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Background The global scarcity of medical oxygen has prov-
en to be catastrophic during the surges in COVID-19 cas-
es over the past two years, with the heaviest burden felt
in low- and middle-income countries. Despite its criticality,
data and analyses of oxygen consumption, even for typical
clinical cases, are missing. Consequently, planning oxygen
needs, particularly with variable surges in COVID-19 cases,
has presented a substantial challenge to policymakers and
hospital decision-makers.

Methods We performed a sub-analysis of the COVID-19
Critical Care Consortium database assessing the oxygen
consumption requirements of COVID-19 patients admitted
to intensive care units between February 2020 and October
2021. We calculated descriptive statistics for oxygen flow-
rates, stratified by oxygen supplementation method, and de-
veloped a multi-state model for estimating the frequency,
therapy duration, probability of transition, and number of
oxygen therapy modes per patient.

Results Overall, 12429 patients from 35 countries received
oxygen support on at least one day of their hospitalisation.
Of the patients with measurable flow rates, 6142 received in-
vasive mechanical ventilation, 838 received high-flow nasal
oxygen, and 257 received both modalities. The median flow
rate for mechanical ventilation was 3.2 L per minute (inter-
quartile range (IQR)=2.0-4.9), with a median duration of
12 days (IQR=6-24), while the median flow rate for high-
flow nasal cannula was 40 L per minute (IQR=15-55), with
a median duration of three days (IQR=2-6).

Conclusions Oxygen consumption among critical
COVID-19 patients varies by mode of delivery (invasive ven-
tilation vs high-flow nasal cannula), across patients, and over
treatment duration. Therefore, it is essential that health fa-
cilities routinely monitor oxygen utilization to better inform
oxygen delivery system design and regular supply planning.

Registration ClinicalTrials.gov: CTG2021-01 ACTRN

12620000421932.
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Oxygen therapy has been a first-line treatment for severe and critical coronavirus disease 2019 (COVID-19)
infection since the start of the pandemic [1]. Optimal delivery of supplemental oxygen follows a step-wise
approach with continuous assessment of patient response to therapy and generally operates under the as-
sumption that the supply of medical oxygen is not a constraint in escalating treatment. British Thoracic So-
ciety guidelines offer a standard approach, ensuring the judicious application of resource-intensive oxygen
therapies such as high-flow nasal oxygen or mechanical ventilation [2]. For the most part, these guidelines
do not consider oxygen supply as a limiting resource and instead consider limits on nursing, medical, and
technical support.

As the COVID-19 pandemic surged, weaknesses in global oxygen supply chains became apparent, leading
to scarcity of medical oxygen. While it quickly became clear that low- and middle-income countries (LMICs)
had a profound lack of oxygen [3-5], high-income countries with established methods for supplying oxy-
gen also struggled to meet patient demand during COVID-19 surges [6,7]. In this context, the lack of oxy-
gen became a limitation to the provision of care. This was further exacerbated by the fact that oxygen value
chains are complex and rely on heavy infrastructure that cannot be easily planned for, nor scaled in a short
timeframe. In most high-income countries, health facilities can rely on large industrial gas manufacturers
that produce liquid oxygen, and transport and store it in cryogenic storage tanks at facilities. On demand,
liquid oxygen is vaporised and travels through a piping system to a wall outlet, where health practitioners
can plug in delivery devices accommodating different treatment methods (masks, nasal prongs, ventilators,
high-flow nasal cannulas, etc). While these systems are well-established in high-income countries, the tre-
mendous oxygen needs that some countries faced outstripped supply. Many LMICs only partially (or not
at all) rely on a stable liquid oxygen value chain. Alternative modes of production are for example pres-
sure-swing adsorption plants that produce gaseous oxygen. Some facilities have a piping system in place to
deliver oxygen to a patient’s bedside, but in most cases, oxygen is filled into cylinders and transported to a
health facility. There they are, in some cases, connected to a small piping system via a cylinder manifold; if
such a system is not available, they are carried to a patient’s bed to deliver oxygen. An alternative to this are
oxygen concentrators that are sometimes used to produce oxygen at a patient’s bedside and which directly
serve the patient’s oxygen needs [8].

Consequently, new methods for estimating oxygen supply were required to plan and scale up oxygen sys-
tems as a response effort. In the absence of substantiated evidence on oxygen demand for COVID-19 pa-
tients, planners had to rely on rough estimates. For example, the British Health Technical Memorandum
indicate to plan for a bed with ten litres per minute (LPM). For a few other departments, they suggest
higher design flow rates at 100 LPM. For example, rooms with continued-positive airway pressure venti-
lation should be planned for with 75 LPM, and anaesthetic and operating rooms at 100 LPM. Flow rates
are reduced for additional beds added to the system to ensure that it is not completely oversized [9]. At
the beginning of the pandemic, the World Health Organization (WHO) also put forward a planning tool
to help low- and middle-income countries (LMICs) estimate oxygen system requirements [10]. These es-
timates state that a severely ill COVID-19 patient requires 10 LPM for seven days, while a critically ill one
requires 30 LPM for 14 days [1].

These estimates led to significant debates among planners. Adding the high flow rate estimates for individ-
uals to size the oxygen requirements of a ward raised concerns about over-sizing oxygen systems. Anec-
dotes suggested that far lower averages would be used, particularly in low-resource settings, where over-siz-
ing systems would ultimately result in limiting access if scarce financial resources are only sufficient for a
few facilities. Conversely, others argued that patients require different flow rates and that oxygen systems
require buffers to deal with these fluctuations. The discussion showed that lacking data on a new disease
such as COVID-19 creates substantial challenges to planning and resourcing in particular if these activities
are inflicted with time pressure during a pandemic response.

As the pandemic progressed, several avenues were explored to refine estimates of COVID-19 patients’ ox-
ygen consumption. These included studies focused on individualising oxygen requirements based on clin-
ical and laboratory variables, studies retrospectively analysing site-specific oxygen utilisation in high-in-
come countries, and an upcoming clinical trial which will quantify oxygen utilisation at the facility level in
LMICs [11-13]. We contribute to this stream of research by analysing the oxygen consumption of COVID-19
patients admitted to intensive care units (ICUs) using data from 36 countries of varying economic status.
Our objective was to analyse oxygen flow rates and therapy duration for patients with COVID-19, informed
by the diverse and highly granular data within the COVID-19 Critical Care Consortium database to better
understand the flow rate patterns and variability, and to compare observed consumption to planning data.
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METHODS
Study design

In this retrospective observational study of oxygen consumption, we used a data set provided by the
COVID-19 Critical Care Consortium, which is an international multi-centre observational study with 403
collaborating centres across 53 countries [14]. Participating sites gather daily data from hospital admission
to discharge using a combination of data collection tools from the International Severe Acute Respiratory
and emerging Infection Consortium/Short PeRiod IncideNce sTudy of Severe Acute Respiratory Infection (IS-
ARIC/SPRINT-SARI) (beginning at hospital admission) and the Consortium (beginning at ICU admission)
[15]. Participating hospitals obtained approval from local ethics committees. A waiver of informed consent
was granted for collection of de-identified patient data which were stored using the REDCap electronic cap-
ture systems hosted at the University of Oxford, United Kingdom, and at Monash University, Melbourne,
Australia. The full study protocol has been previously published elsewhere [14].

Study population

All patients admitted to an ICU with COVID-19 between 1 November 2019 and 31 October 2021 that re-
ceived oxygen via mechanical ventilation or high-flow nasal cannula (HFNC) on at least one day of their
hospital admission were included. For patients with multiple ICU admissions, only the data for the first ad-
mission was recorded. Both patients with laboratory confirmed diagnosis or high clinical suspicion were in-
cluded, such that patients enrolled in countries without laboratory testing capacity were not unduly exclud-
ed. Patient data were collected intermittently dependent on the daily availability of data. At a minimum, the
case-report form required data entry on key dates of the patient’s ICU stay when major treatment variables
changed (i.e. commencement and cessation of mechanical ventilation, hospital discharge, etc.). Additional
days of data were entered for some patients depending on site resource availability.

Derivation of oxygen therapy duration and transitions

We defined a multi-state model with five states estimate oxygen therapy duration and transitions in the con-
text of intermittent data observations. The three transition states were being hospitalised without oxygen
therapy, receiving high-flow nasal oxygen therapy, and receiving mechanical ventilation. The two absorbing
states were hospital discharge or death. The multi-state model was developed according to the previously
published method for panel data [16]. We calculated sojourn times, total length of stay per state, number of
transitions, and transition probabilities and derived 95% confidence intervals. This method allowed for inter-
polation of treatment duration despite the intermittent and inconsistent observation times between patients.

Derivation of oxygen flow rates

The study case-report form included patients receiving either HFNC or mechanical ventilation. For the for-
mer group, the supplemental oxygen flow was reported in litres per minute (LPM). For the latter, the equiv-
alent oxygen flow-rate requirement in LPM was approximated from the patient’s fraction of inspired oxygen
(Fi0,), i.e. the fraction of oxygen in the gas mixture supplied to a patient corrected for room oxygen, the
respiratory rate, and the tidal volume according, to the below formula adapted from previous studies and
from manufacturer advice [17,18].

Invasive ventilation LPM =
=respiratory rate (breath/min) x tidal volume (ml/breath)x1/1000 (I/ml)x (FiO, (%) -21%)

Each of the variables used to approximate the flow-rate were recorded simultaneously once per day by data
collectors. The case-report form specifies that these data are to be recorded at the time of peak FiO, on that
day, i.e. at the time of peak oxygen requirement.

We performed an additional analysis for patients that received both mechanical ventilation and HFNC
during their admission by assessing average flow rate of HFNC at critical transition points (i.e. HFNC flow
rates the day before and after mechanical ventilation was commenced). Derivation of oxygen flow rates from
other forms of non-invasive ventilation was not feasible due to data availability and practical constraints on
deriving flow rates from FiO, with other modalities [19].

Statistical analysis

We generated summary statistics for patient demographics, clinical characteristics, and outcomes. We report-
ed continuous variables as medians with interquartile ranges (IQRs) to allow for consistent representation
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of data regardless of normality, and categorical variables as numbers with percentages. We used Kolmogor-
ov-Smirnov tests to check for normality of data distribution (Table S2 in the Online Supplementary Docu-
ment). We generated descriptive statistics for the flow rate of oxygen with stratification by treatment meth-
od. For population summary statistics, we calculated the average flow-rate per patient for the duration of the
hospital stay. We applied multi-state modelling to derive the total duration of oxygen therapy per patient,
sojourn times when different oxygen delivery modes are used, and for assessing the likelihood of transi-
tioning between oxygen therapy modes. This approach was used because, for most patients, data entry was
only completed on key days of the hospital stay dependent on the version of case-report form completed.

16,232 patients
admitted to ICU

|

12,429 patients:

3,803 patients

without MV/HFNC

RESULTS

Patient demographics

As of 20 October 2022, there were 16232 patients in the database
from 262 recruiting sites across 36 countries which fell within the

Summary __ 7,147MV w:::ul:i::ﬁ::;n inclusion date range (1 November 2019 to 31 October 2021). An
statistics 3,474 MV+HFNC Friv additional 681 patient entries were present in the database, but
1,808 HFNC were excluded due to having incomplete data (i.e. no other data ex-

| cept a patient identifier) or being otherwise ineligible for inclusion

12,181 patlents: T (i.e. inclusion criteria and essential dates outside of feasible range).

‘:"":7;’5‘;: — 34:66;3/?12,}:Nc g Without O, flow- Of these 16232 patients, 12429 from 35 countries met the in-
" 1,711 HENC rate data clusion criteria of receiving mechanical ventilation or HFNC ox-

ygen. Among them, 7147 received solely mechanical ventilation,

} 3474 received mechanical ventilation and HFNC throughout their

7,237 patients: stay, and 1808 received solely HFNC (Figure 1, Table 1). Overall,

’1::;;:;: 253’::5+h::N ¢ 10793 (86.8%) were from 23 high income countries, 1417 (11.4%)
838 HENC were from 10 upper-middle income countries, and 219 (1.8%) were

Figure 1. Patient enrolment flowchart including exclusions.

from 2 low-income countries, according to World Bank defini-
tions [20].

Table 1. Descriptive statistics of patient population

MD (IQR) Mean Missing, n (%)
Age in years 61 (51-69) 59 50.1)
BMI in kg/m? 28.6 (25.7-32.7) 299 1692 (7.3)
SOFA score 5(3-8) 5.9 9967 (66.9)
SpO, in % 93 (88-96) 90.0 2748 (12.4)
Respiratory rate in breaths/min 25 (20-30) 26.2 4030 (19.3)
Length of hospital stay in days 19.5 (10-35) 27.1 7127 (40.2)

BMI — body mass index, IQR — interquartile range, MD — median, SOFA — sequential organ failure assessment, SpO, — oxygen sat-

uration, X — mean
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Figure 2. Outcome-stratified patient enrolment numbers over the dura-

tion of the study period.
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At the time of analysis, 2522 patients were reported as
having died during their COVID-19 hospitalisation;
5867 were discharged from hospital (43.0% mortality
rate); 280 were still in hospital; 24 were discharged to
palliative facilities; and 3161 had an unconfirmed out-
come status. Patient mortality was the highest in the
early months of the pandemic (67.0% in March and
April 2020) with an overall trend of decreasing patient
mortality over time (Figure 2).

Oxygen flow rates

Of the 12429 patients who received oxygen therapy on
at least one day of their hospital admission, 7251 had
at least one day where the flow rate of oxygen could
be determined (Table 2). For each patient, the average
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Table 2. Descriptive statistics of average oxygen flow rates in LPM
for different ventilation methods

] MD (IQR) X (SD) Maximum
HFNC 1095 40 (15.0-55.0) 34.8 (20.7) 60
Mechanical ventilation 6399 3.2 (2.0-4.9) 3.8(2.5) 24.8

HFNC - high-flow nasal cannula, MD — median, SD — standard deviation,
X —mean

flow rate for mechanical ventilation or HENC is calculated
for the duration of their admission. The data indicates that
50.0% of patients treated with oxygen supplied by HFNC
require less than 40 LPM of oxygen. The highest flow rate
we observed was 60 LPM. The distribution of flow rates
across the spectrum was non-uniform, with peaks at major
flow rate settings (15, 40, 45, and 60 LPM in particular).
The data for mechanical ventilation showed that 50.0% of

the patients were receiving around 3.2 LPM of oxygen or less. The other half of the patients received higher
flows of oxygen up to 24.8 LPM (Figure 3, Panels A-B).

(a) Binned LPMs for Nasal Cannula Oxygen
250~

N

(=3

o
'

Number of Datapoints

0 20 40 60
LPM (binwidth = 1)

Figure 3. Distribution of oxygen flow rates by mode.

(b) Binned LPMs for Mechanical Ventilation
1500 -

1000~ )

500 -

Number of Patients

0 1‘0 20
LPM (binwidth = 1)

Aggregated by day of ICU stay, the average flow-rates and confidence intervals are shown in Figure 4, Pan-

els A-B. It is interesting to observe that over

the course of ventilation the oxygen flow-rates drop. This is

based in clinical reasoning, where patients in severe respiratory distress enter the ICU and receive a high
flow of oxygen over the first hours and days of treatment to stabilize them, and are slowly weaned over the
following days. It is also worth noting that according to our averaged data the rate at which oxygen is re-

duced is different across ventilation methods

. While mechanically ventilated patients receive on average a

higher dose only on the first day, the data suggests that HFNC ventilated patients require not only more
oxygen but also they remain on a higher level of oxygen for a longer time period.

(a) High-flow nasal cannula flow rate by ICU day

Oxygen flow rate (LPM)

0 5 10 15 20 25
Day of ICU

(b) Mechanical ventilation oxygen flow rate by ICU day

o

Oxygen flow rate (LPM)
&

Day of ICU

Figure 4. Mean flow rates with 95% confidence intervals (shaded) graphed by day of intensive care unit stay.

Table 3. Descriptive statistics of treatment duration in days for
different ventilation methods

n MD (IQR) X (SD)
HFNC 4552 3 (2-6) 6.98 (13.3)
Mechanical ventilation 10460 12 (6-24) 19.1 (20.3)

HEFNC - high-flow nasal cannula, MD — median, SD — standard devia-
tion, X — mean

Treatment duration and treatment pathways

Sojourn times were considered to capture the durations of ox-
ygen administration per treatment rather than per patient (i.e.
a patient bridged to mechanical ventilation with HFNC that
was weened again with HFNC would have had two separate
HFNC treatment durations) (Table 3). The results showed that
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2024 « VOL. 14 + 05012

PAPERS




Huth et al.

50.0% of the patients entering HFNC treatment remained on the cannula for three days or less. Patients on
mechanical ventilation spent on average far more time on oxygen therapy; 50% of them spent 12 days or

less on oxygen (Figure 5).

Binned histogram of high-flow nasal oxygen therapy event duration

a ~
3 a
3 3

Number of high-flow oxygen events
Y
2
8

0 10 20 3 s 50
Duration (days)

Figure 5. Distribution of oxygen treatment duration by delivery mode.
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Figure 6. State probability table showing observed percentages of
states over time. The vertical slice provides the probability of being
in one of the five states.
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Figure 7. Boxplot of HFNC flow rates pre- and post-mechanical ven-
tilation. The boxplot summarises the average flow rates per patient
during the respective periods in litres per minute. *P=0.01 using
Welch’s unequal variances t-test.
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Regarding the state probabilities over the ICU admission
period (Figure 6), the probability of patients being in the
state of discharge or death naturally increased as treatment
progresses. The probability of being in the state of non-ven-
tilated ICU remained somewhat stable. Notably, the prob-
ability of patients being on HFNC stays somewhat stable
indicating that a certain proportion of patients are typical-
ly on HFNC or weened-off with HFNC, while the proba-
bility of being on mechanical ventilation declines signifi-
cantly (Figure 6).

There were a total of 1602 patients who received HFNC
immediately before transitioning to mechanical ventilation.
The median duration of HENC prior to mechanical ventila-
tion commencement was two (IQR=1-5). There were 1180
cases where HFNC commencement immediately followed a
period of mechanical ventilation, with the median duration
of HFNC in these instances being three days (IQR=1-7).

To further explore the role of HENC ventilation, we exam-
ined the oxygen consumption of patients on HFNC pre-
and post-mechanical ventilation (Figure 7). A total of 134
patients had data on HFNC flow rate before or after me-
chanical ventilation. The median flow rate pre-mechanical
ventilation was 50 LPM (IQR=40-60), while the medi-
an flow rate post-mechanical ventilation was significantly
lower at 37 LPM (IQR=22-50) (Welch’s unequal varianc-
es t-test P=0.01).

DISCUSSION

In this large, international, multi-centre observational
study, we characterised oxygen flow rate requirements with
a median of 3.2 LPM for invasive mechanical ventilation
(IQR=2.0-4.9) and a median of 40 LPM for high-flow na-
sal oxygen (IQR=15-55). We determined a median peri-
od of oxygen therapy of 12 days for invasive mechanical
ventilation (IQR=6-24) and of 3 days for high-flow nasal
oxygen (IQR=2-0).
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Our results show that flow rates vary substantially by patient over the course of treatment as well as by
ventilation method, indicating how difficult it is to estimate oxygen flow rates, even if the clinical profile of
patients is specific (in this case, COVID-19 patients). Compared to a single-centre study by Hvarfner et al.
[11] similarly exploring oxygen flow rates for COVID-19 patients admitted to the ICU, we found higher flow
rates and longer treatment durations for COVID-19 patients receiving supplemental oxygen via mechanical
ventilation. The aforementioned researchers [11] studied oxygen consumption in 126 patients at a Swedish
district hospital and found a median of 2.0 LPM (IQR=1.3-3.5). They also reported lower treatment dura-
tions of 2.3 days (IQR=0.68—4.20). The oxygen treatment duration estimates for mechanical ventilation de-
rived from our data seem more in line with findings from King et al. [21] who determined that, in 1023 pa-
tients, those that survived and died were intubated with an average duration of 14.6 days (IQR=1-59 days)
and 9.3 days, respectively. In a study of 72 COVID-19 patients, Ferguson et al. [22] found an average ICU
stay to be 17 days (IQR=13-29); meanwhile, in a study of 1000 COVID-19 patients, Argenziano et al. [23]
determined a median duration of 9.0 days (IQR=6.5-12.0) for discharged patients who received mechan-
ical ventilation. To the best of our knowledge, our study is the first to characterise flow rates of COVID-19
patients receiving HFNC support.

Comparing the consumption-oriented flow rates in our study with planning figures underlines the higher
needs in high-dependency units indicated by the planning figures. According to our analysis, the World
Health Organization’s planning figures of 30 LPM for critically ill patients over 14 days of treatment and
10 LPM for severely ill patients over 7 days would cover almost 100% or 97% of the mechanical ventilation
flow rate requirements, respectively, and 40% or 21% of the HFNC requirements (Figure 3, Panels A-B).
Treatment duration estimates from our study seem to suggest that some patients stayed in the ICU consid-
erably longer. The 7 and 14 days proposed by the WHO planning figures cover 33% and 58% of the treat-
ment duration for mechanical ventilation and 80% and 92% for HFNC treatment. Comparing the flow rates
to planning figures from the British standards, however, is not as straightforward. The standards put forth
a flow rate of 10 LPM for a high-dependency care bed for the first bed, and further state that three-quarters
of the other beds in a planning area must be able to deliver 6 LPM [9]. While 10 LPM would cover 94% of
the patients in our study, it would drop to 83% for 6 LPM, ignoring any statistical aggregation effects in a
ward (Figure 3, Panel B). The standards also highlight that, if oxygen is used to power ventilators or they
are operating in a continuous positive airway pressure (CPAP) method, a far higher flow rate is required.
The standard suggests that 75% of the beds should be able to deliver 75 LPM of oxygen. This planning fig-
ure would be appropriate for HFNC according to the numbers in our study, which we determined to be up
to 60 LPM (Figure 3, Panel A).

Our findings indicate that mechanically ventilated COVID-19 patients required rather high flow rates and
long treatment times. They also suggest that the internationally recognised planning figures provided by
the two organisations would cover a large percentage of the oxygen consumption we found for mechanical
ventilation and HFNC. Fluctuations in oxygen use necessitate a thoughtful matching of need with oxygen
supply. This highlights that oxygen flow rates are not stable, and averages can be misleading for planning
purposes. Our comparison of planning figures from internationally recognised organisations resulted in
very high coverage of the continuum of flow rates, indicating that the flow rates they provided are not meant
to be averages, but rather (close to) peak flows. Vice versa, it also means that planning the primary oxygen
system against these numbers results in a large system that can cover almost all demand cases. While this
is clinically desirable, in particular for low-resource settings, this may limit system-wide oxygen access, as a
few large centralised systems at higher-level facilities may not reach the broader population distributed across
an entire country. The results call to build in back-up systems to cover peaks and otherwise use a smaller
scale, less expensive oxygen source. The large deviation of the empirical median from the planning figures
indicates that arguments for using the median (or the average) to determine the system size are problem-
atic, as they may fail to cover higher flow rates even if statistical aggregation effects are taken into account.

This study provides a first indication of how to calculate the frequency of near-peak oxygen use, as well as
to predict how often one might surpass this peak under atypical circumstances like a pandemic or based
simply on the delivery interface utilised (e.g. ventilator vs HFNC). It reinforces the individualisation in ox-
ygen therapy and the advantages that come with flexibly increasing capacity as needed. Our findings also
confirm the benefit of surge or back-up capacity to accommodate unanticipated increases in consumption
as was the case during the pandemic. Decision-makers should be aware of this variability and consider con-
cepts to plan accordingly to ensure sufficient oxygen provisions are available.

However, the oxygen requirements from our study (that is, a measure of consumption) are not entirely the
same as planning figures that are supposed to help determine capacity or supply. Planning figures mandate
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to account for losses — for example, leaks in the piping system or losses when devices are switched. Also, a
certain level of buffer should be available to ensure reliable supply; as such, it is acceptable if planning fig-
ures are higher than consumption-based estimates. Our direct comparison of patient flow-rate requirements
to planning figures also does not account for statistical aggregation effects. That is, it is very unlikely that
all patients in a ward require the maximum flow at the same time and as such a mere summation of peak
flow will likely end up in an over-capacitated system.

Importantly, COVID-19 posed a new challenge to clinicians; over the course of the pandemic, treatment
recommendations changed as clinicians collected evidence. For example, most patients within our cohort
who received HFNC progressed to mechanical ventilation, implying that it may have been used as a bridg-
ing therapy or that patients were unlikely to receive extended HFNC in favour of mechanical ventilation.
Moreover, the use of HFNC was discouraged due to the risk of aerosolisation of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and an increased risk of virus transmission. This theory was rooted
largely in speculation, and evidence emerged which argued that HFNC has limited potential for increasing
transmission rate [24]. In fact, the WHO released a preliminary recommendation suggesting to use HFNC,
CPAP, and other non-invasive ventilation methods if the patient is not in immediate need of intubation [25].
This indicates that the HFNC treatment lengths we found may not be considered representative for a stand-
alone treatment of COVID-19 patients with HFNCs.

Limitations

The principal limitation of this study is the approximation of oxygen flow rates using the total oxygen con-
sumption formula. The benefit of this approach is the potential to quantify individualised oxygen require-
ments, but there are several factors which limit its accuracy. Chiefly, we did not capture additional oxygen
utilisation by the ventilator device for baseline flow or line leakage, which may make the practical oxygen
requirements greater.

The major benefits of this study stem from the granular insights into the individual oxygen requirements of
patients admitted to ICU. Where other studies are subject to the variable definitions of COVID-19 severity,
our study instead focussed on patients who required high-level supportive care and monitoring, as defined
by ICU admission. The caveat to this, however, is that we did not capture the broad range of oxygen deliv-
ery modalities which are used less frequently in ICU, including venturi masks, low-flow nasal prongs, and
other forms of ward oxygen therapy. Additionally, we did not capture the variable criteria for ICU admis-
sion, nor the way that resource constraints throughout the pandemic period may have skewed the level of
treatment received in ICU.

An additional limitation is that this study is based on the highest level of oxygen reported on each day. The
case report form specifies to include the maximum FiO, recorded on that day, usually correlating with the
highest level of oxygen consumption. As such, these estimates are likely to be on the higher end of what is
expected for average oxygen consumption per patient. This may explain why our estimates are greater than
those reported in other studies.

Other factors to consider relate to the study period and breadth; here we summarised data for the first 19
months of the pandemic, which may not be reflective of the milder respiratory disease noted in more recent
strains. We also did not capture the decision-making behind treatment variables, including the possibility
that oxygen supplementation was dictated by supply in some regions throughout the study period, and we
also did not account for changes in how oxygen was prescribed over the course of the reporting horizon.

CONCLUSIONS

Our analysis revealed a substantial variance in the oxygen requirements within a ventilation method and
across methods. We also noticed a strong variation in treatment length and average oxygen flow rates re-
quired over time. This evidence highlights that oxygen flow rates are not stable and that averages can be
misleading for planning purposes. Decision-makers should be aware of this variability and consider con-
cepts to plan accordingly to ensure sufficient oxygen provisions are available.

Further work is required to support better planning. In particular, resource-constrained settings in LMICs
need to balance between sufficient availability of oxygen and the cost to sustain high availability. For deci-
sion-makers and facility managers in these contexts, understanding the nuanced use of oxygen is essential
to making informed supply choices. This research, combined with other, forthcoming insights from the
Lancet Global Health Commission on Medical Oxygen Security [26], will ensure these choices are made
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with cost efficiency in mind. Oxygen delivery technologies can accommodate variability in oxygen use to
varying degrees. Liquid oxygen is more capable of responding to fluctuations in demand as users can in-
crease the frequency of refills when demand spikes, whereas pressure swing adsorption is a fixed capacity
with a known production limit.

Regardless of the oxygen source, this research demonstrates the value of better data visibility in patient health
records and the supply system. We relied on a network of health facilities to track oxygen consumption for
COVID-19 patients. More work should be done to understand oxygen requirements for other treatment in-
dications and within other clinical settings to understand overall consumption. In LMICs, this will require
investments in electronic or paper-based medical records, as well as consensus around standard indicators
for tracking hypoxemia and oxygen utilisation. Besides patient-level data, data visibility can be improved
in the supply chain for medical oxygen via remote monitoring.
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