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ABSTRACT

Background Oxygen therapy is commonly administered
to patients with acute cardiovascular conditions during
hospitalisation. Both hypoxaemia and hyperoxia can
cause harm, making it essential to maintain oxygen
saturation (Sp0,) within a target range. Traditionally,
oxygen administration is manually controlled by nursing
staff, guided by intermittent pulse oximetry readings.
This study aimed to compare standard manual oxygen
administration with automated oxygen administration
(AOA) using the O2matic device.

Methods In this randomised controlled trial, 60
patients admitted to a cardiac department with an acute
cardiovascular condition requiring oxygen therapy were
randomised to either standard care (manual oxygen
administration) or AOA via the 02matic device. The
primary outcome was the percentage of time spent
within the desired SpO, range (92%—96% or 94%~—
98%) over 24 hours.

Results Patients had a mean age of 75.8+12.4

years, with an average SpO, of 93%. Those in the AOA
group (n=25) spent significantly more time within the
target SpO, range (median 87.0% vs 60.6%, p<0.001)
compared with the standard care group (n=28). Time
spent below the desired SpO, range was significantly
lower in the AOA group (7.9% vs 33.6%, p<0.001). No
significant differences in time spent above the desired
Sp0, range were observed between the two groups.
Conclusions AOA with the O2matic device is superior
to standard manual control in maintaining SpO, within
the target range in patients hospitalised with acute
cardiovascular conditions. The automated systems
significantly reduce the time spent in hypoxaemia
without increasing hyperoxia.

Trial registration number NCT05452863.

INTRODUCTION

The treatment of hypoxaemia with oxygen supple-
mentation is considered an essential part of the
treatment of patients with acute cardiac conditions.'
Oxygen is frequently administered during in-hos-
pital treatment of patients admitted with cardiac
conditions. Hypoxaemia is associated with adverse
outcomes in patients with myocardial infarction.?
Hyperoxia causes vasoconstriction and may induce
direct damage in conditions such as acute coronary
syndrome, heart failure and ischaemic stroke.*

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Oxygen administration is a critical component
in the management of acute cardiovascular
conditions; however, both insufficient oxygen
(hypoxaemia) and excessive oxygen (hyperoxia)
can be harmful, and maintaining normoxaemia
is recommended.

= Traditionally, oxygen delivery is controlled
manually by nursing staff, but this method can
result in variations in oxygen levels between
measurements, potentially leading to episodes
of hypoxaemia or hyperoxia.

WHAT THIS STUDY ADDS

= This randomised controlled trial demonstrates
that automated oxygen administration (AOA)
using the O2matic device is superior to manual
control in maintaining SpO, within the desired
range.

= Patients in the AOA group spent significantly
more time within the target SpO, range and
had less time in hypoxaemia compared with
those receiving standard manual care.

= AOA effectively minimises fluctuations in
oxygen levels, ensuring more precise oxygen
delivery without increasing the risk of
hyperoxia.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The use of AOA systems like 02matic might
reduce the burden on nursing staff and
minimise the risk of hypoxaemia, potentially
leading to better clinical outcomes and more
efficient oxygen therapy management in
hospital settings.

Clinical evidence on how to control oxygen
supply to avoid hypoxia and hyperoxia is limited.'
Supplemental oxygen is often guided by a non-
invasive method such as pulse oximetry (peripheral
capillary oxygen saturation, SpO,) or by blood gas
analyses. Early warning score (EWS) is calculated
from measured values of blood pressure, pulse,
respiratory frequency, temperature and peripheral
saturation. It is often used to determine the level
of monitoring of the patients, including SpO,
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measurement.” The control frequency increases with increasing
EWS score. This method with observation and adjustment is
time-consuming for the nursing staff and leaves room for severe
hypoxaemia or hyperoxia between measurements, which are
only snapshots of the patient’s condition. On this background,
several research groups have worked on methods to adjust
oxygen supply automatically based on SpO, measurements.®

O2matic is a closed-loop automated oxygen administration
(AOA) system, where oxygen is administered through the device
based on continuous SpO, measurement. This both ensures
minute-to-minute titration of oxygen to reach the desired
interval and limits the need for nurses to measure and adjust
oxygen manually. Previous studies have demonstrated that
O2matic is feasible and superior at keeping the saturation within
the desired interval.'' The device is CE marked and manufac-
tured in a version operating in conformity with the demands
stated by the Medical Device Directives. O2matic was tested in a
crossover trial, comparing manually controlled oxygen treatment
with AOA in patients admitted with chronic obstructive pulmo-
nary disease (COPD) exacerbations. The study demonstrated
a significantly better oxygen regulation with O2matic (85% vs
47% of the time within the predefined interval)."" In a parallel
designed study on patients admitted with COPD exacerbation,
treatment with O2matic reduced breathing discomfort and phys-
ical perception of dyspnoea compared with nurse-administered
oxygen therapy.'? However, no randomised controlled trial has
compared O2matic with standard nurse-titrated oxygen admin-
istration in hospitalised patients with cardiovascular disease.

The primary aim of this study was to investigate whether AOA
with O2matic is superior to conventional control at keeping the
oxygen saturation within the desired interval. Secondarily, the
study aimed to investigate whether O2matic reduces the time
spent in significant hypoxaemia or hyperoxia in acutely hospital-
ised cardiac patients with oxygen demand.

Our hypothesis was that O2matic significantly increases the
duration of time where SpO, is within the selected saturation
interval.

METHODS

Study design, setting and population

The study is a prospective, investigator-initiated, parallel-
group, randomised, clinical trial. Patients were included in the
Department of Cardiology at Hvidovre Hospital, Copenhagen,
Denmark, after acute admission with a primary cardiac disease
and in need of oxygen. We included patients admitted with heart
disease in need of oxygen supplementation, defined as an SpO,
<929%. National and international guidelines recommend initi-
ation of oxygen treatment at different levels of SpO,, between
90% and 94%, depending on the medical condition of the
patient.! * ¥~ We excluded patients with risk of hypercapnia,
unstable patients and pregnant women. Non-compliant patients
(defined as an intervention period <2hours) were excluded
from the main analysis. A complete list of inclusion and exclu-
sion criteria can be found in detail in the protocol previously
published (online supplemental files 4 and 5).'® Inclusion began
on 1 April 2022, and concluded after 11 months, after the last
patient was included. The study is registered at ClinicalTrials.gov
(identifier: NCT05452863).

Randomisation and masking

The randomisation module in Research Electronic Data Capture
(REDCap) (REDCap Consortium, Nashville, Tennessee, USA)
was used for randomisation and all data were registered in their

scientific database.'” The database was hosted on the servers of
the Capital Region of Copenhagen, with secured back up and
double protected with a two-factor authentication. A computer-
generated randomisation sequence was created by one of the
main investigators and uploaded to REDCap before trial initi-
ation. It was concealed from other investigators, patients and
clinical personnel until randomisation. Subinvestigators enrolled
and randomised patients consecutively after the trial initiation.

It was not possible to blind the investigators or the clinical
staff regarding allocation, as one group depended on nurses to
titrate the oxygen supply. The screen was turned off for as much
time as possible in the control group during the trial to mimic
clinical practice.

Study procedure

The patients were included during admission and randomised in
a 1:1 ratio to conventional oxygen treatment or O2matic oxygen
treatment for 24 hours. The O2matic device was applied to all
patients, but in the control group a manual mode was selected
to allow for a usual care oxygen titration by the nurses in the
department. Oxygen flow rate, SpO, and pulse rate was regis-
tered every second by the device. All patients were monitored
using pulse oximetry connected to the O2matic.'® In the active
group, oxygen supply was adjusted according to the measure-
ments made by pulse oximetry. Oxygen was adjusted from 0
to 10L/min to reach a predefined target saturation interval of
either 92%-96% or 94%-98%, as determined by the treating
physician. As standard practice, we used a nasal cannula without
humidifying the oxygen.

Alarms for saturation, pulse and oxygen flow were turned off
in the control group, while technical alarms were still active. In
the control group, oxygen treatment was performed with manual
saturation measurements with a standard pulse oximeter, via the
EWS standard and the oxygen supply was thereafter adjusted on
the O2matic device, according to EWS guidelines' and clinical
judgement by doctors and nursing staff. Manual override was
possible for patients in the active group, if automatic adjustments
were considered inappropriate by the clinicians, for example, in
acute need for higher oxygen supply than the set interval.

Patients in both groups were manually monitored for satu-
ration, pulse and other vital signs according to the EWS guide-
lines by the nursing staff.” The frequency of measurements
and optional medical assessment was directed by the EWS
guidelines.”

Monitoring

At the time of inclusion, we registered baseline characteris-
tics, including smoking history, X-ray from the current admis-
sion, biochemistry and arterial blood gas. A detailed list of data
recorded can be found in the previously published protocol.'®
Our main goal was to test the feasibility of O2matic in rela-
tion to maintaining the saturation within the preferred SpO,
interval. Clinical end points were not the focus of this study but
was recorded as measures for safety. We stopped the interven-
tion after one of the following: after 24 hours, if the patient
was moved to another department, if the patient was discharged
or died, if the patient withdrew consent, if the patient was not
compliant (defined as a treatment period under 2 hours) or if
any serious adverse event was suspected.

Outcome measures
The primary outcome was time within the desired saturation
interval (SpO, 92%-96% or 94%-98%) when using O2matic,
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compared with manual oxygen treatment. The primary outcome
was changed from SpO, 92%-96% to either SpO, 92%-96% or
94%-98% for each patient, to accommodate different prefer-
ences in target saturation among the treating physicians before
enrolment was concluded.

Secondary outcomes:

Time with hypoxaemia below the desired interval.

Time with hyperoxia above the desired interval.

Time with severe hypoxaemia (saturation <85%).

Time with significant hypoxaemia (saturation 85%-90%).
Pulse rate.

A\ A A A 4

Subgroups

We compared patients with and without systolic heart failure,
defined as left ventricular ejection fraction (LVEF) <45%, and
patients with and without supraventricular arrythmias.

Ethics

Eight papers previously published have not revealed any health
risks for patients on similar equipment.®'? 2°* The patient’s
mobility was slightly restricted because they were connected
to the O2matic, but we considered this inconvenience minor
compared with the potential therapeutic benefits of secure and
optimised oxygen treatment.

Patient and public involvement

Our research group has a patient group dedicated to give feed-
back and suggestions in the design and conduct for all clinical
studies carried out. They are involved in topics such as trial
information material and clinical end points.

Sample size

We calculated the sample size based on an expected 20%
improvement in the primary outcome to ensure clinical rele-
vance. In a Danish study, the SD for this parameter was 25%.""
A power of 80% and a level of significance at 0.05 required 25
participants in each group. We chose to include 30 patients in
each arm to allow for dropouts.

Statistical analysis plan

Categorical data were compared with Fisher’s exact test. Contin-
uous variables were tested for normality and analysed with
unpaired t-test when normally distributed, or Wilcoxon-Mann-
Whitney test, in case of a non-normal distribution. Normally
distributed data are presented as mean=SD, non-normally
distributed data are presented as median (IQR). The primary
analysis was defined as a modified intention-to-treat analysis, as
non-compliant patients were excluded postrandomisation. We
did not have power to assess clinical end points, which is why
these must be considered exploratory.

Between-group differences in SpO,, oxygen administration
and pulse rate measured for 24 hours were assessed by repeated-
measures mixed models with an unstructured covariance struc-
ture. Group and time point, defined as the median values for
each hour of the intervention, were treated as fixed effects, while
time was considered a continuous variable. The interaction term
of group with time was included in the model. The output
was used to illustrate SpO, and oxygen administration during
the intervention phase. Fraction of inspired oxygen (FiO,) was
calculated as 20+4 x oxygen supplementation (L/min).” P values
were denoted as p-group. Statistical analyses were made using R,
V.4.3.0 and SAS statistical software, V.9.4 (SAS Institute, Cary,

Table 1 Reasons for cessation of the therapy

Reason for cessation Number of patients
Intervention period completed 37 (62%)

Patient no longer wanted to participate 2 (3%)

Patient was non-compliant 6 (10%)

Patient was transferred to another department 2 (3%)

Unknown 13 (22%)

Data are n (%).

North Carolina, USA). All tests were two-tailed, and statistical
significance was defined as p<0.05.

RESULTS

A total of 60 patients admitted to the Department of Cardiology
were included in the study between 1 April 2022 and 17 March
2023, and were randomised to receive AOA or standard care
for 24 hours (n=29and n=31, respectively). Seven patients
were excluded from the primary outcome analysis due to lack
of compliance with the O2matic (treated via the device for
<2 hours, median 1.2 (0.4-1.5) hours). Four of these patients
were in the AOA group. The median intervention period for the
remaining group was 19.3 (12.2-22.7) hours, 21.9 (16.7-23.2)
hours in the AOA group and 17.5 (11.7-20.0) hours in the stan-
dard care group (p=0.04). Reasons for cessation are listed in
table 1. The mean age was 75.8+12.4 and 56% were women.
Acute heart failure was the most frequent admission diagnosis
(65% of patients). The average SpO, was 93%=*2.47% and
patients received an average of 2.4%1.2 L/min of supplemental
oxygen. The baseline characteristics, including primary diag-
nosis and comorbidities, were balanced and only the presence
of pleural effusion on X-ray prior to inclusion differed with
4 (13.8%) in the AOA group vs 0 in the standard care group,
p=0.049. All baseline characteristics are presented in table 2.

To assess the safety of AOA, we did analysis on mortality,
hospitalisation and complications (table 3). There was no differ-
ence in mortality, readmission rate or days alive and out of
hospital. Figure 1 demonstrates Kaplan-Maier curves for 30 and
365 days all-cause mortality. There was no increase in the rate
of pneumonia or the need for assisted ventilation during admis-
sion. We also assessed vital signs after the 24-hour intervention
without finding a difference between the two groups.

In the AOA group, SpO, was maintained within the prespeci-
fied interval for a median of 87.0% (81.3%-93.8%) of the time,
compared with 60.6% (32.4%-71.8%) of the time in the stan-
dard care group (p<0.0001) (figure 2a). In an intention-to-treat
analysis, we found similar results for time within the desired
interval (online supplemental table I). The top left graph in
figure 4 shows the mean SpO, at every hour of the intervention
in the two groups. SpO, was significantly higher in the inter-
vention group over time (p=0.0001), but there was no signifi-
cant difference in FiO, or FiO,/SpO, over time. Time with SpO,
below the desired interval was significantly longer in the stan-
dard care group than in the AOA group (33.6% (15.5%-67.6%)
vs 7.9% (5.7%-14.3%) of the time, p=0.0007). There was
no statistically significant difference in time above the desired
interval (median 0.8% (0.14%-5.65%) vs 0.1% (0.0%-6.49%),
p=0.27). We found similar results in an intention-to-treat anal-
ysis for both time below and time above the desired interval
(online supplemental table I).

Time within different saturation levels is demonstrated in
figure 2b. Time with both severe hypoxaemia (defined as satu-
ration <85%) and significant hypoxaemia (defined as saturation
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Table 2 Baseline characteristics of the intention-to-treat population

Table 3 Clinical end points

AOA Standard care AOA Standard care
N=29 N=31 N=29 N=31 P value
Age (years) 77.2£12.4 745125 Death within 30 days 2 (6.9%) 5(16.1%) 0.43
Gender female 16 (57.1%) 17 (54.8%) Readmission within 30 days 7 (28%) 7 (25%) 1
Height (cm) 171.4+11.2 168.4+10.0 Days alive and out of hospital 30 days ~ 24.0 (15-26) 21.0 (17-26) 0.80
Weight (kg) 85.8+31.2 80.4+20.7 EWS 3 (2-4) 2 (2-4) 0.47
BMI (kg/mz) 28.7+8.5 28.1+6.4 Systolic BP (mm Hg) 128.2+21.0 135.9+21.4 0.16
LVEF (%) 45 (31-60) 55 (40-60) Diastolic BP (mm Hg) 74.9+12.3 73.0£11.9 0.55
Primary diagnosis at admission RF (/min) 18 (17-20) 18 (17-20) 1
Heart failure 21 (72.4%) 18 (58.1%) Pneumonia during admission 3(10.3%) 3(10.0%) 1
Lung embolism 2 (6.9%) 3(9.7%) Ventilatory assistance during admission 2 (6.9%) 1(3.2%) 0.61
Other 6 (20.7%) 10 (32.2%) A Haemoglobin —0.04+0.46 —0.05+0.44 0.95
Comorbidities A C reactive protein 4.20+46.38  1.05+40.64 0.86
None 6 (20.7%) 4 (12.9%) Data are n (%), median (IQR) or mean=SD. P values were calculated using an
AF 9 (31.0%) 8 (25.8%) unpaired t-test for normally distributed data, the Wilcoxon-Mann-Whitney test for
non-normally distributed data and Fisher's exact test for categorical data.
IHD 4(13.89 7(22.69
( /Z) { /Z) EWS, systolic BP, diastolic BP and RF was recorded after the 24-hour intervention.
HF 15 (51.7%) 10 (32.3%) AOA, automated oxygen administration; BP, blood pressure; EWS, early warning
DM 5(17.2%) 3(9.7%) score; RF, respiratory frequency.
Cancer 2 (6.9%) 3(9.7%)
COPD 3(10.3%) 1(3.2%)
Asthma 1(3.5%) 0 DISCUSSION
Other lung disease 0 2 (6.5%) In this randpmised clinical trial, we demonstrated that oxygen
Sk e Tdlhar e 931423 93.0+2.7 treatment wcllthczlm automited feedback system .(2_2mat1c) : sfl_lpe(i
0, supplement at inclusion (Uimin) 23412 24412 Flor to stan .ar cgre at keeping saturatlon‘ Wlltlln a prede 1pe
- - interval. Patients in the AOA group had significantly less time
Rhythm at intervention start . . . .
. with hypoxia and severe hypoxia compared with the standard
Sinus rhythm 21 (72.4%) 17 (56.7%) . . .
: : care group. There was no difference in the rate of hyperoxia
Supraventricular tachycardia 6 (20.7%) 10 (33.3%) b h Furth £ d id f
o 00 etween the groups. Furthermore, we found no evidence o
Gty o B S increased harm, as death and readmission were numerically
Chest Xcray findings higher in the control group. In the interval below 90%, omitting
Pulmonary congestion 14 (48.3%) 7 (22.6%)
Pleural effusion 4(13.8%) 0

Data are n (%), median (IQR) or mean=SD.

Other primary diagnosis: aortic dissection, pneumonia, endocarditis, infection,
arrythmias, COPD exacerbation. Other lung disease: PAH, sleep apnoea. Other
rhythms: paced rhythms or bradycardias.

AF, atrial fibrillation or flutter; AOA, automated oxygen administration; BMI, body
mass index; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus;
HF, heart failure; IHD, ischaemic heart disease; LVEF, left ventricular ejection fraction;
PAH, pulmonary arterial hypertension.

85%-90%) was significantly longer in the standard care group
compared with AOA (table 4). Figure 3 shows the mean pulse,
FiO, and FiO,/SpO, at every hour of the intervention in the two
groups. Pulse was significantly lower in the standard care group
over time (p=0.0003).

When performing the main analysis on the subgroup with
supraventricular tachycardia (SVT) (n=135), time within desired
interval remained significantly longer in the AOA group
compared with the standard care group, while time under
desired interval was not significantly shorter in the AOA group
(online supplemental table II).

When performing the main analysis on the subgroup with
LVEF <45% (n=17), there was no difference in time within,
time below or time above the desired interval between the AOA
group and the standard care group (online supplemental table
II). See online supplemental figures I and II for box plots of time
within the different intervals. We did not find a significant inter-
action when fitting the variables into a linear model (p=0.24 for
SVT and p=0.08 for LVEF <45%).

30 days mortality

— Automated oxygen
—— Standard care

75 %

Mortality
50 %

?
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< T T T T T T T
0 5 10 15 20 25 30
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— Automated oxygen
—— Standard care
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| |
1

o
o
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n
o
o
W
o
o

Automated oxygen : 29 25 23 21 20 19 19 19 19 16 15
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Figure 1 Kaplan-Maier mortality analysis.
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Table 4 Time within saturation intervals (% time of the total
intervention time)

AOA Standard care
N=25 N=28 P value
Saturation <85% 0.37% (0.01%-1.95%) 1.9% (0.62%-4.2%)  0.0069

Saturation 85%—-90% 2.7% (1.1%-6.71%)  16.5% (9.35%-27.5%) <0.0001

P values were calculated using the Wilcoxon-Mann-Whitney test.
AOA, automated oxygen administration.

fluctuations around the lower limit of the desired saturation
interval, we also found a highly significant difference. AOA
is not used routinely and there are still no clinical trials with
enough power to evaluate parameters of health economics or
clinical end points. A closed loop system (FreeO2), similar to
O2matic, was tested in a study on patients with COPD exacer-
bations, with 25 patients in each group. In accordance with our
study, FreeO2 was significantly superior at keeping the satura-
tion within the desired interval (81% vs 51%).*' They also found
a non-significant reduction in the duration of the hospital stay
(2.6 days, p=0.051) and the duration of oxygen treatment (1.8
days, p=0.14).

In the absence of arterial hypoxaemia, patients are sometimes
still treated with oxygen due to the belief that it will improve
organ oxygenation.”® Although the indication for oxygen treat-
ment in the absence of severe hypoxaemia is unclear, there is
consensus on the treatment of severe hypoxaemia.' In the control
group in our study, one patient experienced severe hypoxaemia
for 2 hours during the night (figure 4), with saturation levels
between 65% and 85% (mean 76%). Such prolonged and poten-
tially harmful events would be less likely to occur with an AOA
system, as the oxygen supply would automatically increase, and
an alarm would alert the nursing staff to the situation.

Preventing hyperoxia could be pivotal for individuals with
cardiac disease, as it is thought to induce systemic vasoconstric-
tion, affecting the myocardium and thereby reducing cardiac

output.”” Several physiological studies have highlighted the
detrimental effects of hyperoxia.”® In this study, we found no
significant difference in hyperoxia between the groups.

The primary limitation of our study is the sample size, which
limited our power to test relevant clinical outcomes. Second,
the study was not blinded, as the nurses needed to know which
patients required standard care. Third, our population comprised
a heterogeneous group of patients with different cardiac condi-
tions. We did not find the same results in the subgroups with
SVT and LVEF <45%. In both subgroups, the small sample size
should be taken into consideration. The primary end points were
analysed using a modified intention-to-treat approach, excluding
seven patients who were included but did not provide sufficient
data for the primary end point analysis, which poses a potential
risk of selection bias.

Future trials should investigate whether the use of AOA systems
like O2matic could reduce the burden on nursing staff or lead
to better clinical outcomes and more efficient oxygen therapy
management in hospital settings. In this trial, we did not collect
data to evaluate whether nurses saved time when using O2matic.
AOA has a potential to improve oxygen treatment for individual
patients by delivering personalised treatment that allows for
adjustments based on fluctuations in oxygen requirements from
minute to minute—something that can be challenging for the
nursing staff to manage. Furthermore, whether the improved
oxygenation and avoidance of hypoxaemia translates to clin-
ical important outcomes needs to be validated in larger studies
powered for clinically relevant end points.

CONCLUSION

In this randomised clinical trial, we demonstrated that oxygen
treatment with an automated feedback system (O2matic) is supe-
rior to standard of care at keeping saturation within a predefined
desired interval in patients hospitalised due to an acute cardio-
vascular condition. We also found significantly fewer events with
clinically significant and severe hypoxaemia.
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