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BACKGROUND: Thetraditional oxygen delivery methods for oxygen therapy are continuous flow
oxygen (CFO) and demand oxygen delivery (DOD); however, oxygen wasteis considerablein CFO,
while DOD is uncomfortable for patients. Synchronized DOD (SDOD), which was designed to
over come the drawbacks of both CFO and DOD, supplies oxygen according to the patient’s breath-
ing pattern and the desired oxygen saving. This study was conducted to examine the overall
performance of SDOD in terms of oxygen saturation (S,o,), patients’ comfort, and oxygen saving
ratio (SR). METHODS: Study subjects wer e patients who required oxygen for COPD or pneumo-
nia. Patients received oxygen through nasal prongs by CFO and SDOD for 30 min each. S, was
measur ed every 10 min by pulse oximetry, and subjectsrecorded their level of comfort after 30 min.
The flow of dischar ged oxygen was recorded to calculate SR. RESULTS: Ten subjects (median age,
68 y; range, 56—86 y) were enrolled. The S, of patients during SDOD (97 * 2%) was similar to
that during CFO (96 = 3%) with no statistically significant difference (P = .53). Subjectsreported
SDOD to be more comfortable than CFO. The comfort score of subjects treated with SDOD was
7.05 = 2.07 (0: very uncomfortable, 10: very comfortable); this was significantly higher (P = .02)
than the comfort score (5.20 = 1.83) of subjectstreated with CFO. The SR values set by clinicians
werevery similar to calculated SR values. CONCLUSIONS: SDOD appearsto be more suitable for
oxygen therapy than CFO when considering S, patients' comfort, and SR. Key words: oxygen
therapy; synchronized demand oxygen delivery; continuous flow oxygen; S,o,; discomfort; saving ratio.
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Introduction

Oxygen therapy is an essential treatment for patients
with hypoxemia. Almost any kind of acute severe respi-
ratory disease, such as pneumonia, COPD, exacerbation of
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asthma, and pulmonary edema, can cause hypoxemia and
necessitate oxygen supplementation. Oxygen supplemen-
tation has also been proven to be effective in treatment of
chronic respiratory diseases. Long-term oxygen therapy
(LTOT) can improve the survival of COPD patients with
severe hypoxemia.t-3 Ambulatory oxygen therapy also im-
proves the exercise capacity of patients with interstitial
lung diseases.4> Because patients who require such treat-
ment need it most of the time in their daily lives, the
comfort of oxygen treatment is very important to them.
There are 2 common methods for oxygen therapy: con-
tinuous flow oxygen (CFO) and demand oxygen delivery
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(DOD); both methods have their inherent shortcomings.
CFO involves considerable wastage of oxygen, because it
supplies oxygen to patients during both inhaation and
exhalation. CFO can restrict patients' activities, because a
large oxygen cylinder is required to compensate for the
wasteful continuous delivery of oxygen. DOD is a rela-
tively recent oxygen-conserving strategy that reduceswaste
by delivering oxygen only during inhalation. As a result,
DOD may aso reduce the volume of oxygen needed for
portable oxygen delivery with reduced number of oxygen
cylinders. However, DOD can make patients uncomfort-
able because of the abrupt onset of oxygen supply at the
beginning of inhalation.

Synchronized DOD (SDOD), a new oxygen delivery
method, was developed and modified in our previous stud-
ies to overcome the drawbacks of both CFO and DOD.67
SDOD offers patients a greater level of comfort by deliv-
ering oxygen in a smooth sinusoidal pattern that is syn-
chronized to their breathing; in addition, the method per-
mits oxygen conservation at different levels, which can be
set by physicians or patients.67 According to arecent study
by Lee et a,® the mgjority of subjects who had no respi-
ratory disease were more comfortable with the sinusoidal
curve of SDOD than with the pulsed pattern of DOD.
Nevertheless, study regarding the comfort level of patients
with respiratory diseases is warranted because the comfort
level of these patients might be different from that of
subjects with no respiratory diseases.

The purpose of this study was to examine the overall
performance of SDOD in terms of saturation of peripheral
oxygen (S;0,), patients' comfort level, and oxygen saving
ratio (SR). The following 3 hypotheses were tested: (1) the
Spo, levels of patients are not different under CFO and
SDOD, (2) the comfort levels of patients are not different
under CFO and SDOD, and (3) SDOD could reduce ox-
ygen waste.

M ethods

Subjects

Patients who were admitted to the respiratory care cen-
ter with S5, < 90% on room air and who needed oxygen
supplementation were enrolled for this study. This was a
pilot study for which we planned to enroll only 10 sub-
jects. The study was reviewed and approved by the insti-
tutional review board of Asan Medical Center (S2012-
1904-0006). All subjects received a thorough explanation
of the experimental procedures before signing informed
consent forms.

SDOD Device

SDOD was designed, delivered, and studied using a
bench model previously described in other studies®7; thus,
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Current knowledge

Long-term oxygen therapy is commonly provided via
nasal cannula as a low continuous flow or pulse dose
oxygen delivery. Continuous flow oxygen is simple but
wastes gas during the expiratory phase. Pulse dose ox-
ygen delivery conserves gas, but can result in inade-
quate oxygen delivery as breathing frequency increases.
Synchronized demand oxygen delivery is a method in-
tended as an alternative to these 2 common methods.

What this paper contributes to our knowledge

In a small group of 10 subjects with hypoxemia, syn-
chronized demand oxygen delivery resulted in similar
oxygenation as measured by pulse oximetry when com-
pared with continuous flow oxygen. Subjects reported
improved comfort during synchronized demand oxygen
delivery, and oxygen conservation was greater com-
pared with continuous flow oxygen.

only a brief description is given here. SDOD, which uses
a proportional valve to control oxygen flow, begins to
supply oxygen just before inhalation in accordance with a
sinusoidal discharge curve (Fig. 1), unlike DOD, which
delivers oxygen abruptly only after sensing the onset of
inhalation. SDOD monitors and records subjects’ breath-
ing signals by using the pressure sensor. Based on the
recorded breathing signal, SDOD determines the time to
open the valve to supply oxygen smoothly before the in-
halation. Thus, SDOD is expected to improve patient com-
fort during oxygen therapy. Moreover, SDOD has been
designed to deliver oxygen by 4 delivery modes to con-
serve oxygen according to set SR values.6?

SDOD uses 4 oxygen delivery modes according to the
set level of oxygen saving (Fig. 2).67 The first and second
modes supply oxygen in a sigmoid pattern that peaks be-
fore inhalation. The third mode supplies oxygen before
inhalation along asigmoid curve that gives way to a pulsed
pattern at the onset of inhalation. The fourth mode, which
issimilar to DOD, provides pulsed oxygen delivery at the
beginning of inhalation. Therefore, SDOD can supply ox-
ygen in different modes to achieve the desired SR set by
patients or clinicians.

The SDOD device was reduced in size (length: 330 mm,
width: 230 mm, height: 150 mm, weight: 2.5 kg) and made
portable for this study when compared with the previous
bench model of the SDOD, which consists of a mechanical
respiratory simulator and the SDOD device. The device
had previously been tested on the mechanical respiratory
simulator, which mimics the human respiratory system,
before being used on human subjects in the present study.
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Fig. 1. Time-dependent oxygen discharge profile of synchronized demand oxygen delivery (SDOD). SDOD supplies oxygen in a sigmoidal
pattern starting before inhalation, by synchronizing flow with the subject’s breathing pattern.
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Fig. 2. Four oxygen delivery modes of synchronized demand oxygen delivery (SDOD). A and B: in the first and second modes, the oxygen
discharge profile rises to the prescribed flow along a sigmoid curve before inhalation. C: in the third mode, oxygen supply pattern changes
over from a sigmoid curve to a pulsed pattern at the onset of inhalation. D: in the fourth mode, pulsed oxygen delivery is used at the

beginning of inhalation, the same way as in demand oxygen delivery.
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Fig. 3. Schematic of a synchronized demand oxygen delivery (SDOD) device used in the study. Subjects’ breathing patterns were recorded
and then predicted by the computer (PC) that implemented the SDOD algorithm. SDOD supplied oxygen in sigmoid and pulsed patterns
by controlling 2 valves according to the subjects’ breathing pattern and the set saving ratio.
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Fig. 4. Visual analog scale for subjects’ comfort. Subjects scored their comfort level from 0 (very uncomfortable) to 10 (very comfortable)
after 30 min of treatment with either continuous flow or synchronized demand oxygen delivery.

Figure 3 shows the schematic of the SDOD device, which
consisted of 3 components. a direct-acting miniature so-
lenoid valve (RB2-0139; Numatics, Sandusky, Michigan),
which supplies oxygen in a pulsed pattern; a miniature
proportional valve (V Sonic-3S11-Q8; Parker, Cleveland,
Ohio), which delivers oxygen in a sinusoidal pattern; and
Labview 2010 system design software (National Instru-
ments, Austin Texas), which controls the SDOD device.

SR isdefined asthe ratio of prescribed flow over supply
flow. CFO does not save oxygen because it supplies ox-
ygen continuously at the same flow as prescribed by the
clinician. In other words, the SR of CFO isequal to 1. On
the other hand, an SR as high as 3.4 isseenin DOD, which
was designed primarily to conserve oxygen.8 DOD isthere-
fore widely used for treating COPD patients, because the
cost of oxygen is an important factor in the choice of
treatment method.

The average supply rate was calculated by integrating
the actual flow of oxygen over the period of each exper-
iment; the prescribed flow was then divided by the calcu-
lated average supply rate to derive the actual SR. The
actual SR was compared with the input SR, which is the
SR inputted to the SDOD algorithm by patients, clinicians,
or manufacturers.
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Study Design

CFO and SDOD were tested on all 10 subjects in a
randomized order. The study consisted of the following
3 steps: (1) Oxygen was administered to subjects via
nasal prongs for 30 min by either CFO or SDOD; (2)
Spo, Was measured every 10 min using a Fairy-A2 pulse
oximeter (ShenZhen HeXin Zondan Medical Equipment,
Guangdong, China); and (3) subjects were asked to score
the degree of their discomfort on a scale from 0 (very
uncomfortable) to 10 (very comfortable) after 30 min
using the visual analog scale shown in Figure 4. The
subjects were asked to remain seated or reclined with no
physical activity during the oxygen treatment. Oxygen
delivery was interrupted for 10 min between CFO and
SDOD when subjects were switched over from one to
the other, to allow Sy, to drop to pretreatment levels.
The SDOD device supplied oxygen by the first or sec-
ond mode using sigmoid time-dependent oxygen pro-
filesin this study. The actual flow of discharged oxygen
was recorded to calculate the actual SR.7 Oxygen flow,
when subjects were put on CFO, was set at the rate
prescribed for individual subjects.
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Table 1.  Subject Demographics
Subject Gender Age Main Cause_s FEV1‘, L FVC,_ L FEV,/ LTOT Us_ag(_a Prescripti on Flow
No. (y) of Hypoxemia (% predicted) (% predicted) FvC Before Admission (L/min)

1 Male 66 Pneumonia 3.11 (99) 3.57(85) 0.87 No 3

2 Female 69 Pneumonia 2.08 (97) 2.60 (88) 0.80 No 3

3 Male 70 Pneumonia ND ND ND No 1

4 Male 75 Pneumonia 2.07 (711) 2.85 (63) 0.73 No 2

5 Male 59 Pneumonia 0.95 (30) 0.97 (24) 0.98 No 3

6 Male 85 ILD ND ND ND No 1

7 Male 67 Pneumonia 0.91 (28) 1.77 (40) 0.51 Yes 1

8 Male 66 COPD 0.83(37) 1.90 (60) 0.44 Yes 2

9 Male 56 Pneumonia ND ND ND No 2
10 Male 86 COPD 0.87 (32) 2.02 (45) 0.43 Yes 1

FEV, = forced expiratory volume in1's
FVC = forced vital capacity

LTOT = long-term oxygen therapy

ND = no data available

ILD = intergtitial lung disease

Statistical Analysis

Spo, and the comfort level of subjects were compared
for the 2 treatment methods by Wilcoxon signed rank test.
All statistical analyses were performed using SPSS 18.0
(SPSS, Chicago, Illinois). A P value of < .05 was con-
sidered statistically significant.

Results

Ten subjects were enrolled in the study. There were 9
men and 1 woman, with a median age of 68 y, ranging
from 56 to 86 y. All subjects were examined after clinical
stabilization with regular breathing and S, = 90% by
low oxygen delivery via nasal prongs in bed. The demo-
graphic data for all subjects are summarized in Table 1.

The S0, of each subject after 30 min of treatment by
each oxygen delivery method is summarized in Figure 5.
Themean S, , asmeasured by pulse oximetry after 30 min
of oxygen treatment by SDOD, was 97 *+ 2%. When com-
pared with the value of S, under CFO, there was no
difference in S,o, between the 2 methods (P = .53).

Subjectsfound SDOD to be more comfortabl e than CFO.
The comfort score of subjects after 30 min of oxygen
treatment by SDOD was 7.05 + 2.07; this was signifi-
cantly higher (P = .02) thanthecomfort scoreof 5.20 = 1.83
after CFO treatment (Fig. 5).

The actual SR values achieved by SDOD, as calcul ated
from the recorded flow of oxygen, were very similar to the
SR values inputted by clinicians (Fig. 6). This indicates
that SDOD can be adjusted to achieve set levels of oxygen
saving preferred by users. The mean actual SR was 1.90;
this means that a supply flow of approximately 1 L/min,
delivered by the SDOD method, should be enough to treat
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a patient who has been prescribed oxygen at the rate of
1.9 L/min.

Discussion

The present study investigated the performance of the
SDOD device, which was driven by a computer running
Labview (Nationa Instruments, Austin, Texas), in sub-
jectswithrespiratory disease by conducting abedsidebench
study. The S, of subjects on SDOD was compared with
that of the same subjects on CFO, to assess the efficacy of
SDOD in subjects with COPD or pneumonia. Our results
show that 30 min of oxygen treatment by SDOD could
raise S,o, to adesirable level. Furthermore, mean S5 in
subjects on SDOD was statistically similar to that in sub-
jectson CFO. These results indicate that the SDOD device
does indeed provide patients with an adequate supply of
oxygen, and thus could replace CFO asthe preferred method
of oxygen therapy

Almost al subjects found SDOD to be more comfort-
able than CFO after 30 min of treatment, and the differ-
ence was statistically significant (Fig. 4). The level of
comfort can be an important determinant in choosing the
method of oxygen delivery, and SDOD appears to be more
suitable than CFO based on the results of this study, es-
pecialy for patients with COPD, most of whom require
long-term treatment.

The cost of oxygen has become a significant issue in
view of the widespread application of LTOT, and SDOD
assumes importance in this scenario by providing the ad-
ditional benefit of oxygen conservation. The average SR
of SDOD was approximately 2 in our study. The SR of
SDOD is lower than that of DOD devices that focus en-
tirely on conserving oxygen. However, SDOD offers the
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Fig. 5. Oxygen saturation (S,0,) and comfort levels of subjects on synchronized demand oxygen delivery (SDOD) and continuous flow
oxygen (CFO). A: oxygen saturation levels for both methods (P = .16). B: comfort levels for both methods. Study participants scored their
comfort level on a scale of 0 to 10 (0 = very uncomfortable; 10 = very comfortable) after 30 min of treatment with either CFO or SDOD (P =
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simultaneous advantages of oxygen conservation and a

high level of comfort during treatment.

SDOD alows smaller oxygen carriers to be used be-
cause it consumes less oxygen than CFO. The resultant
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decrease in the size of the oxygen cylinder can greatly
improve patients mobility. Thus, SDOD not only makes
oxygen treatment more cost-effective as a result of less
wasted oxygen, it aso enhances the ability of patients to
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participate in physical activities because the size of the
oxygen cylinder could be reduced using SDOD.

Oxygen was supplied to the subject using the first or
second mode of SDOD to remove the effect of DOD’s
pulsed patterns. The third and fourth modes of SDOD are
very similar to the current DOD devices, because these
modes supply oxygen using pulsed patterns at the onset of
inhalation. Because the purpose of this study was to com-
parethe S, level and comfort of the subjects under treat-
ment with SDOD and CFO, we tested only the first or
second mode of SDOD, which supplied oxygen without
the pulsed pattern. In addition, the difference between the
first and second mode of SDOD is whether oxygen is
supplied during exhalation or not. Asshown in Figure 2, in
the first mode, oxygen is supplied with a base oxygen flow
lower than the prescribed flow, and then oxygen flow
smoothly increases to the prescribed flow before inhala-
tion. In the second mode, oxygen flow rises from zero to
the prescribed flow according to the smooth oxygen dis-
charge curve. Therefore, the SR of the second mode is
higher than that of the first mode. Because the first and
second mode of SDOD supply oxygen according to avery
similar oxygen discharge pattern, it seems that the pa-
tients’ feeling of comfort under the 2 modes does not vary.

The size of the SDOD device can be reduced to that of
the current DOD device attached to the oxygen cylinder.
The SDOD device used in this study is till a prototype
driven and controlled by a laptop computer with Labview
software. Becausethe SDOD algorithm can be programmed
into a microprocessor, the SDOD device can be driven by
the programmed microprocessor without the laptop. The
SDOD prototype was powered by alternating current; how-
ever, the power source is able to be replaced with a battery
asin current DOD devices. Thus, the expected size of the
SDOD device targeted to a marketplace will be more com-
pact and much lighter than that of the current prototype.

The SDOD device might be used for LTOT by simply
plugging it to the oxygen cylinder. As a result, oxygen
costs can be saved in hospitals by reduced oxygen waste
by SDOD. Moreover, oxygen can be supplied to patients
more comfortably at home or other places, if the SDOD is
portable and commercialized in the future.

One limitation of the current study is the small number
of subjects (10 subjects) with various clinical conditions
involved, only some of whom were receiving LTOT be-
fore admission; further studies with more subjects with
specific conditions and diseases are therefore needed to
prove the effectiveness of SDOD more objectively. How-
ever, despite the small number of subjects in our study,
SDOD showed statistically significant advantages over
CFO in terms of subject comfort, while maintaining S,o,
at similar levels.

Another limitation of this study is that S, was mea
sured only by pulse oximetry without measuring arterial
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oxygen saturation (S, ) or arterial oxygen pressure. There
is controversy over the adequacy of pulse oximetry for
evaluating patients under LTOT.9-11 Y elderman and New?!2
and Mendelson et al*3 have shown that pulse oximetry
measures oxygen saturation accurately in healthy subjects.
Pulse oximetry has also been shown to measure oxygen
saturation accurately in criticaly ill patients.24

Our study isalso limited by the relatively short-term use
of SDOD for just 30 min, since the comfort level of pa-
tients treated with SDOD for hours or days may be quite
different. It is thus necessary to conduct studies of longer
duration to compare SDOD and CFO. In addition, the
subjects were asked to sit or recline during the test. Under
the activities of daily living, the breathing patterns of the
subjects can change when compared with resting breathing
patterns. Because of this, another experiment incorporat-
ing the subjects physical activities is warranted to exam-
ine the performance of SDOD more thoroughly. Further-
more, during sleep, demand valves do not work
occasionally, due to the breathing pattern and triggering
sensitivity of the oxygen-conserving devices.’> Thus, ad-
equacy and safety of the proportional valve used in this
study should be carefully assessed.

Conclusions

We conducted the present study to document the effec-
tiveness of oxygen therapy by SDOD in comparison with
CFO. Our results show that the difference in S, between
CFO and SDOD was not statistically significant; in other
words, SDOD could elevate S, to desirable levelsjust as
well as CFO did. However, subjects found SDOD to be
more comfortable than CFO. Thus, SDOD has the poten-
tial to replace CFO, especially in the care of patients who
need LTOT, by offering agreater level of comfort with the
additional benefit of conserving oxygen, while providing
equivalent S,o, levels. However, further studies need to be
conducted on a larger number of subjects treated with
long-term SDOD, to validate the results of the present
study, which was done with just 10 subjects given oxygen
treatment for only 30 min.
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