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Abstract

Objectives

To evaluate the effect of improved hospital oxygen systems on quality of care (QOC) for chil-
dren with severe pneumonia, severe malaria, and diarrhoea with severe dehydration.

Design

Stepped-wedge cluster randomised trial (unblinded), randomised at hospital-level.

Setting

12 hospitals in south-west Nigeria.

Participants

7,141 children (aged 28 days to 14 years) admitted with severe pneumonia, severe malaria
or diarrhoea with severe dehydration between January 2014 and October 2017.

Interventions

Phase 1 (pulse oximetry) introduced pulse oximetry for all admitted children. Phase 2 (full
oxygen system) (i) standardised oxygen equipment package, (ii) clinical education and sup-
port, (iii) technical training and support, and (iv) infrastructure and systems support.
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Outcome measures

We used quantitative QOC scores evaluating assessment, diagnosis, treatment, and moni-
toring practices against World Health Organization and Nigerian standards. We evaluated
mean differences in QOC scores between study periods (baseline, oximetry, full oxygen
system), using mixed-effects linear regression.

Results

7,141 eligible participants; 6,893 (96.5%) had adequate data for analysis. Mean paediatric
QOC score (maximum 6) increased from 1.64 to 3.00 (adjusted mean difference 1.39; 95%
CI11.08-1.69, p<0.001) for severe pneumonia and 2.81 to 4.04 (aMD 1.53; 95% CI 1.23—
1.83, p<0.001) for severe malaria, comparing the full intervention to baseline, but did not
change for diarrhoea with severe dehydration (aMD -0.12; 95% CI -0.46—-0.23, p = 0.501).
After excluding practices directly related to pulse oximetry and oxygen, we found aMD 0.23
for severe pneumonia (95% CI -0.02—0.48, p = 0.072) and 0.65 for severe malaria (95% CI
0.41-0.89, p<0.001) comparing full intervention to baseline. Sub-analysis showed some
improvements (and no deterioration) in care processes not directly related to oxygen or
pulse oximetry.

Conclusion

Improvements in hospital oxygen systems were associated with higher QOC scores, attrib-
utable to better use of pulse oximetry and oxygen as well as broader improvements in clini-
cal care, with no negative distortions in care practices.

Trial registration
ACTRN12617000341325

Introduction

Effective oxygen systems are an important element of quality hospital care and are critical for
achieving good clinical outcomes for patients with severe pneumonia [1, 2]. Improvements in
hospital oxygen systems have been shown to reduce inpatient child mortality from pneumonia
by 35-58%, yet oxygen access for patients remains poor in many low- and middle-income
countries (LMICs) [3-8]. The COVID-19 pandemic has further highlighted the importance of
improving hospital oxygen systems, and the fatal consequences of deficient systems, pushing
oxygen access higher onto the global health agenda [9, 10].

Improvement in hospital oxygen systems requires attention to multiple domains which are
relevant to the overall quality of care in health facilities, including structures (e.g. equipment,
policy, financing), care processes, (e.g. detections of hypoxaemia and appropriate use of oxy-
gen) and therefore outcomes (e.g. case fatality) [4, 11, 12]. This includes activities to increase
availability of oxygen (e.g. oxygen equipment procurement, maintenance and repair), improve
clinical use of oxygen (e.g. routine pulse oximetry and clinical guidelines) and connect relevant
staff cadres (e.g. doctors, nurses, technicians, managers).

Findings from previous oxygen improvement programs suggest that clinical impacts are
more significant if oxygen is approached as part of a more comprehensive quality
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improvement program [3, 6, 8]. Authors postulated that improvements in oxygen systems
may have contributed to broader improvements in structures and processes of care, thereby
enabling the oxygen improvement program to achieve more substantial reductions in mortal-
ity, than would have been possible with a narrower approach to oxygen systems [3, 6]. How-
ever, it is also possible that broad-reaching interventions to improve oxygen systems could
have unintended negative effects on quality of care.

Nigeria is a populous lower middle-income country in sub-Saharan Africa with a mortality
rate in children under five years of age (U-5) of 120 deaths per 1000 live births—the second
highest rate globally in 2018 [13, 14]. Nigeria contributes one-third of U-5 malaria deaths and
one-sixth of U-5 pneumonia deaths globally [15]. Hospital oxygen systems in Nigeria are gen-
erally weak, with recent studies showing that only one in five children with evidence of low
blood oxygen (hypoxaemia) received oxygen therapy, despite hypoxaemia being common
(10% of hospitalised children had a blood oxygen saturation <90%) and fatal [16, 17].

The Nigeria Oxygen Implementation program implemented and evaluated improved oxy-
gen systems in 12 secondary health facilities in south-west Nigeria. Results are published else-
where [5, 16-22]. We found that the introduction of pulse oximetry and improved oxygen
systems contributed to marked improvements in pulse oximetry and oxygen practices and was
associated with reduced risk of death for children admitted with pneumonia, but not other ill-
nesses [5]. Importantly, we observed the greatest impact on pneumonia mortality with the
introduction of pulse oximetry (prior to implementing the full oxygen system) and received
qualitative feedback that pulse oximetry may have had broader positive effects on other care
practices [5, 19]. However, we do not know the extent to which our multi-faceted oxygen
improvement program may have impacted (positively or negatively) on broader quality of
care.

This paper seeks to evaluate the effect of a multi-faceted oxygen system intervention on the
quality of care provided for children (aged 1 month to 14 years) admitted to hospital with
severe pneumonia, severe malaria and diarrhoea with severe dehydration, and explore poten-
tial positive and negative effects beyond oxygen-related aspects of care.

Methods

Ethics statement

We obtained ethics approval from the University of Melbourne (1543797.1) and University of
Ibadan/University College Hospital Ethics Committee, Ibadan, Nigeria (UI/EC/16/0413).
Patients whose records were accessed during this study sought treatment between November
2013 and October 2017. Both retrospective and prospective data collection occurred between
September 2015 and December 2017. Data was fully anonymised upon access by the authors.
The ethics committees did not require us to have individual patient consent.

Study design

This study was a stepped-wedge cluster randomised trial conducted in 12 Nigerian hospitals.
Following a pre-specified timetable, we introduced pulse oximetry to all 12 hospitals in
November 2015, followed by stepped introduction of the full oxygen system—clusters of three
hospitals, every four months between March 2016 and March 2017, with gradual withdrawal
of support to encourage full site self-sustainability by the end of 2019 (Fig 1, S1 Fig). Risk of
contamination was minimised by the geographic separation of hospitals. Full study details are
available elsewhere [5, 18].
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Hospital Admission

All admitted children
(28 days — 14 years)

(n=16,432)
Excluded (n=9,539)
pf Case notes not available (n=248)
Did not meet severe case definitions (n=9,291)
Case Definition
Included
(n=6,893)
By Diagnosis i
A A 4 v A
Severe Pneumonia Severe Malaria Only Severe Diarrhoea Severe Malaria & Severe Pneumonia Severe Malaria & Severe Pneumonia,
Only (n=3913) Only Pneumonia & Diarrhoea Diarrhoea Malaria &
(1=2,037) (n=530) (n=320) (n=22) (n=66) Diarrhoea

(n=5)

Fig 1. Participant inclusion in analysis, by diagnosis (all steps).
https://doi.org/10.1371/journal.pone.0254229.9001

Sample

We selected hospitals in collaboration with state health authorities, identifying secondary-level
health facilities that admitted children (see study protocol for detail: DOI 10.1186/s13063-017-
2241-8) [18]. The 12 hospitals included a mix of government and mission (private non-profit)
hospitals across four states in south-west Nigeria, including three hospitals that focussed on
paediatric care (details in S1 File). Hospital representatives provided consent for participation
prior to randomisation and we did not require individual patient/carer consent. We collected
data on all children (aged below 15 years), admitted to participating hospitals during the study
period.

For this analysis, we included participants aged 28 days to 14 years who met World Health
Organization (WHO) definitions for severe pneumonia, severe malaria or diarrhoea with
severe dehydration (S1 Table). We accepted multiple diagnoses (Fig 1). For outcome analysis
we excluded participants admitted in the two-weeks at the beginning of each crossover period
(“wash-out period”), to implement the intervention and avoid contamination.

Randomisation

We randomly allocated hospitals to receive the full oxygen system at pre-specified dates using
a computer-based random sequence generator. Concealment of the intervention or its start
date was not possible as implementation required active participation from hospital staff.

Intervention

The intervention involved two phases. Phase 1 (pulse oximetry) introduced pulse oximetry for
all admitted children and included provision of pulse oximeters and basic training. Phase 2
(full oxygen system) involved (i) a standardised oxygen equipment package, (ii) clinical educa-
tion and support, (iii) technical training and support, and (iv) infrastructure and systems sup-
port. These all focussed on pulse oximetry and oxygen therapy, without substantially
addressing broader clinical or technical topics. We designed the intervention based on experi-
ence from previous oxygen projects [18, 23, 24], WHO guidelines [25-27], and were informed
by educational, behaviour change and implementation theories and strategies [28-32]. Further
information on local adaptation of the intervention is published elsewhere [5, 18].
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Public & patient involvement

We did not involve patients directly in the planning or conduct of this study. We involved
members of the hospital teams, government, and the WHO throughout the planning, imple-
mentation, and evaluation of the program, and supported public events at facilities to share
results.

Procedures

Trained nurse data collectors at each facility extracted data from case notes (made by clerking
doctors as per usual procedure) using standardised Case Report Forms (CRFs) after identify-
ing eligible patients from the ward admission book. The CRFs included data on i) demograph-
ics, ii) initial assessment, iii) oxygen therapy, iv) findings & case definitions and v) processes of
care for each of pneumonia, malaria and diarrhoea. We collected data retrospectively for two
years pre-intervention (January 2014 to October 2015), and prospectively between November
2015 and October 2017.

During the pre-intervention period, hospitals provided care as usual, including their exist-
ing supplies of oxygen. During the pulse oximetry period, hospitals continued usual care with
the additional availability of project-supplied pulse oximeters. Following the full oxygen sys-
tem intervention (starting March 2016, July 2016, November 2016, or March 2017), hospitals
provided clinical care using the new oxygen systems, clinical guidelines and maintenance
protocols.

Program theory

We hypothesized that the intervention would improve (i) reliability of oxygen availability, and
(ii) healthcare worker use of oxygen, thereby increasing the proportion of hypoxaemic patients
receiving oxygen, contributing towards reduced inpatient mortality. We expected the benefit
to be greatest for children with pneumonia, for whom hypoxaemia is very common. We
acknowledged the possibility that a multi-faceted oxygen intervention may affect quality of
care more broadly, both positively (e.g. improved monitoring of sick patients) and negatively
(e.g. over-reliance on oxygen to the exclusion of other therapies).

Outcomes

This study focused on pre-specified process outcomes. The primary outcome for this study
was the mean change in quality of care (QOC) composite scores for children admitted with
severe pneumonia, severe malaria and diarrhoea with severe dehydration.

We used data extracted from the case notes to classify diagnoses according to the presence
of syndrome defining clinical signs, using standard WHO case definitions, (S1 Table) and gen-
erate disease specific QOC scores (52 Table). The QOC scores evaluated assessment, diagnosis,
treatment, and monitoring against WHO and Nigerian standard guidelines for each illness
[27, 33]. The content and weighting of each domain reflected the key steps in management:
assessment of primary and secondary signs/symptoms; diagnostic classification; treatment
with primary and supportive therapies; and monitoring of vital signs. We designed this score
based on previous work in Laos [34], and it is conceptually similar to the recently validated
Paediatric Admission Quality of Care (PAQC) score from Kenya [35, 36]. Where clinical
signs, clinical investigations or treatment were not documented, we assumed they were not
present or done. We conducted quality checks on the data extraction after initial training, and
periodically throughout the program, to satisfy ourselves that the data accurately represented
what was documented in patient files.
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We assigned disease-specific scores at the patient-level. Where children had more than one
of the three diagnoses, they were assigned a score for each illness. We report both the disease
specific QOC score totals and individual component scores (assessment, diagnosis, manage-
ment, monitoring) to show how each domain contributed to the overall score. To evaluate the
intervention’s effect on non-oxygen-related aspects of care, we excluded score components
related directly to pulse oximetry and oxygen therapy (“modified score”).

Statistical analysis

We performed all analyses using Stata 15.1 (Statacorp, Texas, USA). We described patient
characteristics by study period and summarised data using frequencies and percentages for
categorical variables, and medians and interquartile ranges for continuous variables. We repre-
sented the crude means both in tabular form and visually in heat-map tables, by hospital and
time period.

We reported intervention effects as mean differences in total QOC scores, adjusted for clus-
tering and time using mixed-effects linear regression models. Our analysis model included
fixed effects for intervention and time (four-month periods) and random effects for cluster
(hospital), and was fitted to individual-level continuous outcome data [37, 38]. We found evi-
dence of hospital-time interaction (by comparing the simple model with a model that included
a variance component for random by-time effects, using a likelihood ratio test), and adjusted
models accordingly. Primary analysis included the pre-intervention data, pulse oximetry
period, and the full oxygen system (steps 1-12) to provide estimates of effect of pulse oximetry
and full oxygen system periods against baseline. We also performed a restricted analysis (steps
7-12) comparing the stepped introduction of the full oxygen system to the pulse oximetry
period alone (S3 Table).

Results

During the study period, 16,432 children were admitted to the participating hospitals, includ-
ing 6,893 who met criteria for inclusion and for whom adequate data was available (Fig 1).
Individual hospitals contributed between 113 and 1310 participants each, of whom almost
two-thirds had severe malaria, approximately one-third had severe pneumonia, and <10%
had diarrhoea with severe dehydration (Table 1). Further information, by illness, can be found
in S4 Table.

The distribution of patient diagnoses varied slightly over the study periods. Patients were
slightly older and tended to present with more severe illness (e.g. higher proportion with
altered conscious state or hypoxaemia), during the pulse oximetry and full oxygen system
periods.

Intervention effects

Tables 2 and 3 show the crude and adjusted mean QOC scores for children with severe pneu-
monia, severe malaria and diarrhoea with severe dehydration. Fig 2 demonstrates the trend in
QOC score means over time, by hospital for each illness. Additional detail on score compo-
nents contained in S5 Table.

Severe pneumonia. Crude mean QOC scores for children with severe pneumonia
increased almost two-fold, from 1.64 to 3.00 (out of a maximum 6 points), between the pre-
intervention and full oxygen system periods (Table 2). Heat map tables showed that this
change was largely achieved during the pulse oximetry period, with considerable variability
between hospitals (Fig 2). Adjusted analysis (Table 3) showed that mean QOC score totals for
children with severe pneumonia increased by 0.66 points (95% CI 0.22-1.09, p = 0.003) in the
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Table 1. Population characteristics of participants, by study period.

Pre-intervention period (n =3 128) | Pulse oximetry only period (n =1564) | Full oxygen system period (n=2161)

Infant (1-11 months) 876 (28.0%) 474 (30.2%) 576 (26.7%)
Young child (1-4 years) 1881 (60.1%) 859 (54.9%) 1183 (54.7%)
Older child (5-14 years) 371 (11.9%) 232 (14.8%) 402 (18.6%)
Age, months median (IQR) 21.0 (10.4-36) 19.1 (10.0-39.0) 24.0 (11.0-48.0)
Sex, % female 45.30% 43.90% 44.70%
Hospital type, % government 56.70% 64.00% 56.50%
Length of stay, days median (IQR) 4 (2-5) 4 (2-5) 4 (2-6)
Child diagnoses and presenting signs®
Severe pneumonia 1039 (33.0%) 571 (36.4%) 774 (35.5%)
Severe malaria 2005 (63.7%) 921 (58.7%) 1378 (63.2%)
Severe diarrhoea 292 (9.3%) 171 (10.9%) 160 (7.3%)
Malnutrition 56 (1.8%) 43 (2.8%) 42 (1.9%)
HIV 2 (0.06%) 5(0.32%) 4(0.18%)
Severe respiratory distress 851 (27.1%) 455 (29.0%) 523 (24.0%)
Packed cell volume below 15% 672 (23.0%) 273 (18.7%) 508 (24.8%)
Signs of severe dehydration 322 (10.2%) 194 (12.4%) 183 (8.4%)
Central cyanosis 18 (0.57%) 14 (0.89%) 40 (1.84)
Hypoxaemia (Sp02<90%)4 32 (14.2%) 228 (23.0%) 497 (24%)
Severe hypoxaemia (Sp0,<80%)* 15 (6.7%) 90 (9.1%) 240 (11.6%)
Signs of shock 15 (0.48%) 12 (0.77%) 15 (0.69%)
Unable to feed 791 (25.1%) 371 (23.7%) 551 (25.3%)
Convulsions 1194 (50.5%) 499 (46.5%) 696 (49.9%)
Confusion or lethargy 713 (35.3%) 470 (49.2%) 436 (35.2%)
Coma or barely conscious 403 (12.8%) 183 (11.7%) 408 (18.7%)
Any WHO Emergency Sign 2605 (82.8%) 1371 (87.4%) 1860 (85.7%)

Data are n (%) unless otherwise indicated. Severe pneumonia, severe malaria and diarrhoea with severe dehydration as per our case definitions. Other diagnoses as per
admission diagnosis.

Abbreviations: SD = standard deviation, IQR = interquartile range, SpO, = peripheral oxygen saturation

®Pearson Chi” unless otherwise specified

'K-sample equality of medians test and Wilks’ lambda test of means

*Multiple diagnoses permitted

? Fisher’s exact test

“Limited hypoxaemia data available in pre-intervention period, mostly from a single hospital.

https://doi.org/10.1371/journal.pone.0254229.t001

pulse oximetry period and 1.39 points (95% CI 1.08-1.69, p<0.001) in the full oxygen period,
compared to baseline.

Analysis of the score components showed that assessment, treatment, and monitoring
scores for children with severe pneumonia increased across the intervention periods, com-
pared to baseline, with no change in diagnosis scores (Table 3). Assessment scores increased
by 0.41 points (out of a maximum 2 points) (95% CI 0.13-0.69, p = 0.004) in the pulse oxime-
try period and 0.74 points (95% CI 0.54-0.93, p<0.001) in the full oxygen period, compared to
baseline. Diagnosis scores (max 1) showed no evidence of change in either the pulse oximetry
(aMD = -0.04; -0.12-0.04, p = 0.342) or the full oxygen system periods (aMD = -0.02; -0.08-
0.04, p = 0.559), when compared to baseline. Treatment scores (max 2) changed minimally in
the pulse oximetry period (aMD = 0.15; 95% CI -0.01-0.31, p = 0.072), but were higher in the
full oxygen period (aMD = 0.32, 95% CI 0.20-0.44, p<0.001), compared to baseline.
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Table 2. Mean QOC scores for children with severe pneumonia, malaria, and diarrhoea, showing crude changes over time and by score component (assessment,
diagnosis, treatment, monitoring).

Mean QOC score (SD) Mean modified QOC score (SD)*
Assessment | Diagnosis | Treatment | Monitoring | TOTAL Modified Modified Modified Modified
Assessment Treatment Monitoring TOTAL
Severe pneumonia QOC scores
- Pre-intervention 0.47 (0.57) |0.32 0.42 (0.54) | 0.43 (0.50) | 1.64 1.32 (0.57) 0.69 (0.53) 0.84 (0.37) 3.16 (0.90)
(0.24) (0.89)
- Pulse oximetry 1.02 (0.67) | 0.30 0.56 (0.54) | 0.65 (0.48) | 2.53 1.24 (0.53) 0.74 (0.49) 0.81 (0.39) 3.09 (0.85)
(0.25) (1.07)
- Full O2 system 1.24 (0.55) |0.29 0.67 (0.55) | 0.80 (0.36) | 3.00 1.29 (0.51) 0.73 (0.52) 0.90 (0.30) 3.21(0.82)
(0.25) (0.94)
Severe malaria QOC scores
- Pre-intervention 0.27 (0.52) |0.73 1.07 (0.72) | 0.73 (0.44) | 2.81 1.07 (0.51) 1.31 (0.69) 0.84 (0.36) 3.95(1.11)
(0.37) (1.16)
- Pulse oximetry 0.70 (0.64) | 0.74 1.29 (0.42) | 0.77 (0.42) | 3.51 1.09 (0.43) 1.49 (0.62) 0.83 (0.38) 4.14 (0.96)
(0.37) (1.12)
- Full O2 system 1.04 (0.42) |0.74 1.44 (0.62) | 0.80 (0.39) |4.04 1.08 (0.38) 1.57 (0.60) 0.88 (0.32) 4.28 (0.90)
(0.38) (0.95)
Diarrhoea with severe dehydration QOC scores
- Pre-intervention 1.30 (0.61) 0.86 0.28 (0.50) | 0.83 (0.38) 3.28 - - - -
(0.25) (0.94)
- Pulse oximetry 1.21 (0.59) 0.86 0.22 (0.47) | 0.78 (0.42) 3.07 - - - -
(0.28) (0.98)
- Full 02 system 1.34 (0.58) 0.89 |0.33(0.51) | 0.88(0.32) 3.44 - - - -
(0.21) (0.96)

QOC = quality of care; SD = standard deviation.
Scoring summed to a maximum of 6 points in total (2-point assessment, 1-point diagnosis, 2-points treatment, 1-point monitoring)

*Modified score = modified to exclude pulse oximetry and oxygen therapy components from scores.

https://doi.org/10.1371/journal.pone.0254229.t002

Monitoring scores (max 1) also changed minimally in the pulse oximetry period (aMD = 0.19;
0.001-0.39, p = 0.049) but were higher in the full oxygen period (aMD = 0.37, 95% CI 0.24-
0.51, p<0.000), compared to baseline.

Modified QOC score totals (omitting score items directly related to pulse oximetry and oxy-
gen therapy) for children with severe pneumonia showed lesser change over the study period
(Tables 2 and 3), suggesting that most of the improvements in QOC scores were directly
related to pulse oximetry and oxygen therapy practices. Crude mean modified QOC scores for
children with severe pneumonia were 3.16 (SD 0.90) in the pre-intervention period, 3.09 (SD
0.85) in the pulse oximetry period and 3.21 (SD 0.82) in the full oxygen system period (max 6)
(Table 2). Adjusted analysis showed that the mean difference in modified QOC score was
-0.17 points in the pulse oximetry period (-0.53-0.19, p = 0.351), and 0.23 points in the full
oxygen system period (-0.02-0.48, p = 0.072), compared to baseline. Component analysis sug-
gested minimal effect on modified assessment (aMD -0.05; -0.22,0.13, p = 0.601), treatment
(aMD 0.17; 0.05-0.29, p = 0.006) and monitoring (aMD = 0.13; 0.02-0.24, p = 0.016) scores in
the full oxygen system period, compared to baseline.

Detailed sub-analysis of score components for children with severe pneumonia revealed
substantial improvements in pulse oximetry coverage (increasing from 6% to 95% between
pre-intervention and full oxygen system periods) and oxygen for children with hypoxaemia on
admission (50% to 83%) (S5 Table). However, there was relatively poor documentation of
feeding status (~50%), diagnostic classification (one-third correctly classified as severe
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Table 3. Effect of the intervention on non-modified and modified mean QOC score totals and components, comparing the pulse oximetry and full oxygen system
periods to baseline (see S3 Table for restricted analysis comparing full oxygen system period to pulse oximetry period).

Pulse oximetry
Full O2 system

Pulse oximetry
Full O2 system

Pulse oximetry
Full O2 system

Pulse oximetry
Full O2 system

Pulse oximetry
Full O2 system

Severe pneumonia

Non-modified”

aMD (95% CI)

p-value

0.66 (0.22, 1.09) 0.003
1.39 (1.08,1.69) | <0.001
0.41 (0.13, 0.69) 0.004
0.74 (0.54,0.93) | <0.001
-0.04 (-0.12, 0.04) 0.342
-0.02 (-0.08, 0.04) 0.559
0.15(-0.013, 0.31) 0.072
0.32 (0.20,0.44) | <0.001
0.19 (0.001, 0.39) 0.049
0.37 (0.24,0.51) | <0.001

Acronyms: aMD = adjusted mean difference

Severe malaria Diarrhoea with severe

dehydration
Modified” Non-modified" Modified” Non-modified
aMD (95% CI) p-value |aMD (95% CI) |p-value |aMD (95% CI) p-value |aMD (95% CI) p-value
Score total ®
-0.17 (-0.53,0.19) | 0.351 | 1.26(0.85,1.68) | <0.001 | 0.68 (0.35,1.00) | <0.001 | -0.29 (-0.78,0.21) | 0.259
0.23 (-0.02,0.48) | 0.072 | 1.53(1.23,1.83) | <0.001 | 0.65(0.41,0.89) | <0.001 | -0.12(-0.46,0.23) | 0.501
Assessment component’
-0.19 (-0.44, 0.06) | 0.138 | 0.43(0.20,0.66) | <0.001 | -0.03 (-0.19, 0.13) 0.705 | -0.25(-0.60,0.10) | 0.163
-0.05 (-0.22,0.13) | 0.601 | 0.67 (0.51,0.83) | <0.001 | -0.06 (-0.18,0.06) | 0.303 | -0.20 (-0.44,0.04) | 0.097
Diagnosis component’
- - 0.15 (0.06, 0.25) 0.002 - - -0.03 (-0.17, 0.11) 0.683
- - 0.12 (0.04, 0.10) 0.002 - - -0.05 (-0.15, 0.05) 0.292
Treatment component3
0.06 (-0.11, 0.22) 0.511 0.55(0.33,0.78) | <0.001 | 0.47 (0.27,0.68) | <0.001 | -0.01 (-0.27,0.25) 0.942
0.17 (0.05, 0.29) 0.006 | 0.56 (0.39,0.73) | <0.001 | 0.46 (0.31,0.61) | <0.001 | 0.10(-0.08, 0.28) 0.264
Monitoring component’
0.04 (-0.11,0.20) | 0.601 | 0.12(-0.04,0.27) 0.139 | 0.07 (-0.06, 0.20) 0.832 | -0.11(-0.34,0.11) | 0.317
0.13 (0.02,0.24) | 0.016 | 0.18 (0.07,0.29) 0.002 | 0.13 (0.04, 0.22) 0.007 | -0.002 (-0.16, 0.15) | 0.976

! Non-modified QOC scores include features related to pulse oximetry and oxygen system use

2 Modified QOC scores exclude features related to pulse oximetry and oxygen system use

? Total = mean out of 6 total points, Assessment = total out of 2 points, Diagnosis = total out of 1 point, Treatment = total out of 2 points, Monitor = total out of 1 point

https://doi.org/10.1371/journal.pone.0254229.1003

pneumonia) and antibiotic prescribing (<6% prescribed appropriate first-line antibiotics),
with minimal change over the study period.

Severe malaria. Crude mean QOC scores for children with severe malaria increased from
2.81 to 4.04 (out of a maximum 6 points), between the pre-intervention and full oxygen system
periods (Table 2). Heat map tables (Fig 2) show a gradual trend towards improved quality of
care for children admitted with severe malaria across each of the study periods, with some var-
iability over time and between hospitals. Adjusted analysis (Table 3) showed that mean QOC
non-modified score totals for children with severe malaria increased in the pulse oximetry
period by 1.26 points (95% CI 0.85-1.68, p<0.001) and the full oxygen system period by 1.53
points (95% CI 1.23-1.83, p<0.001), compared to baseline.

Analysis of the score components showed that assessment, diagnosis, treatment and moni-
toring scores for severe malaria all increased in the intervention periods, compared to baseline.
Assessment scores (out of a maximum 2 points) were increased in the pulse oximetry period
by 0.43 points (95% CI 0.20-0.67, p = <0.001) and in the full oxygen period by 0.67 points
(95% CI 0.51-0.83, p<0.000) compared to baseline. Diagnosis scores (max 1) were increased
in the pulse oximetry period by 0.15 points (95% CI 0.0.06-0.25, p = 0.002) and full oxygen
period by 0.12 (95% CI 0.04-0.10, p = 0.002) compared to baseline. Treatment scores (max 2)
were increased in the pulse oximetry period by 0.55 points (95% CI 0.33-0.78, p<0.001) and
full oxygen period by 0.56 points (95% CI 0.39-0.73, p<0.001), compared to baseline. Moni-
toring scores (max 1) showed no change in the pulse oximetry period (aMD = 0.12, 95% CI
-0.04-0.27, p = 0.139) but were higher in the full oxygen period (aMD = 0.18, 95% CI 0.07,
0.29, p = 0.002), compared to baseline.
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1

A. Severe pneumonia QOC score mean (n=2384)

2

3

4

Steps (4-month periods)
6 T

1 1.62 1.69 1.64 15 1.64 1.59 273 312 32 2.95 2.87 3.06
2 1.45 1.24 10 1513 1.07 152 1895 2.7 2.58 2.74 2.48 2:5)
3 19 1.56 1.42 118 L1 1.61 2.69 3.94 8153 2.86 3.38 3.28
4 1.36 1529 1555 1.67 15 177 25178 2.82 3.25 3.32 2.81 2.85
5 343 4.04 3135 3.61 2.63 345 395 2.91 3.38 3'5 35 3531
6 1.62 1.63 2 1.75 2 2l 2.8 3.38 3.83 a5 &8 SLER
7 1.08 1513 1S 1.28 1.41 1.64 221 2:23] 2.05 2.49 2.34 3.05
8 13 1371 1.5 223 3.5 2.64 1 2.67 B 2
9 1.88 2.14 1.92 2l 1.92 1.89 529 2.67 2.3 2.29 2.65 2.86
10 1.63 1.9 1.38 1.81 1.58 1.63 2.54 2.83 2.51 2.33 2 2.64
11 2) 1.4 1L 0.9 2 2.88 Bl 56 2.33 5 SIA) 19
12 15 L 2.5 2.7 2 1.63 1 2:25 35 25
B. Severe malaria QOC score mean (n=4,304)
1 3.05 2577, 2.57 2.68 2.64 3.24 3.61 3.83 3.85 4.04 4.33 4.11
2 2.28 2.88 3.07 2.92 2.71 2l 33 4.17 4.3 3.98 3.87 4.09
3 25 1.84 221 176 23 2.38 2.67 3:55] 3.56 35 3.86 37
4 231 28 2.43 1.82 2.62 2.84 3.46 4 4 3.91 4.75 3.9
5 5.17 4.61 4.77 4.78 S 5.42 4.86 4.6 4.5 4.62 4.66 4.45
6 255 2.72 25 3.18 B2 23 352 4.69 4.57 4.31 4.42 4.59
7 1.42 1.91 1.88 PE 2.63 2.85 3.04 2.92 3.17 3.75 3.69 3.66
8 2.09 LS 233 258 2 S8 2] 313 8% 2.96
9 3.56 350 3.78 4.25 232 32 3.68 3.7 2.26 3.66 4.13 4.1
10 25 2.39 2.17 2.6 2.73 2.58 3.23 4.2 3.95 3.93 4.07 3.86
1 1.68 2 2.56 2.68 20 2.89 421 415 4.09 3.96 4.25 4.29
12 7 2.36 1 2.17 25 2.46 3 3.08 2.65 3.03 3.63 3.72
C. Diarrhoea with severe dehydration QOC score mean (n=623)
1 | 3.88 3T 3.42 351 3.25) 4.5 3.5 3.89 3.72 3.67 4.04 3.44
2 295 3.41 4 4 3 375 g 2.9 3 3
3 235 3125 2 4 3 3 B 525 35 3
4 3.43 4.5 815 35 35 3.67 305 3 3 4.5 3.67
5 4.06 4 35 4.17 4 3.83 35 45 4.12 4 35
6 3 3.36 3.4 23 3.45 4 4.04 4 3.88 3.83 3.8
7 2.69 1.94 3.04 3.13 3.3 2.94 228 2.86 2l 2.44 3.25
8 2.5 B 2 2225
9 3.67 4 4 4 4.25 3.67 3.63 £ 4 2.5 3 2:25
10 2,93 2.71 2.45 Pl 2.67 2 2.88 3.5 3.5 2.83 4 2
11 205 2.67 23011 2.64 2.67 3.4 3 3.8
12 25 25 25 8 2.67

Fig 2. Crude QOC score total means (maximum six points) for severe pneumonia, severe malaria and diarrhoea with severe
dehydration, by hospital and step. Each cell contains the crude mean QOC score for a hospital during that step. For each of the three
panels in this figure, the 12 hospitals are represented on the y-axis, whereas the steps of the trial are represented on the x-axis. The
colour gradient extends from red (lowest score) through yellow to green (highest scores), providing a visual representation of change in
scores over time. Blue spark-lines show the hospital- specific trend for easy reference. When the denominator to compute the cell rate is
0, cells are coloured in white. Data from November/December 2013 not available in step 1.

https://doi.org/10.1371/journal.pone.0254229.g002

Modified QOC score totals (omitting score items directly related to pulse oximetry and oxy-

gen therapy) for children with severe malaria showed positive change over the study period
(Table 3). Crude mean modified QOC scores for children with severe malaria were 3.95 (SD
1.11) in the pre-intervention period, 4.14 (SD 0.96) in the pulse oximetry period, and 4.28 (SD
0.90) in the full oxygen system period (max 6). Adjusted analysis of modified QOC scores
showed that scores were higher in the pulse oximetry period (aMD = 0.68, 95% CI 0.35-0.89,
p<0.001) and full oxygen period (aMD = 0.65, 95% CI 0.41-0.89, p<0.001), compared to base-
line, with all the improvement realised during the pulse oximetry period. Component analysis

suggested no effect on modified assessment scores (aMD = -0.06, 95% CI = -0.18-0.06,

p = 0.303), but higher modified treatment (aMD = 0.47, 95% CI 0.27-0.68, p<0.001) and mon-
itoring scores (aMD = 0.13; 0.02-0.24, p = 0.016) in the full oxygen system period, compared

to baseline.
Detailed sub-analysis of score components for children with severe malaria revealed sub-
stantial improvements in pulse oximetry coverage (increasing from 8% to 95% between pre-
intervention and full oxygen system periods) and oxygen for children with hypoxaemia on

admission (15% to 46%) (S5 Table). However, there was relatively poor documentation of

feeding status or blood sugar level on admission (~50% coverage).
Diarrhoea with severe dehydration. Crude mean QOC scores for children changed min-
imally, between the pre-intervention and full oxygen system periods (Table 2), with no obvious

PLOS ONE | https://doi.org/10.1371/journal.pone.0254229  July 8, 2021

10/17


https://doi.org/10.1371/journal.pone.0254229.g002
https://doi.org/10.1371/journal.pone.0254229

PLOS ONE

The Nigeria Oxygen project and quality of care

trends evident in heat map tables (Fig 2). Adjusted analysis (Table 3) showed that mean QOC
scores did not change in either the pulse oximetry period (MD =-0.29, 95% CI -0.78, 0.21,
p = 0.259) or the full oxygen system period (MD = -0.12, 95% CI -0.46, 0.23, p = 0.501), com-
pared to baseline. Component analysis showed no change in any of assessment (aMD = -0.20,
95% CI -0.44-0.04, p = 0.097), diagnosis (aMD = -0.05, 95% CI -0.15-0.05, p = 0.292), treat-
ment (aMD = 0.10, 95% CI -0.08-0.28, p = 0.264) or monitoring scores (aMD = -0.002, 95%
CI-0.16-0.15, p = 0.976), compared to baseline for diarrhoea with severe dehydration.
Detailed sub-analysis of score components for children with severe diarrhoeal disease
revealed relatively poor documentation of feeding status on admission (~50% coverage), fluid
prescribing (<15% prescribed appropriate rehydration fluids), and antibiotic prescribing
(<20% appropriate), with little change over the study periods (S5 Table).

Discussion

This study reports results from the Nigeria Oxygen Implementation program regarding the
impact of a multifaceted oxygen system intervention on paediatric care practices for children
with severe pneumonia, severe malaria and diarrhoea with severe dehydration. We found an
improvement in QOC score totals following the introduction of pulse oximetry and improved
oxygen systems, for both severe pneumonia and severe malaria, compared to usual care at
baseline. These changes were smaller, but still evident, after excluding QOC score features that
were directly related to pulse oximetry and oxygen therapy, suggesting that the oxygen inter-
vention had broader beneficial effects on care processes. We found no change in care processes
for children with diarrhoea and severe dehydration, a condition for which pulse oximetry and
oxygen therapy have minimal role.

How do changes in care practices for conditions correlate with observed
changes (and lack of change) in clinical outcomes?

In previous analysis we reported the improved oxygen system intervention was associated with
most significant clinical benefit for children with pneumonia (without detectable change in
mortality for children with malaria or diarrhoea), and that most of this improvement was
attributable to introduction of pulse oximetry [5].

In this analysis, we find similar improvements in QOC scores for children with severe
pneumonia and children with severe malaria, and no change in QOC scores for children with
severe diarrhoeal disease. However, the improvement in QOC for children with severe pneu-
monia appear to be primarily driven by oxygen-related care practices (i.e. pulse oximetry and
oxygen therapy), whereas the improvement in QOC for children with malaria appears to be
split evenly between oxygen-related and broader components of care. Furthermore, the preva-
lence of hypoxaemia among children with severe pneumonia was four-fold higher than among
children with severe malaria or diarrhoea (45% versus 13 and 10% respectively) (5S4 Table).

These results may suggest that the main driver of mortality benefit in the Nigeria Oxygen
Implementation program was improved identification, monitoring and treatment of hypoxae-
mia (rather than broader improvements in quality of care), realising greatest impact in the
population with highest hypoxaemia burden (children with pneumonia), despite the broader
improvements in QOC detected for children with malaria.

Our results from Nigeria share similarities and differences with results from oxygen
improvement programs in other low- and middle-income countries (LMICs) [3, 6]. In Papua
New Guinea (PNG), Duke et al suggested that the most probable explanation for the observed
35% mortality reduction for children admitted to hospital with pneumonia is “the improved
system and better quality of care that accompanies such a system” [3, 6]. Following this
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rationale, subsequent work in Laos and remote clinics in the PNG highlands introduced
improved oxygen systems alongside other clinical education and quality improvement activi-
ties—not only addressing pneumonia and oxygen therapy, but also many other important
aspects of hospital care for children [6, 8]. These programs reported substantial mortality ben-
efits for children with pneumonia, and the PNG program also documented substantial benefits
for children overall [6, 8].

How does a multi-faceted oxygen systems intervention affect broader care
practices?

There are various ways that an oxygen improvement program could influence broader care
practices, particularly relating to assessment and monitoring.

Qualitative data from our program in Nigeria suggested that nurses came to appreciate
oximetry as a valuable tool for identifying and monitoring severely ill patients, saying it made
their work easier and reduced stress [19]. This could conceivably lead to improvements in vital
signs assessment and monitoring more broadly. However, while we observed clear improve-
ments in the way oxygen was used as pulse oximetry practices improved, we did not observe
broader effects on the assessment of other clinical signs or patient monitoring more broadly.
This may be explained by relatively high baseline rates vital signs documentation, both on
admission (>95% had vital signs documented) and over subsequent days (>85% had vital
signs documented at least 3 times per day) (S5 Table). We did observe some improvement in
vital signs monitoring during admission for children with severe pneumonia and malaria, but
not for those with diarrhoea.

Pulse oximetry is the best way to detect hypoxaemia, with far greater sensitivity and speci-
ficity than any combination of clinical signs [16, 39, 40]. This could therefore assist healthcare
workers in diagnosis, particularly for severe pneumonia [41]. However, we observed improved
diagnosis scores for severe malaria, with no change in diagnosis scores for severe pneumonia
or diarrhoea. This is despite relatively good diagnostic classification for children with severe
malaria at baseline, but clear room for improvement for diagnostic classification of children
with pneumonia (only one-third were identified as having severe pneumonia) (S5 Table). This
finding of poor diagnostic classification of pneumonia is consistent with other reports from
LMICs [42, 43] and is particularly concerning because accurate diagnosis correlates with cor-
rect treatment and survival [21].

In Laos, authors observed higher treatment completion rates for children with pneumonia,
suggesting that oxygen therapy facilitated other aspects of treatment completion and prevented
discharge against medical advice [6]. This may fit with anecdotal reports from healthcare
workers that having pulse oximetry and an easy-to-use oxygen system makes work easier, but
we had not necessarily expected our oxygen systems improvements to strongly influence
broader treatment practices.

In fact, we observed improved treatment scores for children with severe pneumonia and
malaria—over and above the improvements due to oxygen therapy. The changes in treatment
for children with pneumonia were small, driven by improvements in fluid therapy. Notably,
the proportion of children with severe pneumonia who received appropriate antibiotics
remained very low even in the full oxygen system period (5.8%), largely due to the prescribing
of broad-spectrum cephalosporins as first-line therapy (S5 Table).

The improvement in treatment for children with severe malaria was more substantial,
driven by improvements in antimalarial prescribing (from 64% to 87%), with relatively
good practices relating to anaemia (>98% received appropriate therapy) and fluids (~70%
appropriate) across all time periods. With malaria recognition being relatively good in this
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malaria-endemic region [21], pulse oximetry use may have formed part of a more confident or
thorough assessment process, thereby contributing to general improvements in diagnosis and
treatment [21]. But we are aware of malaria-related training that occurred in some participat-
ing facilities during the study period, and these may also have contributed to the observed
change.

Quality of care, context and emergence

We have presented data on care processes from a particular sub-Saharan African context and
explored this in relation to a complex intervention. Quantitative quality of care scores have
been shown to correlate with clinical outcomes [35]. However, quality of care scores can only
measure some elements of quality of care, omitting important factors such as the relationships
between, and attitudes of, healthcare workers, other staff, and patients [36, 44, 45]. Clinical
outcomes emerge from the interaction between different care practices, particular interven-
tions, and broader care structures and social contexts. Our findings do help explain how the
Nigeria Oxygen Implementation program worked, particularly how improvements to hospital
oxygen systems may influence broader aspects of care. However, they also raise many more
questions for us, and for consideration in other contexts: how do oxygen-related care practices
interact with other care practices: what degree of change in practice is required to translate
into clinical benefits; how would this differ in different contexts or with interventions that
addressed clinical care more holistically?

Limitations

Our use of a stepped-wedge design was useful for evaluating quantitative outcome changes
and was flexible enough to embed implementation learnings. However, it does not remove all
confounding—particularly relating to time. First, are the major economic and social changes
in Nigeria that occurred during the intervention, including change in government, economic
recession and disruptions due to industrial action in state hospitals leading to hospital closures
[46]. Delayed salary payment and economic hardship may have led to the demotivation of
health facility staff, potentially altering or reducing the interventions impact on broader quality
improvement [47]. Second, malaria awareness and training activities occurred in many hospi-
tals during the study period as part of a national push for better diagnosis and treatment for
severe malaria [48]. While we used a pre-specified analysis method, both positive and negative
findings should be interpreted with caution due to the risk of chance findings.

Similar to others conducting facility-based implementation research, we extracted data
from clinical documents [49]. We minimised the amount of missing data with the use of dedi-
cated research nurses, with our audit suggesting that documentation practices overall were
very good [22]. With the exception of standardised case definitions, we did not impose addi-
tional criteria on healthcare workers regarding their documentation. We assumed signs were
not present if they were not documented, which could result in diagnostic misclassification or
missed signs of severity—generally influencing results towards the null. We simplified the
original scoring plan for antibiotics and antimalarials to omit requirements for correct dosing,
due to inconsistencies with units recorded—generally increasing treatment scores.

Practical implications

This study was part of a pragmatic field trial, which aimed to better understand how to
improve oxygen access to children in Nigeria and other LMICs. Our findings provide practical
lessons for those who seek to improve hospital oxygen systems and improve paediatric quality
of care more broadly:
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1. Improvement in hospital oxygen systems must be approached systematically. Efforts to
build oxygen systems integrated with broader efforts to improve healthcare systems (e.g.
equipment maintenance, emergency triage, case management, clinical documentation)
may deliver greater improvements in the quality of care provided to patients—and better
clinical outcomes. Oxygen is potentially a concrete focus on which broader improvement
aims can be realised, if leveraged strategically.

2. Pulse oximetry is the key driver towards improved oxygen access. Together with improved
oxygen delivery systems, pulse oximetry may drive broader improvements in the assess-
ment and treatment of severely ill children and should be prioritised as the “fifth vital sign”
for all children admitted to hospital.

These findings also highlight key areas for future practice and learning in the care of
severely unwell children, including opportunities to: improve pneumonia assessment, diagno-
sis, and antibiotic prescribing; and further evaluate care processes (e.g. timeliness of treatment
delivery) not measured in this study that may underpin a mortality benefit.

Conclusion

We found that improvements in hospital oxygen systems were associated with higher quality
of care scores for children admitted with severe pneumonia and severe malaria, in 12 Nigerian
hospitals. These improvements were attributable to better use of pulse oximetry and oxygen as
well as broader improvements in clinical care. We found no evidence of negative distortions in
care practices resulting from oxygen systems interventions. Oxygen improvement programs
may realise greater effect if oxygen improvement efforts are integrated alongside more com-
prehensive efforts to improve quality of care.
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