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Clinical verification of patients with obstructive sleep apnea
provided with a customized cushion for continuous positive

airway pressure

Yih-Lin Cheng, PhD,a Ding-Yang Hsu, MS,b Hsin-Chien Lee, MD, MPH,c and Mauo-Ying Bien, PhD, RRT, RPTd
ABSTRACT
Statement of problem. Patients with obstructive sleep apnea may stop breathing momentarily
during sleep because of a narrow upper respiratory tract. One of the main treatments for
obstructive sleep apnea is continuous positive airway pressure. However, after long-term treatment,
patients tend to complain about the leakage, inconvenience, and discomfort of the nasal mask.

Purpose. The purpose of the study was to develop customized cushions and compare the clinical
performance of the customized cushion with the conventional one.

Material and methods. Each participant’s face was replicated by using a 3-dimensional scanner
and reverse-engineering technology, and computer numerical control techniques were used to
design and manufacture customized cushions. Forty participants were randomly divided into 2
groups, a control group with conventional cushions and an experimental group with customized
cushions. The saturation level of peripheral oxygen, apnea-hypopnea index, leakage data, and
answers to a comfort questionnaire were examined.

Results. Customized and conventional cushions were compared with independent sampling t tests
and relational analyses. A significant difference was found in the apnea-hypopnea index (P=.001) of
participants with the customized cushion and those with the conventional cushion. Participants
with the conventional cushion had a lower apnea-hypopnea index. The customized cushion
applied less headgear force and fit better than the conventional cushion. The leakage volume,
saturation of peripheral oxygen (SpO2), treatment compliance, and degree of comfort were not
significantly different between the groups.

Conclusions. Customized nasal mask cushions fit better and reduce the force applied by the
headgear. Participants using a customized cushion showed an improved apnea-hypopnea
index. (J Prosthet Dent 2015;113:29-34)
A symptom of obstructive
sleep apnea (OSA) is the mo-
mentary cessation of breathing
during sleep due to a narrow
upper respiratory tract. Fail-
ing to treat OSA can lead to
serious problems, for example,
high blood pressure, mental
deterioration, heart failure, sud-
den death, and daytime sleepi-
ness. Daytime sleepiness is
a major cause of automobile
accidents. Continuous positive
airway pressure (CPAP)1 is cur-
rently the most effective treat-
ment. Results of studies2,3

found evidence of the effective-
ness of the CPAP treatment
for moderate-to-severe OSA.
However, patients who adhered
to the treatment still had major
concerns regarding mask dis-
comfort, nasal dryness, and
nasal congestion.4 As a result,

a customized nasal mask cushion was developed to address the issue of comfort. With a properly fitting cushion, less
leakage is expected, and less force is required to fix the mask, which results in more comfort at the contacted skin area.
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Figure 1. Face data acquisition.
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Durham and Puckett5 made some preliminary efforts in
regard to custom-fit masks, but the studies were done
manually, and no digitized data are available. In a 2004
pilot study, Han et al6 used 3-dimensional (3D) scanning
results to fabricate 3 differently sized prototype masks,
but theywere not designed for CPAP application. In 2009,
Cheng and Chu7 used rapid-prototype technology to
make a customized CPAP cushion. Although the cushion
was inexpensive to make, the investigators did not pro-
duce enough devices to validate the cushion’s perfor-
mance. To solve this problem, the present study used
computer numerical control techniques to generate rapid
tooling. Customized nasal mask cushions can be pro-
duced by casting silicone into this fast and low-cost
tooling. Moreover, data such as the oxygen saturation
measured by the pulse oximeter (SpO2), apnea-
hypopnea index (AHI), leakage volume, and results
of the Comfort Questionnaire (available online) were
examined to compare the performance of the customized
cushion with the conventional one. The null hypothesis
was that the customized cushion performed similarly to
the conventional one after treatment.

MATERIAL AND METHODS

Patients with severe OSA will show a more significant
response to treatment than those experience less-severe
OSA. Therefore, after examination by outpatient
department physicians, 40 patients with severe OSA
(AHI>30) but without other conditions, such as chronic
obstructive pulmonary disease, asthma, septal deviation,
nasal allergy symptoms, or mouth breathing were
selected as possible participants. After ResMed-Embla-
N7000 diagnostic polysomnography by respiratory ther-
apists, an AHI value measurement of the participants
was arranged at the sleep laboratory for 1 night.

Respiratory therapists in the sleep laboratory spent 1
week analyzing the AHI data. Patients whose AHI was
higher than 30 were considered qualified participants. All
40 patients qualified. The CPAP titration was arranged at
the sleep laboratory for 1 night after diagnostic poly-
somnography by respiratory therapists to obtain partici-
pants’ airway pressures. During the same visit, the study
researchers spent 10 minutes conducting a 3D face scan
of each participant, and the participants were randomly
assigned to experimental and control groups. The
experimental group was treated with CPAP by using
customized cushions. The control group was treated with
CPAP by using conventional cushions. None of the
participants or respiratory therapists in the sleep labo-
ratory knew the group (experimental or control) of the
participants.

Respiratory therapists in the sleep laboratory spent 1
week analyzing data to obtain participants’ airway pres-
sures. The customized cushion also was made within the
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same week. The researchers took the CPAP machine
(REMstar Pro M Series; Philips) and nasal masks to
participants’ homes to set them up and provide in-
structions. After the participants had used the CPAP
machine for 14 days, the data (leakage volume, AHI, and
SpO2) were collected from the CPAP machine, and the
comfort questionnaires (available online) were distrib-
uted to the participants. The research used the Semantic
Differential method to ask 6 questions, which covered
the force of the headgear, the comfort of the headgear,
the fit of cushion, the comfort of the cushion, the comfort
of the forehead, and the ease of use.

Design of customized nasal mask cushions
A 3D camera (M300; Logistic Technology Corp) (Fig. 1)
was used to capture 3D facial data of the participants.
The 410×140×205-mm camera weighed 6 kg and was
easy to set up and use in a hospital. Philips REMstar Pro
M Series CPAP and Hsiner Corporation’s 10674 Fifth
nasal mask were used for testing. The Philips REMstar
Pro M Series is equipped with the Encore Pro SmartCard
for enhanced compliance reports of AHI and elevated
leak levels, in addition to snoring and automatic altitude
compensation functions. The 10674 Fifth nasal mask is a
signal-layer mask with little dead space and low carbon
dioxide residues. Intentional venting is approximately 30
L/min.

After a 3D face scanner had been used to obtain 3D
facial data of the participants, the profile of the nasal
mask was projected onto a 3D computer-aided design
cast of the face to create a sweep trajectory curve (Fig. 2).
A section of the cushion was designed and sketched
(Fig. 3) and then swept along the trajectory curve (Fig. 4).
After cutting the extra portions, the surfaces of the
cushion were solidified to obtain the customized cushion
model, and a mold was designed based on the casting
and demolding requirements (Fig. 5). To create a uni-
versal fit for future applications, the mold was modular-
ized with the same initial computer-aided design block
Cheng et al



Figure 3. Sketch section.

Figure 4. Swept along trajectory curve to finish digital
customized cushion.

Figure 5. Exploded view of tool.

Figure 6. Rapid mold by computer numerical control; parts of
rapid mold.

Figure 2. Project profile of patient frame on face cast.
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and outer shape. Lastly, computer numerical control was
used to manufacture the mold (Fig. 6), and silicone was
slowly injected into the mold (Fig. 7). The definitive
customized nasal cushion is shown in Figure 8.

Customized and conventional cushions were
compared with an independent t test for continuous
variables and the Mann-Whitney U test for ordinal
Cheng et al
variables to determine the relationships among the AHI,
leakage, and comfort index as established by the ques-
tionnaires, and groups. A c2 test by using the odds ratio
between compliance and groups was used to examine
differences. The differences in indices (such as SpO2)
before and after the intervention were tested by
repeated-measure ANOVA. The Pearson r-correlation
analysis was used to explore the relationships between
the comfort of the 2 groups with questionnaires and to
examine the relationship between AHI and leakage and
between average SpO2 and leakage volume. A power
analysis revealed that, for an effect of this size to be
detected (80% chance) as significant at the 5% level with
a 2-tailed test, a sample of 200 participants for 2 groups
would be required.

RESULTS

Forty participants with severe OSA (AHI>30) were
included in the study. An experimental group of 20
participants (15 men) was treated with CPAP by using
customized cushions. Their average (standard deviation
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 7. Silicone casting with syringe.

Figure 8. Finished customized cushion.

Table 1.Demographics of participants

Characteristic Customized Cushion (n=20) Conventional Cushion (n=20)

Age, y 50.9 ±9.7 53.6 ±11.5

Men/women 15/5 18/2

Height, cm 167.6 ±8.5 168.2 ±6.9

Weight, kg 83.9 ±12.6 86.1 ±11.7

BMI, kg/m2 29.9 ±4.1 30.3 ±2.7

Data presented as mean ±SD.
SD, standard deviation; BMI, body mass index.
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Figure 9. Apnea-hypopnea index values before and after treat-
ment in customized group.
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Figure 10. Apnea-hypopnea index values before and after
treatment in conventional group.
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[SD]) height was 167.63 ±8.47 cm; 95% of the partici-
pants (19/20) had body mass index values higher than 25
kg/m2 (overweight). A control group of 20 participants
(18 men) was treated with CPAP by using conventional
cushions. Their average (SD) height was 168.15 ±1.55
cm. All of the participants in the conventional group had
body mass index values higher than 25 kg/m2 (over-
weight). Of the study participants, 7 were women. The
average age of the study participants was 52.2 years. The
descriptions of the participants are shown in Table 1.

The AHI of the 2 groups before and after the inter-
vention are shown in Figures 9 and 10. According to an
independent t test, there was no significant difference in
AHI between the 2 groups before the study: t (38)=1.27;
P=.215; Cohen d=1.14. However, after testing, the results
were significantly different: t (19)= e3.606; P>.001; Cohen
d=0.4. The average AHI of participants who used the
conventional cushions was more than that of participants
who used the customized cushions.

The information regarding SpO2 is presented in
Table 2. A 3-way repeated measure ANOVA was
THE JOURNAL OF PROSTHETIC DENTISTRY
conducted: 2 (time: before-after) × 2 (condition: mini-
mum-average) × 2 (group: customized cushions). This
test yielded a significant effect of time (F [1,38]=327.26;
P>.001); there was an increasing trend over time and
condition (F [1,38]=161.52; P>.001), with the average
SpO2 generally higher than the minimum SpO2. Those
main effects were mediated by condition × time (F [1,38]
=84.22, P>.001). No other significant main effects or in-
teractions were found.

According to an independent t test, the results found
no significant differences in leakage (t [38]= e1.52;
P=.137). The average (SD) leakage volume with
Cheng et al



Table 2. Comparisons of SpO2 between 2 groups

Item
Customized

Cushion (n=20)
Conventional
Cushion (n=20)

Age, y 50.9 ±9.7 53.6 ±11.5

Before testing, min SpO2 76.8 ±7.5 75.9 ±6.2

After testing, min SpO2 94.4 ±1.8 92.8 ±3.4

Before testing, avg SpO2 87.8 ±4.4 88 ±3.3

After testing, avg SpO2 95.9 ±1.6 94.5 ±2.9

Min SpO2* 17.6 ±6.8 16.8 ±6.9

Avg SpO2* 8.1 ±3.5 6.6 ±2.9

Min SpO2 per before min SpO2* 0.24 ±0.12 0.23 ±0.13

Avg SpO2 per after avg SpO2* 0.09 ±0.05 0.08 ±0.03

Data presented as mean ±SD.
SD, standard deviation; SpO2, oxygen saturation measured by the pulse oximeter; min, mini-
mum; avg, average.
*Mean difference.

Table 3. Comparisons of improvement and continuing treatment
numbers between 2 groups

Item Yes (%) No (%) Odds ratio

Improvement

Customized cushion (n=20) 15 (48.4) 5 (55.6) 0.94

Conventional cushion (n=20) 16 (51.6) 4 (44.4) 1.25

Continuing treatment

Customized cushion (n=20) 16 (50) 4 (50) 1

Conventional cushion (n=20) 16 (50) 4 (50) 1

Table 4. Statistical analysis of comfort questionnaire results (n=40)

Comfort Parameter

Customized
Cushion (%)

(n=20)

Conventional
Cushion (%)

(n=20)

Headgear force

1. Much less 1 (5) 0 (0)

2. Less 7 (35) 0 (0)

3. Normal 9 (45) 11 (55)

4. Tight 3 (15) 7 (35)

5. Very tight 0 (0) 2 (10)

Headgear comfort

1. Very uncomfortable 0 (0) 0 (0)

2. Uncomfortable 2 (10) 5 (25)

3. Normal 15 (75) 13 (65)

4. Comfortable 3 (15) 2 (10)

5. Very comfortable 0 (0) 0 (0)

Cushion fit

1. Very loose 0 (0) 0 (0)

2. Loose 0 (0) 3 (15)

3. Normal 6 (30) 11 (55)

4. Fit 9 (45) 6 (30)

5. Very fit 5 (25) 0 (0)

Cushion comfort

1. Very uncomfortable 0 (0) 0 (0)

2. Uncomfortable 3 (15) 4 (20)

3. Normal 13 (65) 14 (70)

4. Comfortable 4 (20) 1 (5)

5. Very comfortable 0 (0) 1 (5)

Forehead comfort

1. Very uncomfortable 3 (15) 0 (0)

2. Uncomfortable 5 (25) 3 (15)

3. Normal 12 (60) 13 (65)

4. Comfortable 0 (0) 3 (15)

5. Very comfortable 0 (0) 1 (5)

Usability

1. Complex 2 (10) 0 (0)

2. Normal 14 (70) 10 (50)

3. Easy 4 (20) 10 (50)
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customized cushions was 32.75 ±18.56 L/min, and the
average (SD) leakage volume with conventional cush-
ions was 35.51 ±47.76 L/min. The Pearson r-correlation
analysis was conducted to examine the relations be-
tween AHI and leakage, and between average SpO2

and leakage volume. The results indicated that AHI and
leakage volumes were significantly positively correlated
(r=.38, P=.016). In contrast, the average SpO2 and
leakage volume were significantly negatively correlated
(r=.40, P=.018). As shown in Table 3, 15 people (75%)
in the customized group recognized that their sleep had
improved, and 5 people did not. In the conventional
cushion group, 16 people (80%) found obvious
improvement, and 4 people did not. The odds ratio of
the customized cushions was 0.94 and that of the
conventional cushions was 1.25. A c2 analysis indicated
no relation between the improvement of conditions and
the type of cushion (c2=.14, P=.705). In addition, in
the conventional group, 16 people (80%) stated that
they would continue the treatment after the experi-
ment, and 4 people (20%) decided not to continue the
treatment. The results were the same for the experi-
mental group. The odds ratio for both cushions was 1
in this study. A c2 analysis indicated no relation be-
tween the continuation of treatment and the cushion
(c2=0, P=1).

The analysis of the questionnaire results is shown in
Table 4. Obvious differences between the headgear force
Cheng et al
for each cushion type were found (r=.505, P=.001).
Customized cushions produced less force than conven-
tional cushions. Obvious differences in the fitting of each
cushion type (r=.619, P=.001) were noted. The custom-
ized cushions fit better than the conventional cushions.
Obvious differences also were noted in forehead comfort
and overall usability between the cushions (r=.359,
P=.008; and r=.441, P=.023). According to the question-
naire results and the results of the Mann-Whitney U
tests, the conventional cushion has greater headgear
force (P=.002), less forehead comfort (P=.016), and
poorer cushion fit (P<.001) than the customized cushion.
No differences were found in usability and cushion
comfort (P>.05).
THE JOURNAL OF PROSTHETIC DENTISTRY
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DISCUSSION

The purpose of this study was to develop customized
cushions to improve the performance of the conventional
nasal mask. According to the AHI of the 2 groups before
and after the intervention, the performance of the
customized cushion was consistent and better than that
of the conventional cushion. Participants who used a
customized cushion had a lower AHI, but the leakage
volume and SpO2 results were not significantly different
from those of the conventional cushion. The AHI was the
main factor in determining the performance of the mask
cushion with OSA with customized cushions for CPAP.
The Pearson r-correlation analysis found that a high AHI
typically indicates a large leakage volume, and a large
leakage volume may indicate a low SpO2. Cushion
leakage is an important factor that affects AHI and SpO2.

According to the questionnaire results, the customized
cushion performed better in terms of headgear force and
cushion fitting than the conventional cushion but not in
terms of headgear comfort and cushion comfort. For these
2 factors, most of the participants chose “normal.” A
correlation analysis of the results found no significant
correlation between headgear force and comfort. The
conventional cushion had a larger force than the
customized cushion but did not make the user uncom-
fortable. Thus, there was no significant correlation. The
same reasoning can be applied to the comfort of the
cushion. Obvious differences in forehead comfort and
overall usability were noted between the cushions.
Although the research did not change the type of forehead
or method of using masks, cushion’s pressure may be
transferred to the forehead or may bring users psycho-
logical comfort and cause a further significant difference.

The cost and standard operation process are limitations
of the custom device. The conventional nasal mask cushion
is usually disposed of every 6 months, and the cost is
approximately US $20 each. The main costs of the
customized cushions can be divided into fixed tooling–
related costs and silicone casting costs,whichdependon the
number tobeproduced and the standard operationprocess.

Some commercial cushions now have a 2-layer
design. The first layer contacts the skin of the face and is
thin and soft to avoid leakage. The second layer is thicker
and supports the cushion frame. The present study
evaluated a single-layer cushion. Dual-layer cushions
THE JOURNAL OF PROSTHETIC DENTISTRY
should be the subject of a future study. A nasal mask was
used in the present study, but further studies also should
evaluate full-face masks and nasal pillows. The partici-
pants of the present study were from Taiwan, but the
results could be extended in other countries with patients
with OSA.
CONCLUSION

The performance of customized cushions for patients
with OSA was evaluated. The facial data of participants
were obtained with a 3D camera, and customized cush-
ions were designed with 3D computer-aided design
software. The computer numerical control of casting
cushions was modularly designed based on the cushion
model. Analysis of this research indicated a way to pro-
duce customized cushions, determined that leakage af-
fects participant outcomes, and confirmed the promising
performance of customized cushions. The experimental
evaluation found that customized cushions perform
better than conventional cushions.
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Comfort Questionnaire

Part 1. Personal information

Height ________cm Weight ________kg Sex
, Male , Female

Age ________y

Profession

,Electronic industry ,Banking and insurance ,Freelance ,Service industry

,Agriculture ,Government employee ,Student ,Other_______

Education

,Junior high school ,Senior high school ,Bachelor’s ,Master

Monthly income (USD)

,1000 or less ,1001-1700 ,1701-2650 ,2651 or more

Married

,Married ,Unmarried ,Other________

Part 2. Comfort questionnaire

1. How did you hear of CPAP therapy

,Doctor ,Internet ,Friend ,Other________

2. Do you think CPAP therapy has improved your sleep?

,Yes ,No

3. Will you continue to use CPAP therapy

, Yes

, No, the reason is: ,price ,noise, ,spouse complains, ,leakage ,other

4. What is the main factor that effects of CPAP treatment

,Usability of device ,Force of headgear ,Skin comfort of nasal mask

,Portability of the device ,Accommadatibilty of the device ,Brand and price

5. When you use the nasal mask, the force of the headgear (much less 1 to very high 5)

,1 Much less ,2 Less ,3 Normal ,4 High ,5 Very high

6. Headgear comfort

,Very uncomfortable ,Uncomfortable ,Normal ,Comfortable ,Very comfortable

7. Cushion fit (very loose 1 to very fit 5)

,1 Very loose ,2 Loose ,3 Normal ,4 Fit ,5 Very fit

8. Cushion comfort

,Very uncomfortable ,Uncomfortable ,Normal ,Comfortable ,Very comfortable

9. Forehead comfort

,Very uncomfortable ,Uncomfortable ,Normal ,Comfortable ,Very comfortable

10. Usability

,Complex ,Normal ,Easy

11. Nasal mask cushion is one of consumables, what price (USD) would you consider

,33 or less ,34-66 ,67-99 ,100 or more

CPAP, continuous positive airway pressure.
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