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Background and Methods: Constant-minute-volume and constant-bolus devices serve as two different means of portable oxygen
conservation. A prospective randomised crossover study was conducted in COPD GOLD IV patients to investigate the effect of these
two devices on dyspnea, oxygenation and 6-minute walking test (6MWT) distance. The primary endpoint was the final operating level
required (operating level range 1-5 for both devices) by either device to meet the success criteria for mobile oxygen therapy, as
outlined in the British Thoracic Society guidelines (SpO, >90% throughout 6MWT; >10% increase in walking distance from baseline;
improvement in BORG of at least 1 point from baseline).

Results: Twenty-five patients were enrolled in the study and randomly assigned to one of two sequences involving the use of each
type of portable oxygen conservation device. 14 female, 67.9 years (+7.8); FEV1: 27.3%pred. (£8.4); PaO, at rest without oxygen:
50.3mmHg (£5.9). For both systems, 24/25 patients (96%) were successfully recruited. The mean operating-level difference when
success criteria were met was —0.58 in favor of the constant bolus device (95% CI: —0.88 to —0.28, P <0.001). Secondary endpoints
(walking distance, respiratory rate and BORG dyspnea) showed no statistically significant or clinically relevant differences. An
algorithm created especially for this study showed a high success rate in terms of titration for the required operating level.
Conclusion: Both portable oxygen-conserving devices met the success criteria in 96% of patients in the 6MWT when they were
titrated to the correct level. The constant-bolus device required a significantly lower operating level to achieve the success criteria,
hereby reducing energy consumption. Individual titration of the respective device is recommended, which can be facilitated by the
novel titration algorithm described here.
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Introduction

Long-term oxygen therapy is understood as the administration of oxygen in patients with chronic respiratory insufficiency
type 1 either administered for a minimum of 15h/day (16h/day) as well as the administration of oxygen during physical
activity.' > Mobile oxygen therapy can generally be administered via the use of three different systems: mobile oxygen
cylinders, mobile concentrators and mobile liquid oxygen (LOX).* ® Nowadays, there is a particularly high demand for mobile
concentrators. They are relatively inexpensive and, unlike the LOX systems, do not require regular oxygen-refilling by the
provider. Another advantage of mobile concentrators is that they come in the form of small and light devices, and can even be
powered by a car battery, which further promotes patient mobility. The disadvantages of this system are the constant operating

noise, the need for regular filter changes and a lower maximum oxygen application than LOX systems.’
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In order to save oxygen for mobile use and thus extend the running time of the system, so-called oxygen-conserving
devices (OCDs, alternatively: demand systems) have been developed, which apply oxygen exclusively during inspiration via a
nasal cannula.* Many mobile oxygen concentrators are only designed as OCDs and cannot deliver a constant flow of oxygen.
In addition, not every patient is able to trigger the OCD, especially during periods of increased breathing activity or exertion,
because inspiration via the mouth becomes dominant and can then lead to insufficient nasal inspiratory flow.”

Moreover, different concentrators may deliver different amounts of oxygen at specific, pre-defined levels. Furthermore, it is a
common misconception, even among health care practitioners, that the operating level of such an OCD is equivalent to liters/per
minute in a LOX system. Another technical difference between OCDs is the amount of oxygen delivered per breath. Some
devices deliver a fixed amount of oxygen per breath, while others deliver a fixed amount per minute.® For example, in the
constant-bolus device, the average inspiratory oxygen fraction (FiO,) per breath largely remains constant, even if the respiratory
rate changes, while in the constant-minute-volume device, the volume of oxygen applied upon each breath decreases as soon as
the respiratory rate increases. In turn, FiO, increases as the patient reduces his/her respiratory rate, since the minute volume of
delivered oxygen remains constant.®

Given the considerable technical differences between these devices, patients for whom an OCD is planned must be
tested on an individual basis to identify the appropriate device, and the level (= running rate) to which it should be set
needs to be determined through titration.

Study Hypothesis
It was hypothesized that by design the constant-bolus device could be operated at a lower flow-rate (= setting), compared
to that of a constant-minute-volume system. As a result, the unit could then be operated at a lower level.

Materials and Methods

This trial was designed as a crossover randomized trial. The study protocol was approved by the Ethics Committee at
Witten/Herdecke University, Witten, Germany, and was undertaken at the Department of Pneumology, Lung Clinic,
Cologne Merheim Hospital, Witten/Herdecke University, Germany, as well as the Department of Pneumology,
Augustinerinnen Hospital, Cologne, Germany. The study was performed in accordance with the ethical standards laid
down in the Declaration of Helsinki. The study was registered at the German Clinical Trials Register (DRKS00017000).
Informed written consent was obtained from all subjects.

Patients

COPD patients with an established diagnosis of COPD GOLD IV (FEV; <30%pred., FEV/IVC <70%) and/or pre-existing
chronic respiratory insufficiency type I (defined by a PaO, < 60 mmHg at rest) were enrolled in the study. At the time of
inclusion, patients were undergoing optimal inhalation therapy, to which no further changes were made during the trial. All
patients were required to be free of exacerbation, which was defined as an acute worsening of respiratory symptoms that led to a
change in medication for four weeks prior to study inclusion.” Furthermore, patients with signs of cardiorespiratory instability at

rest (SpO, <80% despite supplemental oxygen therapy, heart rate >140/min, breathing frequency >25/min) were excluded.'*'

Devices
Two certified OCDs were compared:

1. Inogen One®™ G3 (Fa. Inogen, Goleta, USA), a constant-minute-volume system
2. Zen-0O lite™ (Fa. GCE Ltd, United Kingdom) a constant-bolus system

Both are portable oxygen-conserving devices and can be adjusted to operating levels ranging from 1 to 5.
Study Design and Measurements

Patients were included in the study protocol after declaring their willingness to participate and providing written consent.
Upon provision of written consent, basic diagnostics, arterial blood gases12 (ABL 90, Radiometer GmbH, Willich,
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Germany) and a 6-minute walking test (6MWT) without supplemental oxygen was performed whilst constantly
monitoring SpO, (MightySat© Rx Masimo Health Irvine, California, USA) and optically measuring breathing frequency.
Demographic data was documented. For the crossover trial, patients were randomly assigned to one of two sequences:
“Period 1: 6MWT with constant-bolus device; Period 2: 6MWT with constant-minute-volume system” or “Period 1:
6MWT with constant-minute-volume system; Period 2: 6MWT with constant-bolus device”. Success criteria for mobile
oxygen therapy were chosen according to prerequisites stated in the BTS guidelines for LTOT, and were used as a basis
for successful titration of the OCD-operating level for each patient.’

Success Criteria for Ambulatory Oxygen Therapy
A specifically designed titration algorithm was used to determine the correct operating level required for each individual
patient.

Titration of oxygen flow was performed according to BTS recommendations,’ which are based on maximum desaturation
during an endurance shuttle walking test (ESWT). Although the ESWT is advantageous for titration in ambulatory oxygen
therapy (AOT),"* the SMWT is more commonly used both nationally and internationally for titration in AOT; both walking
tests are recommended in the UK as well as in German guidelines.>'* It has been shown that the ESWT is significantly more
demanding than the 6MWT, and that peripheral saturation is lower at the end of an ESWT."? Therefore, the recommended
oxygen flow rate during the 6MWT in the present study was titrated and calculated to be 1-1/min lower than that stated in the
corresponding BTS recommendation.

Since these recommendations apply to a constant flow of oxygen, conversion to the required flow-rate per breath (or
per minute) was made using the following approximation: Assuming (i) that oxygen is only delivered during inspiration
in oxygen conserving devices, (ii) that inspiration during exertion is typically 33% of the breathing cycle (in patients with
severe COPD), and (iii) an average breathing rate of 25/min during exertion,'” the likely required rate for OCDs can be
approximated using the following formula:

Per breath

x 1/min(= continuous oxygen flow/min required during exercise)/25 % 1/3

(inspiratory time per breathing cycle)= X1/breath = X ml/breath

For example:

1 L/min/25 * 1/3= 0.133 L/breath= 13.33 mL/breath
2 L/min/25 * 1/3= 0.2666 L/breath= 26.67 mL/breath
3 L/min/25 * 1/3= 0.04 L/breath= 40 mL/breath

Accordingly, the following titration algorithm was established and tested, based on benchmark testing of the two
devices (see Table 1).

Table | Titration Algorithm for Establishing the Operating Level of Each Oxygen-Conserving Device (OCD)

SpO, After Recommended mL/Breath Setting for Constant Setting for Constant Minute
6MWT w/o Continuous O, or mL/min Bolus Device Volume System

O, (%) Flow (I/min)° on OCD [mL/breath; mL/min]4 [mL/breath; mL/min]*
86-89 2 27/667 3 [33; 825] 4 [33,6; 840]

80-85 3 40/1000 4 [42; 1050] 5 [42; 1050]

74-79 4 X 5* 5*

<73 5 X 5* 5*

Notes: *Modified according to;® *In cases where SpO, was <80% after exercise without supplemental oxygen, but the patient wished to participate
further according to protocol, the device was set to the maximum level or titrated to a resting SpO, of 92-95%, in line with standard clinical practice;
Aadapted to an expected breathing frequency of 25/min.

Abbreviations: SpO,, peripheral oxygen saturation; w/o, without; OCD, oxygen-conserving device.
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Given the design of the two devices under investigation, this led to a lower setting for the constant-bolus system and
formed the basis for our study hypothesis. All patients who took part in this trial fulfilled the following success criteria
that are laid down in the BTS guidelines for long-term oxygen therapy:*

“2 out of 3 of the following markers are required to show that the patient benefits from ambulatory oxygen

e SpO, >90% throughout 6GMWT
® >10% increase in walking distance from baseline
e Improvement in BORG of at least 1 point from baseline”

If patients did not fulfill the success criteria, the 6MWT was repeated and the operating level of the respective device was
increased by 1. If patients did fulfill all success criteria and SpO, during exercise was >93%, the operating level was
reduced by 1. In order to prevent exhaustion through over-motivation, a maximum of five 6MWTs per patient/per day
was predefined. To detect false triggering in either of the OCDs, the investigator performing the 6MWT listened out for
acoustic signals in correlation with breathing frequency throughout the entire period, in order to detect absent oxygen
triggers. At the end of the trial, patients were asked to state their personal device preference via a standardized
questionnaire.

Analysis

The primary aim of this trial was to compare the two underlying devices for ambulatory oxygen therapy. The primary
endpoint was the final (ideal) operating level of either device at exercise necessary to reach success criteria. The null
hypothesis, that there is no difference in final (ideal) operating level, which was tested at a two-sided alpha level of 0.05
against the alternative hypothesis that there is a difference. There was no formal sample size calculation.

Secondary outcomes were the ability to reach success criteria for mobile oxygen therapy for either device as well as
differences in exercise capability (SpO2, walking distance, BORG dyspnea scale).

The effects of the intervention on all endpoints were evaluated using linear mixed models. The factors intervention,
period and randomization sequence were included as fixed effects, and the patient within the randomized sequence was
included as a random effect to account for the multiple measures. Tests for a period effect and carryover effects were
performed in these models. No alpha adjustment was performed for the multiple testing of the secondary endpoints.
Thus, the p-values of the statistical tests of effects on the secondary endpoints should be interpreted as exploratory
analyses.

IBM SPSS 28.0 was used for all analyses.

Results
Of the 47 patients with COPD and chronic respiratory failure who were screened, 32 met the inclusion criteria at rest.
Twenty-five patients met all criteria and were consecutively enrolled and randomly assigned to one of the two sequences
(Figure 1).

Lung function data, blood gases and demographic data are presented in Table 2.

Regarding the primary endpoint, the mean ideal operating levels were 3.64 (+1.1) for the constant-bolus device and
4.24 (£0.9) for the constant-minute-volume system, leading to a difference of —0.58 (95% CI: —0.88 — —0.29; p= <0.01)
(Figure 2a).

The respective results for walking distance in 6MWT, breathing frequency and BDS did not significantly differ
between devices (Figures 2b—e).

The use of the constant minute volume system led to an overall higher mean oxygen saturation of 90% (+3.6%) after
exercise testing compared to the constant bolus device (88.4% + 3.8%), leading to a mean difference of 1.6% (95% CI:
—3.3 — —0.01; p= 0.049) (Figure 2e).

In twelve cases the 6-MWT needed to be readjusted to a higher operating level (six for the constant-bolus device,
with an increase of 1 in the operating level; five for the constant-minute-volume device, with an increase of 1 in the
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Eligibility Assessment
(n=47)

Excluded (n=15)

+ Not meeting inclusion criteria
(n=8)

+ Declined to participate (n=6)

+ Other reasons (n=1)

A4

A 4

Randomised to sequence (n=32)

l [ Period 1 ] l

Allocated to Sequence AB (n=16) Allocated to sequence BA (n=16)

- Received intervention A (6- - Received intervention B (6-
minute walking test with minute walking test with
constant-bolus-system) constant-minute-volume)

- Drop-Outs Drop-Outs
v > (n=1) v (n=2)

- Received intervention B (6- | - Received intervention A (6-
minute walking test with Period 2 minute walking test with
constant-minute-volume) constant-bolus-system)

.| Drop-Outs Drop-Outs
" (n=1) (n=3)
v v
Analysed (n=14) l Analysis J Analysed (n=11)

Figure | Study flow chart according to CONSORT for crossover randomized trials.

operating level; one for the constant-minute-volume device, with an increase of 2 in the operating level in each group in
order to find the correct titration level), leading to an algorithm success rate of 76% in this cohort.

The success criteria for oxygen titration (2/3 criteria met) were fulfilled in 24/25 cases (96%) with the constant-
minute-volume system, as well as in 24/25 cases (96%) with the constant-bolus device (Figure 3). In 9/25 patients, all
criteria for successful oxygen titration were met with the constant-minute-volume system (36%) and in 6/25 (24%) with
the constant-bolus device. The patient questionnaire findings revealed that most patients (72%) preferred the constant-
minute-volume system, whereas 20% of stated they had no preference between the two devices and 8% preferred the

constant-bolus device. When asked to describe their subjective feelings in terms of receiving enough oxygen, 64% of
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Table 2 Patient Characteristics at Baseline

Characteristics n=25
Age [years] 679 +78
Female [%] 56%
FEV, after bronchodilation [%pred] 273 £ 84
FVC [%pred] 45+ 11.6
FEV,/FVC ratio [%] 47.1 £ 14.2
TLC [%pred] 1142 £ 39.7
RV [%pred] 185.9 £ 79.5
KCO [%] 504 £ 254
TLCO [%] 307 £ 12,6
Cumulative smoking dosage [pack years]* 48.8 £ 22.2
BMI [kg/m?] 256 +7.7
pH 742 + 0.04
PaO, at rest without oxygen [mmHg] 503 £59
PaCO, [mmHg] 489 £ 6.2
HCO;3 [mmol/l] 29.8 £ 3.2
Notes: *14 patients were ex-smokers (56%) and || patients were current

smokers (44%).

Abbreviations: FEV, forced expiratory volume in | second; FVC, forced vital
capacity; RV, residual volume; TLC, total lung capacity; BMI, body mass index;
PaO,, arterial partial pressure of oxygen; PaCO,, arterial partial pressure of
carbon dioxide; HCO;, standard hydrogen carbonate.

patients favored the constant-minute-volume system, while 36% remarked that they did not notice a difference between
the two devices. Twenty-three patients (92%) subsequently asked for a prescription for a portable oxygen conserving
device in preference to their pre-existing mobile systems.

Discussion

This is the first randomized crossover trial to investigate two “demand” oxygen concentrators with differing technical
designs, namely, a constant-minute-volume device and a constant-bolus device. The three major findings of this trial are
as follows: Firstly, the constant-bolus device was capable of achieving successful oxygen titration at a significantly lower
operational setting; despite these lower settings, treatment success with the constant-bolus device — as estimated by
walking distance, exercise-related dyspnea and the breathing frequency — was comparable to that of the constant-minute-
volume device. Secondly, both portable oxygen-conserving devices were capable of promoting successful oxygen
titration in 96% of cases within a cohort of severely impaired COPD patients.

Thirdly, the specifically designed titration algorithm, which was used to find an approximation of the correct level,
showed first-round titration success in 76% of cases, thereby rendering it capable of facilitating everyday practice in
finding the correct operating level of such OCDs.

These major findings have important clinical implications, the most prominent of which is that they were able to
confirm that oxygen-conserving devices are efficient and safe, irrespective of the specific technique used (ie constant
minute volume or constant bolus). This confirms previous findings, where liquid oxygen systems were mostly investi-

gated and shown to achieve similar effects to those observed in continuous flow systems in COPD patients.>’'®
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Figure 2 (a) mean operating level of investigated devices after exercise. |: 6MWT with constant bolus device. 2: 6MWT with constant minute volume device. (b) mean
walking distance in 6-minute walking test for each device. |: 6MWT with constant bolus device. 2: 6MWT with constant minute volume device. (c) mean breathing frequency
in breaths/minute after exercise. 1: 6MWT with constant bolus device. 2: 6MWT with constant minute volume device. (d) mean difference in dyspnea before and after
exercise for each device. |: pre 6MWT with constant bolus device. 2: post 6MWT with constant bolus device. 3: pre 6MWT with constant minute volume device. 4: post
6MWT with constant minute volume device. (e) mean oxygen saturation in % before and after exercise with each device. |: pre 6MWT with constant bolus device. 2: post
6MWT with constant bolus device. 3: pre 6MWT with constant minute volume device. 4: post 6MWT with constant minute volume device.

Data comparisons between LOX and oxygen concentrators are scarce. Two trials concluded that oxygen concentrators
are comparably effective, although it should be noted that one of these found LOX systems to be especially beneficial in
terms of usage time and social outings.'”'®

Given the advantages of oxygen-conserving devices, particularly regarding the fact that oxygen-conserving devices
are lighter than oxygen-delivery devices without “demand” settings,'*’ these devices may become the preferred mode for
mobile oxygen therapy.

The identification of further advantages associated with constant-bolus devices compared to constant-minute-volume
devices is also of particular clinical interest, whereby the use of a lower operational setting is suggested to protract
battery running time, although this would need to be further validated in a clinical trial setting. The reasons for this
clinical finding remain unclear, and supporting evidence from the literature does not yet exist. Furthermore, the present
study clearly shows that when constant-bolus devices are used with lower operational settings, overall clinical treatment

success is not inferior to that observed with the use of constant-minute-volume devices. However, the use of the constant-
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ZenOlLite (constant-bolus device)

- Sp02 >90% during 6MWT: 8/25 (32%)

- >10% rise in walking distance: 23/25 (92%)

- Improvement in Borg dyspnea of at least 1: 24/25 (96%)
° All criteria met: 6/25 (24%)

° >2 criteria met: 24/25 (96%)

Inogen One G3 (constant-minute-volume system)

- Sp02 >90% during 6MWT: 11/25 (44%)

- >10% rise in walking distance: 24/25 (96%)

- Improvement in Borg dyspnea of at least 1: 23/25 (92%)
° All criteria met: 9/25 (36%)

° >2 criteria met: 24/25 (96%)

Figure 3 The two devices under investigation (constant-bolus- system and constant-minute-volume system) and their ability to reach success criteria.

minute-volume system was associated with a generally higher oxygen saturation level, where the difference of 1.6% lies
within the range of accepted measurement error for pulse oximetry.'® Despite this, the tendency in favor of constant-
minute-volume devices was statistically significant. Therefore, it cannot be excluded with certainty that individual
patients may experience a clinically significant difference in oxygen saturation with the constant bolus device running
at lower operational settings compared to that measured in association with use of constant-minute-volume devices.
Hence, individual titration is still recommended.

Finally, this is the first study to provide titration algorithms necessary to identify the required operating level for
oxygen-conserving concentrators with a demand setting, which fits the balance of physiological needs and helps to avoid
oversupply that can have a subsequent negative impact on battery running time. Although previous research on this topic
is lacking, it should be noted that if the patient becomes dyspneic during an exacerbation of his/her primary condition, it
may be necessary to temporarily increase oxygen flow in order to relieve dyspnea. However, in some cases the maximum
setting might not deliver enough oxygen to compensate for this (eg, in situations where the maximum setting is needed to
ensure oxygenation during rest).

One limitation of this trial is that a self-paced 6MWT was chosen for exercise testing. The disadvantage of this test
procedure is that the patient’s walking performance cannot be standardized and outcome measures at the end of the
6MWT may not be comparable due to different workloads. On the other hand, it could be argued that this better reflects
real-life situations, in contrast to an endurance shuttle walking test. Furthermore, it is reasonable to assume that patients
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generally focus more on their breathing pattern during the test than they do during everyday activities, which can
potentially lead to an artificially low false-trigger likelihood for the demand devices.

It is of particular interest that a significant number of patients (23/25) in the current trial showed a subjective
preference for one of the two demand devices over the continuous flow device already prescribed to them. As technical
developments continue to advance, the potential to further improve health-related quality of life in a severely impaired
patient collective is considerably increased. Future technological developments need to incorporate the need for keeping
the weight of the portable oxygen devices to a minimum, since previous trials were able to show that patients often
experienced decreased mobility due to the heavy weight of their portable oxygen cylinders; this resulted in decreased
autonomy and further isolation, leading to an overall decreased quality of life.'” Finally, since the present study was able
to show that different oxygen-conserving devices require different operating levels for treatment success, it is of utmost
importance to titrate each device to the correct level.

Conclusion

The constant-bolus and constant-minute-volume devices that were investigated in the present study yielded similar
results in the 6MWTs, meeting the international success criteria for mobile oxygen titration in nearly all study patients,
and the newly developed titration algorithm is a reliable means of predicting the appropriate operating level of the device
and thus facilitating daily clinical practice. Portable oxygen-conserving devices can therefore serve to promote mobility

in patients with severe COPD and chronic respiratory failure, warranting further studies in a clinical-trial setting.
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