Histogram of slow wave sleep episode duration with control mattress (A) and functional mattress (B).
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tress prevented over-sagging with its special four-layer three-
dimensional structure, which were expected to maintain a certain 
body posture for balanced body support. This suggested that 
body pressure distribution with the functional mattress was ad-
equate for the sleep of healthy young adults. In addition to SWS 
episode duration, subjective sleep rating on “Refreshness” was 
improved with the functional mattress. The participants scored 
the functional mattress as softer and greater comfort for the low-
er back than the control mattress in the following morning. Ac-
cording to the previous study, medium-firm mattress had better 
outcome in patients with lower-back pain than with firm mat-
tress [32]. The functional mattress with better body pressure dis-
tribution might be effective in providing comfort for the lower 
back and contributing to the feeling of improvement in “Refresh-
ness” in the morning. Regarding other subjective sleep quality, 
there were no differences between the two mattresses in “Sleepi-
ness on rising,” “Initiation and maintenance of sleep,” and “Fre-
quent dreaming,” which were in line with the PSG findings with 
no significant difference in the total duration of each sleep stag-
es. The mean sleep latency was under 10 min for both mattress-
es, indicating that “Initiation and maintenance of sleep” might 
not have differed because of ceiling effects. “Sleep length” might 
not have differed because study design required sleep duration 
to be fixed. Thus, the functional mattress improved SWS episode 
duration and subjective feeling of “Refreshness.” It is unlikely 
that the control mattress, which was harder than the functional 
mattress disturbed their sleep, because the sleep efficiency (ap-
proximately 97% for both mattress) was high in the present study. 
If sleeping on the control mattress was a negative intervention, 
sleep parameters might have deteriorated (e.g., increase in wake, 
decrease in sleep efficiency, prolonged sleep latency, etc.). Sleep-
ing on the control mattress might rather have been a positive in-
tervention because 9 out of 10 participants use only a few thin 
mattresses piled up at home.

As a potential novel parameter to evaluate sleep quality in 
healthy young participants, analysis of continuity of SWS episode 

was adopted in the present study. The following reasons can be 
cited as no difference in the major PSG parameters between the 
mattresses. Firstly, the participants of the present study were young 
healthy men and their sleep efficiency (approximately 97% for 
both mattresses) was higher in the present study than the 80–
93% efficiency reported in previous studies [9,12,18], suggesting 
the ceiling effect. Secondly, intervention using a mattress was too 
subtle and did not change the whole night sleep dramatically. 
This is consistent with previous studies, which did not observe 
significant effects from different types of mattresses on the total 
duration of sleep stages [12,18]. However, we found that the num-
ber of SWS episode was significantly fewer with the functional 
mattress although delta power density and the total duration of 
SWS at night was almost the same between the two mattresses. 
Accordingly, we focused on the fragmentation of SWS, evaluat-
ed as episode duration. SWS episode duration was significantly 
longer, and the frequency of short SWS (0.5–1.0 min) decreased, 
with the functional mattress. In the polyphasic sleep pattern of 
rodents, peak delta power occurs minutes after the start of SWS 
[19], and the consolidation of NREM into longer duration is as-
sociated with an increase in SWA [20]. In this study, delta pow-
er density was significantly increased with the functional mat-
tress but the differences in delta power density was subtle (78.7% 
vs. 77.5%). Taken together, we succeeded in evaluating difference 
in SWS, which was too small to reflect delta power density. Thus, 
the analysis of each duration of SWS episode provided greater in-
sight into sleep quality than focusing on the total duration of SWS. 
SWA is related to important roles including growth hormone 
secretion [33,34], consolidation of memories [35], improving 
perceptual [36] and visuomotor performance [37], and continu-
ity of sleep was suggested to be important for recuperation in 
the experiments with periodic sleep disruption in humans [38]. 
Therefore, SWS episode duration has a possibility in developing 
as a way to evaluate sleep in healthy young adults.

This study has some limitations. Although the participants con-
trolled their life style and behavior as much as possible, evalua-
tion of sleep quality and quantity prior to the experiment night 
were limited, and residential bedroom environment, including 
thermal, lighting and ambient noise condition, were not evaluat-
ed. However, the effect of personal and seasonal factors on sleep 
were minimized by the crossover design with relatively short du-
ration between the trials in the present study. Secondly, REM la-
tency was longer in both conditions. Although the reason was 
not clear and participants did not mention, there was a possibil-
ity that they were under stress in the experimental setting, even 
after one adaptation trial before the experiment. Thirdly, the sam-
ple size of the present study was small, thus larger numbers are 
required to generalize.

In conclusion, the functional mattress induced prolonged SWS 
episode duration, and improved “Refreshness” in subjective sleep 
quality. Intervention on sleep environment, which does not re-
quire daily personal efforts, would contribute to improving sleep 
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and promoting health not only in symptomatic patients but also 
in overtly healthy people. 

As a potential novel parameter, it was suggested that the frag-
mentation of SWS was effective in evaluating sleep quality in 
healthy young adults.
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