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a b s t r a c t 

Background: Hypoxaemia is a common complication of pneumonia and a major risk factor for death, 

but less is known about hypoxaemia in other common conditions. We evaluated the epidemiology of 

hypoxaemia and oxygen use in hospitalised neonates and children in Nigeria. 

Methods: We conducted a prospective cohort study among neonates and children ( < 15 years of age) 

admitted to 12 secondary-level hospitals in southwest Nigeria (November 2015–November 2017) using 

data extracted from clinical records (documented during routine care). We report summary statistics on 

hypoxaemia prevalence, oxygen use, and clinical predictors of hypoxaemia. We used generalised linear 

mixed-models to calculate relative odds of death (hypoxaemia vs not). 

Findings: Participating hospitals admitted 23,926 neonates and children during the study period. Pooled 

hypoxaemia prevalence was 22.2% (95%CI 21.2–23.2) for neonates and 10.2% (9.7–10.8) for children. Hy- 

poxaemia was common among children with acute lower respiratory infection (28.0%), asthma (20.4%), 

meningitis/encephalitis (17.4%), malnutrition (16.3%), acute febrile encephalopathy (15.4%), sepsis (8.7%) 

and malaria (8.5%), and neonates with neonatal encephalopathy (33.4%), prematurity (26.6%), and sep- 

sis (21.0%). Hypoxaemia increased the adjusted odds of death 6-fold in neonates and 7-fold in children. 

Clinical signs predicted hypoxaemia poorly, and their predictive ability varied across ages and conditions. 

Hypoxaemic children received oxygen for a median of 2–3 days, consuming ∼3500 L of oxygen per ad- 

mission. 

Interpretation: Hypoxaemia is common in respiratory and non-respiratory acute childhood illness and 

increases the risk of death substantially. Given the limitations of clinical signs, pulse oximetry is an es- 

sential tool for detecting hypoxaemia, and should be part of the routine assessment of all hospitalised 

neonates and children. 

© 2019 Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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vidence before this study 

Hypoxaemia is a well-recognised complication of pneumonia,

ncreasing the risk of death four-fold and difficult to detect using

linical signs alone. Previous systematic reviews have collated data

n the epidemiology of hypoxaemia in children with pneumonia,
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but fewer studies have addressed hypoxaemia in non-pneumonia

cohorts or provided comparative data across age or diagnostic cate-

gories. With growing policy attention towards the scale up of pulse

oximetry and oxygen therapy in low and middle-income countries

(LMICs), policy-makers and program managers need data to inform

decision-making. Current modelling estimates have addressed hy-

poxaemia, pulse oximetry and oxygen therapy primarily through

the lens of child pneumonia. However, the burden of hypoxaemia,

and the potential for reducing mortality through improved pulse

oximetry and oxygen access, is much greater when non-pneumonia

conditions are considered. 

Added value of this study 

This multi-centre cohort study was nested in the Nigerian Oxy-

gen Implementation project, a large stepped wedge field trial eval-

uating pulse oximetry and improved oxygen systems. Our cohort

included over 23,0 0 0 hospitalised children from birth to adoles-

cence with various conditions, enabling us to describe the epi-

demiology of hypoxaemia in children and neonates admitted to

secondary-level hospitals in low-altitude African towns. We found

high hypoxaemia prevalence in pneumonia and other common

childhood conditions, and particularly high prevalence in neonates.

We found that hypoxaemia increased the risk of death across all

age groups and all diagnostic categories, with higher risk in non-

respiratory conditions. We found that clinical signs recorded dur-

ing routine care were particularly poor at predicting hypoxaemia

in children and neonates with non-respiratory conditions, having

much lower sensitivity for hypoxaemia in non-respiratory condi-

tions than respiratory conditions. The predictive value of the WHO

combination of signs for hypoxaemia was reasonably good for child

pneumonia, but was much poorer for non-respiratory conditions

(particularly for children over the age of 1 year). We found that

most hypoxaemic children required oxygen therapy for 2–3 days

and calculated the mean annual oxygen requirements for small-

and medium-sized hospitals that admit children. 

Implications of all the available evidence 

Hypoxaemia is common in respiratory and non-respiratory

acute childhood illness and increases the risk of death substan-

tially. Given the limitations of clinical signs recorded during rou-

tine care, pulse oximetry is an essential tool for detecting hypox-

aemia, and should be part of the routine assessment of all hospi-

talised neonates and children. 

1. Introduction 

Hypoxaemia refers to low blood oxygen levels, typically de-

fined as haemoglobin oxygen saturations less than 90% as mea-

sured by pulse oximetry (peripheral oxygen saturation, SpO 2 ) or

blood gas analysis (arterial oxygen saturation, SaO 2 ) [1] . In child-

hood pneumonia, hypoxaemia is a common complication and an

important marker of severity. Approximately 13% of children hos-

pitalised with pneumonia in low- or middle-income countries are

hypoxaemic [2] and hypoxaemia increases their risk of death ap-

proximately four-fold [3] . 

Multifaceted interventions to improve the detection of hypox-

aemia and use of oxygen therapy can reduce inpatient child pneu-

monia mortality by approximately 35% [4–6] . Modelling estimates

suggest that better use of pulse oximetry and oxygen therapy in

the 12 highest mortality countries could prevent up to 148,0 0 0

child pneumonia deaths annually [7] . 

While hypoxaemia is less well studied in non-pneumonia co-

horts, the available data suggests that hypoxaemia may be com-

mon in many non-respiratory conditions [ 2 , 8–17 ], and that ad-
ressing oxygen access issues for these populations could deliver

ubstantial mortality reductions [ 5 , 6 ]. 

Nigeria is a highly-populated, lower middle-income country in

ub-Saharan Africa that contributes disproportionately to global

hild and neonatal mortality (2017: under-five mortality 100,

eonatal mortality 33, per 10 0 0 live births) [18] . The biggest

hildhood killers are pneumonia (18%), malaria (14%), prematurity

12%), perinatal complications (11%), diarrhoeal diseases (10%), and

eonatal sepsis (5%) [19] . Recent global estimates show that Nige-

ia contributed one-third of U/5 malaria deaths and one-sixth of

/5 pneumonia deaths globally [19] . 

This multi-centre study aimed to describe the prevalence of hy-

oxaemia in children and neonates admitted to secondary-level

ospitals in Nigeria with pneumonia, malaria, and other common

hildhood and neonatal conditions, using data recorded during

outine care. In addition, we sought to determine: (i) the degree

o which hypoxaemia predicts mortality; (ii) the duration of oxy-

en therapy required for hypoxaemic conditions; and (iii) which

linical signs best predict hypoxaemia - for children of different

ges and with different conditions. This will inform estimates of

he benefit of improved pulse oximetry and oxygen practices for

hildren and neonates in resource-limited settings and assist with

xygen-related program planning. 

. Methods 

.1. Design 

This prospective cohort study was nested within a stepped-

edge trial to improve oxygen use in 12 secondary-level hospitals

n southwest Nigeria [20] . The first stage of this trial involved a

eeds-assessment [21] and retrospective clinical review. The sec-

nd stage involved the introduction of pulse oximetry to partici-

ating hospitals, commencing in October/November 2015 [22] . The

hird stage involved the stepped introduction of comprehensive

xygen systems, with hospitals randomised to receive the inter-

ention between March 2016 and March 2017. This paper reports

rospective data from November 2015 to October 2017, using data

xtracted from clinical records. 

.2. Participants 

We conducted this study in 12 small to medium-sized hospitals

n southwest Nigeria, selected to be representative of secondary

ealthcare facilities that admit children [20] . This included a mix

f government ( n = 7) and mission ( n = 5) hospitals of varying ca-

acity ( Table 1 , more detail in Appendix 1). All hospitals were low-

ltitude (elevation 50–500 m above sea level). 

We included all children aged under 15 years (including

eonates) who were admitted to participating hospitals during the

tudy period (November 2015 to October 2017, inclusive). This in-

luded neonates born in the facility as well as neonates (and chil-

ren) referred in from elsewhere, without prejudice to gestational

ge, birthweight or diagnosis. Table 1 shows the participating hos-

ital demographics. 

.3. Materials and procedures 

We introduced pulse oximetry into routine clinical care for pae-

iatrics (including neonates) using adapted WHO oxygen guide-

ines [ 1 , 23 ] (Appendix 2). The guidelines required all children

aged under 15 years) to have pulse oximetry performed on admis-

ion, and at least twice per day while receiving oxygen. Individual

ospitals determined the specific pulse oximetry procedures (e.g.

iming, location, personnel) based on local workflow and practices.
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Table 1 

Baseline characteristics, admissions, and pulse oximetry adoption patterns of 12 secondary-level hospitals in southwest Nigeria. Additional detail in Web Appendix 1. 

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 

Hospital characteristics 

Hospital Type Mission Mission State State State Mission State State State Mission Mission State 

Paediatric Beds 

child + neonatal 

70 

(40 + 30) 

32 

(20 + 12) 

25 

(21 + 4) 

36 

(16 + 20) 

60 

(44 + 16) 

20 

(15 + 5) 

48 

(20 + 28) 

46 

(22 + 24) 

13 

(9 + 4) 

63 

(38 + 25) 

14 

(12 + 2) 

36 

(26 + 10) 

Access to Paediatrician 

Doctors in hospital 

Nurses in child/newborn 

wards 

Yes ii 

4 

18 

No i 

4 

7 

Yes 

2 

16 

Yes 

11 

33 

Yes 

17 

62 

Yes 

5 

9 

Yes 

16 

26 

No 

12 

31 

No i 

7 

11 

Yes ii 

6 

18 

Yes ii 

6 

4 

No i 

7 

26 

Oxygen cylinders 

Oxygen concentrators 

Yes iv 

Yes v 
Yes iv 

No 

Yes iv 

Yes v 
Yes 

Yes v 
Yes 

No 

Yes iv 

Yes 

Yes iii 

Yes v 
Yes 

No 

Yes iv 

No 

Yes 

Yes v 
Yes iv 

Yes v 
Yes iv 

No 

Pulse oximeters 0 0 0 0 3 v 1 0 0 0 0 1 v 0 

Participants (total) 4133 674 1655 2943 2176 635 4313 1790 495 3327 869 916 

Neonates < 28 days 2228 100 112 1322 406 102 1480 455 9 1170 89 0 

Infants 28 days to 1 year 519 176 327 449 600 97 1085 388 117 543 131 187 

Children 1–4 years 921 259 775 785 790 288 1669 582 235 990 312 455 

Children 5–14 years 449 138 436 378 342 143 76 347 133 624 333 272 

Sex:% female 44.8 44.7 46.9 42.2 42.0 41.6 44.6 43.8 45.3 43.7 42.9 40.6 

Median age, months (IQR) 0 (0–20) 15 (5–48) 24 (11–60) 5 (0–24) 14 (2–39) 24 (9–55) 8 (0–18) 13 (1–44) 25 (12–60) 11 (0–36) 36 (11–90) 24 (12–60) 

Median LOS, days (IQR) 

Neonates < 28 days 

Children 

4 (3–7) 

5 (3–9) 

3 (2–5) 

3 (2–5) 

4 (2–5) 

3 (2–4) 

3 (2–4) 

3 (2–7) 

3 (2–5) 

3 (2–6) 

4 (2–6) 

3 (2–5) 

8 (7–10) 

11(10–13) 

7 (7–9) 

3 (2–4) 

4 (2–6) 

3 (2–4) 

3 (2–5) 

4 (2–6) 

3 (2–4) 

7 (4–9) 

10 (4–11) 

6 (4–7) 

2 (1–2) 

3 (3–4) 

2 (1–2) 

4 (3–5) 

5 (3–7) 

4 (3–5) 

2 (1–3) 

3 (2–4) 

2 (1–3) 

3 (2–4) 

- 

3 (2–4) 

Pulse oximetry documented, 

n (%) 

3586 (88.4) 559 (82.9) 1415 (86.8) 2365 (80.4) 1911 (87.8) 610 (96.1) 2406 (57.2) 1292 (74.4) 364 (74.6) 2965 (90.2) 819 (94.3) 585 (64.7) 

Hypoxaemia prevalence 

Neonates < 28 days 

Children 

16.9 

20.2 

12.5 

16.6 

44.3 

12.1 

12.9 

20.6 

12.3 

16.2 

25.9 

8.9 

11.3 

17.5 

9.8 

11.0 

32.7 

6.7 

20.1 

30.6 

13.7 

13.2 

18.6 

11.1 

4.4 

33.3 

4.2 

11.3 

16.8 

8.0 

7.5 

7.9 

7.4 

9.6 

- 

9.6 

Deaths 

Case fatality rate (%) 

Neonates < 28 days 

Children 

411 

10.0 

14.1 

5.1 

59 

8.8 

23.0 

6.3 

134 

8.1 

14.3 

7.7 

160 

5.5 

7.1 

4.2 

79 

3.6 

5.4 

3.2 

43 

6.8 

21.6 

4.0 

207 

4.8 

9.4 

2.5 

124 

7.0 

11.9 

5.3 

18 

3.6 

11.1 

3.5 

141 

4.2 

4.9 

3.9 

28 

3.2 

1.1 

3.5 

26 

2.8 

- 

2.8 

Neonate ≤28 days, Child 29 days-15 years. IQR = inter-quartile range, 25th/75th centiles. LOS = length of stay. (i) Family Medicine Consultant; (ii) part-time; (iii) piped system connected to large oxygen cylinder; (iv) not available 

in paediatric areas; (v) present but not fit for use. 
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Typically, patients presented to the children’s outpatient or emer-

gency area and a nurse would perform pulse oximetry alongside

other vital signs prior to admission. In most hospitals, the admit-

ting doctor would also perform pulse oximetry when completing

the formal admission procedures. 

We conducted hospital-based pulse oximetry training for nurses

and doctors working in paediatric areas in October/November 2015

and supplied handheld Lifebox TM pulse oximeters (Acare Technol-

ogy, Taiwan). Lifebox oximeters were developed for low-resource

settings by the World Health Organization (WHO) and the World

Federation of Societies for Anaesthesiologists, with rated accuracy

of + / −2% [ 24 , 25 ]. We instructed healthcare workers to conduct

pulse oximetry using an appropriately-sized probe applied to a

well-perfused finger or toe, and to wait until there was a strong

and steady waveform before recording the SpO 2 reading. We pro-

vided supportive supervision through onsite project nurses in each

hospital and regular visits from the project manager and/or nurse

supervisor [ 20 , 22 ]. We introduced a comprehensive improved oxy-

gen system to all hospitals at stepped intervals (3 hospitals every

4 months from March 2016 to March 2017), including oxygen con-

centrators (with reliable power), individually titratable flowmeter

assemblies, appropriately-sized nasal prongs, and guidelines for us-

ing, cleaning and maintaining equipment (details in protocol [20] ).

We collected data from the clinical records, including case

notes and nursing observation charts. We did not provide addi-

tional training or standardization of healthcare worker diagnostic,

treatment or documentation practices. Trained research nurses ex-

tracted data from case notes using a standardised data collection

form. This included SpO 2 on admission, oxygen use, as well as de-

mographic data, diagnoses, symptoms and signs on admission, and

clinical care practices. 

2.4. Data analysis 

Trained data entry clerks double-entered data from data collec-

tion forms using EpiData 3.1 [26] , following standard data manage-

ment procedures. We performed data cleaning and analysis using

Stata 15.1 [27] . We defined hypoxaemia as SpO 2 < 90%, irrespective

of age or condition. We calculated hypoxaemia prevalence based

on the SpO 2 recorded on admission, in order to consistently repre-

sent the condition of the patient and to enable temporal correla-

tion with the recorded admission signs. We calculated proportions

and 95% confidence intervals for hypoxaemia prevalence and case

fatality rates using complete case analysis approach (i.e. dropping

missing data from analysis) [28] . We conducted sensitivity testing

to evaluate the effect of missing data on the primary hypoxaemia

prevalence outcome, by comparing prevalence estimates from pe-

riods with high missing data (earlier time periods) to periods with

low missing data (later time periods) [28] . 

We calculated relative odds of death and 95% confidence in-

tervals for patients with and without hypoxaemia, using gener-

alised linear mixed-model (GLMM) analysis to adjust for cluster-

ing (at hospital level), time (in 4-month periods), age, sex, comor-

bid diagnoses, and the presence of the improved oxygen system

[ 29 , 30 ]. We calculated median and inter-quartile ranges for oxy-

gen use (duration, starting flow rate) and pre-treatment SpO 2 , re-

stricting analysis to the post-intervention period to reflect clinical

practice in the presence of adequate oxygen access. We calculated

means for oxygen use (duration, starting flow rate) to enable the

calculation of total oxygen demand. We calculated total volume of

oxygen consumed by multiplying the mean duration of therapy by

the starting flow rate (field observation showed that the flow rate

was rarely altered after starting oxygen). 

We calculated the sensitivity, specificity, positive and negative

likelihood ratios, and area under the receiver operator character-

istic (ROC) curve (AUC) for various clinical signs in predicting hy-
oxaemia (both individually and in combination) using the diagt

rogram for Stata [31] . We provide tabular comparison of the pre-

ictive accuracy of various combinations of signs against the WHO

ombination: respiratory rate (RR) ≥70 breaths per minute (bpm),

evere chest wall indrawing, grunting, inability to feed due to res-

iratory distress [23] . 

We report this data for various age groups (neonates < 28

ays, infants 28–364 days, young children 1–4 years, older chil-

ren 5–14 years) and diagnoses. We report for the most com-

on presenting clinical syndromes and diagnoses: acute lower res-

iratory infection (which includes pneumonia and bronchiolitis),

cute febrile encephalopathy (which includes cerebral malaria, vi-

al and bacterial encephalopathies), malaria, sepsis, acute watery

iarrhoea, small/premature neonate (including premature and low

irth weight), and neonatal jaundice. We also report additional

onditions we considered of particular interest (e.g. HIV, severe

cute malnutrition, asthma). We determined diagnostic case status

or most conditions based on recorded admission symptoms, signs,

nd laboratory testing using standard case definitions ( Table 2 ). If

 sign was not recorded, we assumed that it was not present. We

sed the recorded admission diagnosis for diagnoses with more

omplex case definitions that required data not readily available

rom case notes (e.g. sepsis). 

We present overall hypoxaemia prevalence findings in a bubble

lot, illustrating prevalence (y-axis) and numbers affected (bubble

ize), across age groups (x-axis) and diagnoses (labelled bubbles).

e report hypoxaemia prevalence and case fatality rates based on

any diagnosis’ (i.e. irrespective of whether it was identified as a

rimary or additional diagnosis, or whether it met criteria for mul-

iple case definitions), with adjustment for comorbidity where rel-

vant. For comparative purposes, we report additional analysis for

primary diagnosis’ and particular combinations of case definitions

e.g. ALRI with or without malaria) in Appendix 3. For reporting

urposes we classified hospitals as small ( < 500 child admissions

nnually) and medium (50 0–250 0 child admissions annually). 

.5. Role of the funding source 

RI represented the funding agency and participated in site se-

ection and methods meetings which informed the study design.

he corresponding author, AAB, AIA, OBO, AGF, and TD had full ac-

ess to all the data in the study. All authors had final responsibility

or the decision to submit for publication. 

. Results 

Participating hospitals admitted 16,453 children (aged 28 days

r more) and 7473 neonates over the 24 month study period

November 2015 – October 2017). 23,846 (99.7%) had a docu-

ented clinical outcome and 18,877 (78.9%) had a documented

pO 2 on admission. 

.1. Hypoxaemia prevalence 

Hypoxaemia prevalence was 22.2% (95%CI 21.2–23.2) for

eonates and 10.2% (9.7–10.8) for children aged ≥28 days ( Table 3 ,

ig. 1 ). Hypoxaemia prevalence decreased with increasing age.

ypoxaemia prevalence varied between hospitals (median 12.1%,

ange 4.4–20.1%). Medium-sized hospitals typically admitted a

igher proportion of hypoxaemic patients than small hospitals

15% vs 10%) and this was primarily accounted for by a higher pro-

ortion of neonates. Sensitivity testing showed that these preva-

ence estimate results remained robust to the effects of missing

ata. 

Fig. 1 is a bubble plot showing the prevalence of hypoxaemia in

arious conditions across age groups. Among children, hypoxaemia
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Table 2 

Diagnostic case definitions. 

Diagnosis Diagnostic Definition and notes 

ALRI, acute lower respiratory infection Case definition (WHO) [23] : Cough or difficult breathing and any of: fast breathing, lower chest wall in-drawing. 

Severe ALRI Case definition (WHO) [23] : ALRI plus any of: central cyanosis, SpO 2 < 90%, severe respiratory distress (e.g. grunting, 

very severe chest wall in-drawing), general danger sign (inability to breastfeed/drink, lethargy or unconscious, 

convulsions). 

AFE, acute febrile encephalopathy Case definition [65] : Fever and any of: seizures, altered conscious state. This clinical syndrome includes viral and 

bacterial encephalopathies, cerebral malaria, and non-infective encephalopathies. 

Diarrhoea Case definition (WHO) [23] : > 3 loose stools per day, not > 14 days duration. 

Malaria Case definition (WHO) [23] : Fever (or history of fever) and positive malaria test (rapid test or microscopy). 

Sepsis Clinical diagnosis [23] : Based on assessment of fever (or history of fever) and a sign of severe illness or 

haemodynamic instability (e.g. inability to breastfeed/drink, lethargy or unconscious, convulsions, shock) without 

other cause. 

Seizures Case definition [23] : Seizures (or history of seizures). 

Meningitis / Encephalitis Clinical diagnosis [23] : Based on assessment of stiff neck, pain on neck flexion, bulging fontanelle, photophobia, 

altered conscious state. 

Haemoglobinopathy (typically sickle cell 

disease) 

Clinical diagnosis [23] : Based on history of haemoglobinopathy (e.g. SS disease) and admission signs of crisis (e.g. 

limb pain, stroke, chest pain). 

SAM, severe acute malnutrition. Case definition [23] : Weight-for-height less than −3 z scores of median (WHO growth standards), MUAC < 115 cm, 

or nutritionally-associated oedema (kwashiorkor). These parameters were not routinely assessed for all children, 

so likely underestimates the prevalence of SAM. 

URTI (upper respiratory tract infection) Clinical diagnosis: Based on assessment of upper airway obstruction/discharge, without signs of lung involvement. 

Asthma Clinical diagnosis [23] : Based on assessment of fast or difficult breathing, and wheezing, with bronchodilator 

response. 

Trauma, Burns, Poisoning Clinical diagnoses: Based on assessment of history (trauma, burns, poisoning). 

Typhoid fever Clinical diagnosis [23] : Based on assessment of fever (or history of fever) and gastrointestinal signs (e.g. 

constipation, vomiting, pain, hepatosplenomegaly), headache, cough, or rash, without other cause. 

HIV (human immunodeficiency virus) Clinical diagnosis [23] : Based on known history of HIV infection, positive HIV test result, or presentation with signs 

of HIV-related illness (e.g. pneumocystis jirovecii, oesophageal candidiasis) or possible HIV-related illness (e.g. 

oral thrush, recurrent infections). 

Small Case definition (WHO) [23] : < 2500 g birth weight. Low birth weight (LBW) 1500–2499 g; Very Low Birth Weight 

(VLBW) 1000–1499 g; Extremely Low Birth Weight (ELBW) < 1000 g. 

Preterm Case definition (WHO) [23] : < 37 weeks gestational age. Gestational age typically estimated from last menstrual 

period and/or ultrasound scan, but was unknown for the majority of participants. 

Neonatal sepsis (suspected) Clinical diagnosis: Based on assessment of temperature (high or low), altered conscious state, other signs of 

possible infection (e.g. umbilical discharge), major risk factors for sepsis (e.g. maternal chorioamnionitis). 

NE (Neonatal encephalopathy) Clinical diagnosis [66] : Based on assessment of persisting altered conscious state and seizures or other 

neurobehavioural symptoms (e.g. abnormal posturing, hypotonia, weak or absent suck or reflexes). 

Jaundice Clinical diagnosis: Based on clinical assessment (e.g. skin colour, feeding) and laboratory confirmation with serum 

bilirubin. 

Wherever possible we determined case status using recorded admission symptoms, signs, and laboratory testing (“case definition”). For diagnoses for which we were unable 

to determine cases from the documented clinical data we relied on the recorded admission diagnosis (“clinical diagnosis”). 
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as most prevalent in those with acute lower respiratory tract in-

ection (ALRI), affecting 1 in 3 children (36.1%) who met WHO cri-

eria for severe disease based on clinical signs, and 1 in 6 (16.6%)

hildren who had no other signs of severe disease. Hypoxaemia

as highly prevalent in children with asthma (20.4%), meningi-

is/encephalitis (17.4%), malnutrition (16.3%), and acute febrile en-

ephalopathy (AFE) (15.4%). 

Hypoxaemia affected 1 in 7 (15.3%) children with complicated

alaria and 1 in 20 (4.6%) children with uncomplicated malaria

 Table 3 , Fig. 1 ). In absolute numbers there were similar num-

ers of hypoxaemic children with diagnoses of ALRI ( n = 486),

onfirmed malaria ( n = 428), and acute febrile encephalopathy

 n = 412). Together these three presentations accounted for almost

hree-quarters of hypoxaemia cases (948/1304, 72.7%). 

Among neonates, hypoxaemia was highly prevalent in all three

f the major causes of mortality – prematurity (26.6%), sepsis

21.0%), and neonatal encephalopathy (33.4%) ( Table 3 , Fig. 1 ).

hese presentations accounted for almost all of the neonatal hy-

oxaemia cases (1218/1363, 89.4%). 

Table 3 presents hypoxaemia prevalence data for the most com-

on diagnostic categories. We found minor differences between

ypoxaemia prevalence when analysed by “any diagnosis” com-

ared to “primary diagnosis” (see Appendix 3). 

.2. Hypoxaemia as a risk factor for mortality 

Table 3 presents data on the relative odds of death comparing

ypoxaemic to non-hypoxaemic cohorts for the most common di-
gnoses. Hypoxaemia was a major predictor for mortality across all

ge groups and all diagnostic categories. The relative odds of death

ere higher in older children and those with conditions where hy-

oxaemia was less common (e.g. malaria versus ALRI). The risk of

eath was higher with lower admission SpO 2 ( Fig. 2 ). 

When adjusted for clustering, age, sex, comorbid diagnoses, and

he presence of the improved oxygen system, neonates who were

ypoxaemic on admission had 6-fold higher odds of death than

hose without hypoxaemia (aOR 5.6, 4.5–6.8), and hypoxaemic chil-

ren had 7-fold higher odds of death than those without hypox-

emia (aOR 7.3, 6.0–9.0) ( Table 3 ). 

.3. Oxygen therapy for hypoxaemia 

Table 4 presents oxygen use data for various age and diagnostic

ategories. Children and neonates with hypoxaemia received oxy-

en for a median duration of 1.5 days (IQR 0.5–3.5) with little

ariation across age groups. Children with ALRI tended to require

onger time on oxygen (median 2.5, IQR 1.5–3.5), as did preterm

eonates (median 2.5, IQR 1.5–4.5). Among children and neonates

ith hypoxaemia, the median recorded SpO 2 before starting oxy-

en therapy was 81% (IQR 67–88), with little variation across age

roups or presenting conditions. Clinicians appeared to follow the

uidelines regarding oxygen flow-rate, with neonates tending to be

tarted on 0.5–1.0 litre per minute (LPM), younger children on 1.0–

.5 LPM and older children on 1.0–2.0 LPM. Based on these data,

eonates with hypoxaemia can be expected to receive ∼3500 L of

xygen during admission, and children ∼50 0 0 L. These rates are
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Table 3 

Hypoxaemia on admission and corresponding case fatality rates and relative odds of death among children (aged < 15 years) admitted to 12 secondary-level hospitals in 

southwest Nigeria over a 2 year period (Nov 2015–Oct 2017 inclusive). 

Cohort / Condition No. (%) 

No. 

hypoxaemic 

(%) 

Hypoxaemia 

prevalence 

(95% CI) 

Case fatality rate 

(95% CI) 

Relative odds of death, hypoxaemic vs 

non-hypoxaemic, OR (95% CI) 

Crude Adjusted [1] 

Total 23,926 (100) 2667 (100) 14.1% (13.6–14.6) 6.0% (5.7–6.3) 8.4 (7.4–9.6) 7.9 (7.0–9.0) 

Neonates < 28 days 7473 (31.2) 1363 (51.1) 22.2% (21.2–23.2) 9.9% (9.3–10.6) 6.2 (5.2–7.3) 5.6 (4.5–6.8) 

Infants 28 days to 1 year 4619 (19.3) 543 (20.4) 15.6% (14.4–16.9) 5.6% (5.0–6.3) 8.2 (6.1–11.1) 7.7 (5.4–11.1) 

Children 1–4 years 8060 (33.7) 537 (20.1) 8.8% (8.1–9.5) 3.8% (3.4–4.3) 8.9 (6.7–11.9) 7.5 (5.5–10.2) 

Children 5–14 years 3671 (15.3) 220 (8.2) 7.2% (6.3–8.2) 3.4% (2.8–4.0) 9.5 (6.0–14.8) 7.6 (4.7–12.4) 

Female 10,468 (43.7) 1147 (43.0) 13.9% (13.2–14.7) 5.9% (5.5–6.4) 9.1 (7.5–11.0) 8.7 (7.2–10.5) 

Male 13,436 (56.1) 1519 (57.0) 14.3% (13.6–15.0) 6.0 (5.6–6.4) 7.9 (6.7–9.4) 7.3 (6.2–8.7) 

Government ( n = 7) 14,292 (59.7) 1507 (56.5) 14.6% (13.9–15.3) 5.3% (4.9–5.6) 8.1 (6.8–9.7) 8.0 (6.7–9.6) 

Mission ( n = 5) 9646 (40.3) 1160 (43.5) 13.6% (12.9–14.3) 7.1% (6.6–7.6) 9.0 (7.5–10.7) 8.2 (6.5–10.5) 

Small [2] ( n = 5) 3590 (15.0) 293 (11.0) 10.0% (8.9–11.1) 4.9% (4.2–5.6) 12.4 (8.5–18.0) 11.4 (7.8–16.5) 

Medium [2] ( n = 7) 20,348 (85.0) 2374 (89.0) 14.9% (14.3–15.5) 6.2% (5.9–6.5) 7.9 (6.9–9.1) 12.2 (7.9–18.8) 

Child diagnoses [3] 

Total children 16,453 (100) 1304 (100) 10.2% (9.7–10.8) 4.2% (3.9–4.5) 9.2 (7.7–11.0) 7.3 (6.0–9.0) 

Malaria 6166 (37.5) 428 (32.8) 8.5% (7.7–9.3) 2.9% (2.5–3.3) 9.4 (6.6–13.3) 6.6 (4.6–9.5) 

AFE 3526 (21.4) 412 (31.6) 15.4% (14.1–16.9) 8.6% (7.7–9.6) 7.2 (5.4–9.5) 6.5 (4.8–8.9) 

ALRI 2073 (12.6) 486 (37.3) 28.0% (25.9–30.2) 7.2% (6.1–8.4) 6.0 (4.0–8.9) 7.1 (4.6–10.9) 

Diarrhoea 2007 (12.2) 86 (6.6) 6.1% (4.9–7.5) 3.8% (3.0–4.7) 19.3 (10.5–35.0) 16.2 (7.8–33.6) 

Sepsis 5147 (31.6) 356 (27.3) 8.7% (7.8–9.6) 4.7% (4.1–5.3) 8.6 (6.2–11.8) 5.9 (4.1–8.3) 

Seizures 2081 (12.6) 238 (18.3) 14.3% (12.7–16.1) 7.7% (6.6–8.9) 6.8 (4.6–10.0) 6.3 (4.2–9.3) 

Meningitis/Encephalitis 521 (3.2) 75 (5.8) 17.4% (13.9–21.3) 14.1% (11.2–17.4) 4.4 (2.3–8.2) 4.5 (2.3–8.6) 

Haemoglobinopathy 739 (4.5) 56 (4.3) 9.1% (6.9–11.6) 3.4% (2.2–5.0) 4.8 (1.6–13.1) 2.9 (0.9–9.2) 

Malnutrition (SAM) 324 (2.0) 45 (3.5) 18.0% (13.4–23.3) 16.4% (12.5–20.9) 6.5 (3.0–14.2) 14.6 (4.6–46.6) 

URTI 680 (4.2) 37 (2.8) 6.8% (4.9–9.3) 1.0% (0–2.1) 9.8 (0.8–87.7) –

Asthma 109 (0.7) 20 (1.5) 20.4% (12.9–29.7) 0.9% (0.0–5.0) – –

Trauma, Burns, Poisoning 351 (2.2) 20 (1.5) 7.1% (4.4–10.8) 2.0% (0.8–4.1) 4.5 (0.1–58.5) –

Typhoid 371 (2.3) 13 (1.0) 4.1% (2.2–6.8) 3.5% (1.9–5.9) 16.6 (3.0–76.0) 21.6 (1.9–241.3) 

HIV 21 (0.1) 2 (0.2) 10.5% (1.3–33.2) 19.0% (5.4–41.9) – –

Neonatal diagnoses [4] 

Total neonates 7473 (100) 1363 (100) 22.2% (21.2–23.2) 9.9% (9.3–10.6) 6.2 (5.2–7.3) 5.6 (4.5–6.8) 

Small / Preterm 1770 (23.7) 387 (28.4) 25.8% (23.6–28.1) 17.5% (15.7–19.3) 4.3 (3.2–5.7) 4.6 (3.3–6.3) 

Small ( < 2500 g) 1399 (18.7) 311 (22.8) 26.4% (23.9–29.0) 17.6% (15.7–19.7) 4.9 (3.5–6.8) 5.5 (3.8–7.8) 

- LBW 1105 (14.8) 228 (16.7) 24.3% (21.5–27.1) 10.8% (9.0–12.7) 7.1 (4.5–11.2) 7.7 (4.8–12.6) 

- VLBW 231 (3.1) 58 (4.3) 30.7% (24.2–37.8) 32.0% (26.1–38.5) 2.7 (1.4–5.5) 3.1 (1.4–6.9) 

- ELBW 63 (0.8) 25 (1.8) 52.1% (37.2–66.7) 85.7% (74.6–93.3) 0.7 (0.1–6.8) –

Preterm ( < 37 wks) 1326 (17.7) 299 (21.9) 26.6% (24.1–29.3) 19.6% (17.5–21.9) 3.5 (2.5–4.7) 3.6 (2.5–5.1) 

Neonatal encephalopathy 2850 (40.4) 821 (60.2) 33.4% (31.6–35.3) 13.2% (12.0–14.5) 4.1 (3.2–5.3) 4.2 (3.2–5.6) 

Neonatal sepsis 3884 (54.9) 671 (49.2) 21.0% (19.6–22.4) 10.0% (9.0–10.9) 5.9 (4.6–7.6) 5.6 (4.2–7.4) 

Jaundice 1692 (24.06) 115 (8.4) 8.8% (7.3–10.5) 4.4% (3.5–5.5) 10.1 (5.8–17.6) 8.0 (4.0–16.2) 

(1) Adjusted for clustering, time, age, sex, comorbidity, and presence of improved oxygen system using generalised linear mixed model (GLMM); (2) Hospital size: Small 

- < 500 annual paediatric (U/15) admissions; Medium – 50 0–250 0 annual paediatric (U/15) admissions; (3) Malaria, AFE, ALRI, Diarrhoeal, SAM diagnoses based on case 

definition, other diagnoses based on recorded admission diagnosis; (4) Small and preterm diagnoses based on recorded birthweight and gestation, other diagnoses based on 

recorded admission diagnosis. AFE = acute febrile encephalopathy (fever on history or examination PLUS altered conscious state or seizures); ALRI = acute lower respiratory 

infection (cough or difficult breathing PLUS fast breathing for age or lower chest wall in-drawing); Diarrhoea case definition = > 3 loose stools per day, not for > 14 days 

duration; ELBW = extremely low birth weight ( < 10 0 0 g); Hypoxaemia = SpO 2 < 90%; LBW = low birth weight (1500–2499 g); Small / Preterm = < 2500 g birthweight or < 37 

weeks gestational age; SAM = severe acute malnutrition (ght-for-height less than −3 z scores of median (WHO growth standards), MUAC < 115 mm, or nutritionally-associated 

oedema (kwashiakor)); URTI = upper respiratory tract infection; VLBW = very low birth weight (10 0 0–1499 g). 
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slightly higher for children with ALRI ( ∼5990 L), AFE ( ∼6480 L) and

preterm neonates ( ∼4608 L). 

3.4. Clinical signs to predict hypoxaemia 

Table 5 shows the predictive value of individual clinical signs

for hypoxaemia, recorded during routine care, in sick neonates,

infants, younger and older children. In neonates, the most use-

ful sign was tachypnoea with both RR ≥50 and ≥60 bpm cut-offs

resulting in sensitivity and specificity between 46% and 69%. Se-

vere respiratory distress and inability to feed had high specificity

(93%|84%) but low sensitivity (34%|31%), while the highly specific

signs of central cyanosis, decreased conscious state and hypotonia

all had very low sensitivity. In infants, severe respiratory distress

and tachypnoea (RR ≥50 bpm) both had moderately high sensitiv-

ity (40%|61%) and specificity (90%|74%). Tachypnoea (RR ≥40 bpm)

remained useful in children aged 1–15 years while respiratory dis-

tress was specific but not sensitive (specificity 93–97%, sensitivity

18–27%) in older age groups. 
Table 6 shows the predictive value of various combinations of

linical signs. The WHO model (consisting of any of the follow-

ng: RR ≥70 bpm, central cyanosis, severe chest wall in-drawing,

runting, or inability to feed) would have identified the majority of

eonates and children with hypoxaemia (sensitivity 57%) with rea-

onable specificity (72%). The predictive value could be increased

y using age-specific cut-offs for tachypnoea (neonate ≥70 bpm;

nfant ≥60 bpm; young child ≥50 bpm; older child ≥40 bpm)

Model 2 – sensitivity 65%, specificity 67%). Further modification

sing conscious state (Model 3) and tachycardia (Heart rate ≥160

eats per min, Model 4) provided marginal improvements in sen-

itivity at the cost of specificity. 

. Discussion 

Our study reports on hypoxaemia and oxygen use in hospi-

alised children, across multiple sites, multiple clinical conditions,

nd from birth to mid-adolescence, using data recorded during

outine care. Our data fill important evidence gaps, showing that
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Fig. 1. Bubble plot showing hypoxaemia prevalence on admission ( y -axis), of children ( < 15 years of age) admitted to 12 hospitals in southwest Nigeria (November 2015 to 

October 2017, inclusive): by condition (labelled bubbles) and age group ( x -axis). Size (area) of bubbles represent the number of affected participants. 

AFE = acute febrile encephalopathy; ALRI = acute lower respiratory infection; AS = asthma; D = diarrhoea; HG = haemoglobinopathy; HIV = HIV/AIDS; JN = neonatal jaun- 

dice; M = malaria; ME = meningitis/encephalitis; NE = neonatal encephalopathy; NSS = neonatal sepsis; PT/S = preterm/small; SAM = severe acute malnutrition; SS = sepsis; 

SZ = seizures; TY = typhoid; URTI = upper respiratory tract infection. Blue = respiratory condition; Red = other infectious condition; Yellow = non-infectious condition. Malaria, 

AFE, ALRI, Diarrhoeal, SAM diagnoses based on case definition, small and preterm diagnoses based on recorded birthweight and gestation, other diagnoses based on recorded 

admission diagnosis. 
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ypoxaemia is highly prevalent in hospitalised children aged 0–15

ears with both respiratory and non-respiratory conditions, and is

 major independent risk factor for death. Our data on hypoxaemia

revalence and oxygen use is important for national and global ef-

orts to scale up pulse oximetry and oxygen therapy, providing es-

ential data to inform quantification estimates on oxygen require-

ents and potential clinical impact. 

.1. Hypoxaemia prevalence 

.1.1. Hypoxaemia in pneumonia 

Our hypoxaemia prevalence estimates for children admitted

ith ALRI were higher than reported by Subhi et al. in a 2009

ystematic review [2] (28% in our study, versus median of 13%

n the systematic review), especially when compared with the

 included studies from Africa (all ≤10%). Our study only in-

luded low-altitude secondary-level hospitals, whereas most of

he studies in the 2009 review reporting higher hypoxaemia

revalence were from tertiary-level facilities and/or higher el-

vations. Our findings are consistent with more recent studies

rom large African hospitals (ALRI hypoxaemia prevalence 28–43%)

32–34] , including tertiary hospitals in southwest Nigeria (42–49%)

 9 , 35 ]. We are aware of similar prevalence rates (51%) in a recent

urvey of 30 hospitals of various sizes in northern Nigeria (per-
onal correspondence, Chizoba Fashanu/CHAI Nigeria, 25 August

018). 

Our findings and these recent studies suggest that hypoxaemia

revalence in children with ALRI may be higher than previously

ecognised in Africa. This may mean that modelling effort s have

nderestimated the extent of hypoxaemia and the potential impact

f scaling up pulse oximetry and oxygen therapy [7] . 

.1.2. Hypoxaemia in other conditions 

Our data show higher hypoxaemia prevalence in other condi-

ions than most studies in the 2009 hypoxaemia review and more

ecent studies (malaria 8.5% versus 2.9–17.1%, meningitis 17.1 vs

.7–14.6, malnutrition 16.3 vs 1.8–8.3, seizures 14.3 vs 11.8, diar-

hoea 6.1 vs 0–4.7) [ 2 , 8-15 ], but similar results to a major tertiary

ospital in the same region of Nigeria [ 8 , 9 ]. Our data show hypox-

emia prevalence among neonates is high (22%), with similar over-

ll rates to other studies from Africa (17–41%) [ 2 , 9 , 10 , 14 , 15 ] and

articularly high prevalence among preterm neonates (27%) and

hose with neonatal encephalopathy (33%). 

Our study reported hypoxaemia prevalence at the point of ad-

ission, classified according to clinical signs and diagnoses (also

ecorded on admission). It is possible that respiratory illnesses

ere under-recognised. For example, pneumonia is challenging to

iagnose clinically, particularly in settings with high HIV, malnutri-
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Predicted values based on simple logistic regression model for each age group (no adjustment for clustering or confounders). Probability 
of death may have been higher in the absence of oxygen therapy.

Fig. 2. Predicted probability of death according to oxygen saturation, among 23,938 neonates and children in 12 secondary-level hospitals in southwest Nigeria. 

Predicted values based on simple logistic regression model for each age group (no adjustment for clustering or confounders). Probability of death may have been higher in 

the absence of oxygen therapy. 
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tion, and malaria prevalence (conditions which may share or hide

the non-specific signs of pneumonia) – even with expert clinical

assessment and chest radiography [36–38] . Diagnostic overlap and

uncertainty is even more pronounced in the most severely unwell

children, many of whom will have multiple pathological processes

occurring simultaneously and clinical signs that evolve over time. 

Given that we included comorbid diagnoses, the prevalence of

hypoxaemia in those with non-respiratory illnesses may have been

driven by comorbid respiratory illness (e.g. diarrhoea and pneumo-

nia). Interestingly, our results remained robust when analysed by

primary diagnosis (i.e. excluding secondary diagnoses), suggesting

that hypoxaemia was real in many children and neonates present-

ing with a non-respiratory primary illness. This is understandable,

as various pathologic processes can lead to hypoxaemia, including:

• hypoventilation (e.g. seizures, acute encephalopathy), 

• systemic inflammation causing water retention, capillary leak

and lung oedema (e.g. malaria, sepsis, systemic viral infections)

• secretions leading to airway obstruction (e.g. seizures) 

• respiratory muscle weakness leading to atelectasis (e.g. malnu-

trition) 

• pulmonary hypertension causing shunting (e.g. neonatal illness)

Irrespective of the underlying cause of hypoxaemia, or whether

respiratory illness were under-recognised, high overall prevalence

of hypoxaemia strongly supports the routine use of pulse oxime-

try for all acutely unwell children and neonates on admission to

hospital. 

4.2. Hypoxaemia as a risk factor for death 

Recent meta-analyses have reported that hypoxaemia

(SpO 2 < 90%) increased the odds of death five-fold (OR 5.47,

95% CI 3.93–7.63) in children with pneumonia [3] and three-fold
n critically ill children in general (OR 3.1; 1.79–5.48) [39] (com-

ared to those without hypoxaemia). Our study found similarly

ncreased odds of death for hypoxaemia in children with ALRI

OR 6.0; 95% CI 4.0–8.9) as well as increased odds of death in

ther respiratory and non-respiratory conditions, across all age

roups. This increased odds of death remained substantial when

djusted for age, co-morbidity and clustering – suggesting that

ypoxaemia is a late-stage complication of many conditions that

o not primarily involve the lungs. 

.3. Signs of hypoxaemia 

Previous studies have explored the utility of various clini-

al signs to identify hypoxaemia in children with pneumonia

 16 , 32 , 33 , 40–49 ], but few have addressed this question in non-

neumonia cohorts or compared different diagnoses [ 9 , 10 ]. We

ound no individual or combination of clinical signs that reliably

redict hypoxaemia and note significant difference in predictive

bility of particular signs between respiratory and non-respiratory

onditions (i.e. respiratory signs are more prevalent and sensitive

or hypoxaemia in respiratory conditions, and less prevalent but

ore specific for hypoxaemia in non-respiratory conditions). 

We found that the WHO combination of signs for hypoxaemia

redicted hypoxaemia in neonates and infants moderately well.

owever, the WHO combination will miss most cases of hypox-

emia in children aged over 1 year and can be improved by using

ge-specific tachypnoea cut-offs. This modified WHO combination

as moderately high sensitivity and specificity overall (65% sen-

itivity, 67% specificity) and very high sensitivity for hypoxaemia

n ALRI (sensitivity 92%, specificity 25%). However, while it may

e appropriate to use such combinations of clinical signs to guide

xygen therapy in hospitals where pulse oximetry is not available,

ulse oximetry remains a far superior diagnostic tool. 
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.4. Practical implications 

Pulse oximetry and oxygen therapy are essential medical prac-

ices that are poorly available to hospitalised children globally

 5 , 50–54 ]. International collaborations recently formed to address

xygen access in key high burden countries (e.g. United for Oxy-

en Alliance, Every Breath Counts coalition). Ethiopia and Nigeria

ave led the way in launching national strategies for the scale up

f pulse oximetry and oxygen therapy. However, lack of data on

hich to base oxygen quantification estimates have hampered pro-

ram planning and advocacy, and individual hospitals have strug-

led to know how they should respond. 

At the hospital management level, our data show that hypox-

emia is common in many conditions – including all the biggest

auses of child mortality in Nigeria. Hypoxaemic children typi-

ally require 350 0–50 0 0 L of oxygen over 2–3 days. Small hospitals

 < 500 child admissions annually) may admit up to 50 hypoxaemic

hildren per year, requiring oxygen for 2–3 days, and consuming

pproximately 20 0,0 0 0 L of oxygen annually. Medium-sized hos-

itals (50 0–150 0 child admissions annually) may admit 10 0–20 0

ypoxaemic children/neonates per year using up to 1 million litres

f oxygen, and larger hospitals will likely admit new hypoxaemic

hildren/neonates every day and use over 1 million litres of oxygen

nnually. 

At a policy and planning level, our data support calls for the

outine use of pulse oximetry in all neonates and children admit-

ed to hospital, irrespective of diagnosis [ 22 , 55 ].We know health-

are workers (including low-level community-based healthcare

orkers) are able to use pulse oximetry effectively [ 6 , 22 , 52 , 56–58 ].

owever, introducing pulse oximetry into routine care is challeng-

ng and requires a multi-faceted approach (e.g. clinical guidelines,

quipment, education, record keeping, finances, and policies) [22] .

aking pulse oximetry a “vital sign” (along with heart rate, res-

iratory rate and temperature) may facilitate faster adoption, but

oes require more oximeters and more measurement time [22] .

ncouragingly, pulse oximeters are becoming more affordable (e.g.

he Lifebox Foundation [25] ) and, while time is an initial barrier to

ulse oximetry uptake, nurses embrace it as a tool that enhances

fficiency [22] . 

For researchers, future studies and modelling efforts regarding

he utility of pulse oximetry and oxygen should consider the po-

ential impact for neonates and children with non-pneumonia con-

itions. 

.5. Limitations 

We report data from a large multi-centre study involving sec-

ndary level hospitals at low-altitude locations in southwest Nige-

ia. These data can inform oxygen estimates and program planning,

ut they will not negate the need for locally-acquired operational

ata (and we did not investigate other important indications for

xygen in anaesthetic, obstetric or adult patient care). 

We relied on pulse oximetry measurements obtained during

outine care by hospital healthcare workers using low-cost hand-

eld pulse oximeters. Findings from our supervision visits and a

argeted audit of nurses’ pulse oximetry practices showed high

dherence to recommended procedures, low measurement fail-

re rates, and consistency in the number and duration of at-

empts across different hospitals [22] . Lifebox oximeters do not

ave motion-resistance or low-perfusion technology, but have been

alidated for use in children and neonates and displayed equivalent

ccuracy to leading commercial brands in the US [ 24 , 59 ]. 

We used a single definition of hypoxaemia (SpO 2 < 90%) ir-

espective of participant age or condition in keeping with WHO

ecommendations [23] . We recognise that particular clinical situa-

ions may warrant more liberal or conservative application of oxy-
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Table 5 

Hypoxaemia prevalence, sensitivity, specificity, positive likelihood ratio (LR + ) and negative likelihood ratio (LR-) for presenting clinical signs among children in 12 secondary- 

level hospitals in southwest Nigeria (Nov 2015 to Oct 2017 inclusive). 

Clinical sign [1] 

Neonate < 28 days Infant 28 days-1 year 

N (%) AUC Sensitivity Specificity LR + LR- N (%) AUC Sensitivity Specificity LR + LR- 

RR ≥70bpm 915 0.561 25% 88% 1.98 1.75 301 0.602 26% 94% 4.57 0.784 

15.1% 22–27 87–89 8.9% 22–30 93–95 

RR ≥60bpm 2059 0.577 46% 69% 1.5 0.779 700 0.659 47% 84% 3.02 0.624 

33.9% 43–49 68–71 20.6% 43–52 83–86 

RR ≥50bpm 3279 0.557 63% 49% 1.22 0.764 1079 0.672 61% 74% 2.3 0.533 

54.0% 60–66 47–50 31.7% 56–65 72–75 

RR ≥40bpm 5180 0.504 86% 15% 1.01 0.945 2038 0.614 79% 44% 1.4 0.476 

85.4% 84–88 14–16 59.9% 76–83 42–45 

Heart rate > 160bpm 781 0.563 23% 90% 2.25 0.861 741 0.579 35% 81% 1.83 0.805 

12.9% 20–25 89–91 21.8% 31–39 79–82 

Severe respiratory 

distress 

510 0.636 34% 93% 5.03 0.709 510 0.651 40% 90% 4.03 0.665 

8.4% 31–37 93–94 15.0% 36–44 89–91 

Central cyanosis 168 0.533 8% 99% 6.15 0.933 24 0.507 2% 100% 3.86 0.986 

2.8% 6 to 9 98–99 0.7% 1 to 3 99–100 

Unable to feed 1202 0.573 31% 84% 1.89 0.826 663 0.508 20% 81% 1.09 0.98 

19.8% 28–33 83–85 19.5% 17–24 80–83 

Seizures 375 0.520 9% 95% 1.77 0.957 249 0.521 11% 94 1.64 0.955 

6.2% 8 to 11 94–95 7.3% 8 to14 93–94 

Decreased consciousness 257 0.541 11% 98% 4.47 0.916 408 0.547 20% 90% 1.92 0.895 

4.2% 9 to 12 97–98 12.0% 16–23 89–91 

Hypotonia 214 0.524 7% 98% 2.96 0.951 na na na na na na 

3.5% 6 to 9 97–98 

Shock na na na na na na 12 0.506 1% 100% 7.63 0.989 

0.4% 1 to 3 100–100 

Severe dehydration na na na na na na 194 0.513 8% 95% 1.51 0.972 

5.7% 6 to 10 94–96 

Clinical sign [ 1 ] 

Young Child 1–4 years Older Child 5–14 years 

N (%) AUC Sensitivity Specificity LR + LR- N (%) AUC Sensitivity Specificity LR + LR- 

RR ≥70bpm 140 0.533 8% 98% 4.79 0.933 20 0.516 4% 100% 8.67 0.967 

2.3% 6 to 11 98–99 0.7% 2 to 7 99–100 

RR ≥60bpm 472 0.589 24% 94% 3.85 0.809 72 0.545 11% 98% 6.1 0.909 

7.8% 21–28 93–94 2.4% 7 to 16 98–99 

RR ≥50bpm 913 0.642 41% 87% 3.24 0.675 161 0.579 20% 96% 4.74 0.835 

15.2% 37–45 86–88 5.3% 15–26 95–97 

RR ≥40bpm 2360 0.657 68% 64% 1.86 0.505 566 0.634 44% 83% 2.59 0.677 

39.2% 64–72 62–65 18.8% 37–51 82–85 

Heart rate > 160bpm 740 0.578 27% 89% 2.45 0.824 62 0.531 8% 98% 4.89 0.937 

12.3% 23–30 88–90 2.1% 5 to 12 98–99 

Severe respiratory 

distress 

511 0.602 27% 93% 4.12 0.781 124 0.576 18% 97% 6.14 0.843 

8.5% 23–31 93–94 4.1% 13–24 96–98 

Central cyanosis 32 0.507 2% 100% 4.73 0.985 21 0.518 4% 100% 9.66 0.963 

0.5% 1 to 3 99–100 0.7% 2 to 8 99–100 

Unable to feed 1355 0.476 18% 77% 0.784 1.06 589 0.482 16% 81% 0.814 1.05 

22.5% 15–21 76–79 19.6% Nov-21 79–82 

Seizures 1056 0.545 26% 84 1.55 0.892 347 0.544 20% 89% 1.82 0.901 

17.5% 22–29 83–85 11.5% 15–25 88–90 

Decreased 

consciousness 

1073 0.595 35% 84% 2.2 0.775 467 0.577 30% 86% 2.08 0.821 

17.8% 31–39 83–85 15.5% 24–36 85–87 

Hypotonia na na na na na na na na na na na na 

Shock 20 0.503 1% 100% 3.47 0.993 5 0.509 2% 100% 51.5 0.982 

0.3% 0–2 100–100 0.2% 0–5 100–100 

Severe dehydration 193 0.504 4% 97 1.27 0.991 48 0.516 5% 99% 3.39 0.968 

3.2% 2 to 6 96–97 1.6% 2 to 8 98–99 

1 – assumes that if a sign is not documented, it was not present. AUC = the area under the ROC curve; LR + positive likelihood ratio (LR + = sensitivity/(1-specificity)); LR- 

negative likelihood ratio (LR- = specificity/(1-sensitivity)). A positive LR > 10 and a negative LR < 0.1 are considered to exert highly significant changes in probability, such as 

to alter clinical management. na = not applicable. Decreased consciousness = confusion, unconscious, difficult to wake. Severe respiratory distress = any of: severe chest wall 

in-drawing, grunting, gasping, tracheal tug, head nodding. Signs of shock = cold hands, capillary refill > 3 s, fast and weak pulse, low or unmeasurable blood pressure. Signs 

of severe dehydration = sunken eyes, decreased skin turgor. 
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gen therapy due to the relative risk of tissue hypoxia (e.g. brain in-

jury, severe anaemia) or the underlying cause and duration of hy-

poxaemia (e.g. congenital heart disease). We recognise that normal

saturations can be lower for neonates immediately after birth and

can vary by probe location (pre-ductal versus post-ductal). How-

ever, studies in similar settings have reported that more than 95%
f SpO 2 readings are ≥90% even in the first hours of life (irrespec-

ive of probe location) [60] . 

We extracted data from routine clinical care documents using

n approach similar to others conducting implementation research

hrough clinical research networks [61] . Our use of dedicated re-

earch nurses who extracted data immediately after discharge min-
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Table 6 

Hypoxaemia prevalence, sensitivity, specificity, positive likelihood ratio (LR + ) and negative likelihood ratio (LR-) for combinations of clinical signs among children in 12 

secondary-level hospitals in southwest Nigeria (Mar 2016-Mar 2017). 

Model Population N (%) AUC Sensitivity Specificity LR + LR–

Model 1 (WHO) Overall 6017 (32.0) 0.646 57% 72% 2.05 0.596 

- Neonate 2292 (37.3) 0.675 65% 71% 2.2 0.503 

- Infant 1220 (35.1) 0.659 62% 70% 2.05 0.546 

- Young child 1785 (29.2) 0.574 43% 72% 1.53 0.795 

- Older child 701 (22.9) 0.553 33% 78% 1.48 0.865 

- ALRI 1011 (58.2) 0.610 74% 48% 1.42 0.541 

- AFE 912 (34.2) 0.579 48% 68% 1.5 0.768 

- Malaria 1502 (29.8) 0.581 45% 72% 1.6 0.774 

- Preterm 644 (42.9) 0.632 63% 64% 1.73 0.587 

- Neonatal encephalopathy 1281 (40.1) 0.672 67% 67% 2.05 0.488 

- Neonatal sepsis 1190 (48.5) 0.615 64% 59% 1.56 0.613 

Model 2 Overall 7132 (37.9) 0.656 65% 67% 1.93 0.532 

- Neonate 2292 (37.3) 0.675 65% 71% 2.2 0.503 

- Infant 1466 (42.2) 0.677 72% 63% 1.96 0.442 

- Young child 2265 (37.0) 0.628 60% 65% 1.74 0.608 

- Older child 1090 (35.7) 0.614 57% 66% 1.67 0.655 

- ALRI 1388 (80.0) 0.581 92% 25% 1.21 0.343 

- AFE 1191 (44.6) 0.612 64% 59% 1.55 1.42 

- Malaria 1964 (39.0) 0.626 62% 63% 1.69 0.6 

- Preterm 644 (42.9) 0.632 63% 64% 1.73 0.587 

- Neonatal encephalopathy 1281 (40.1) 0.672 67% 67% 2.05 0.488 

- Neonatal sepsis 1190 (48.5) 0.615 64% 59% 1.56 0.613 

Model 3 Overall 8162 (43.4) 0.655 70% 61% 1.8 0.494 

- Neonate 2326 (37.9) 0.491 66% 70% 2.19 0.491 

- Infant 1650 (47.5) 0.675 77% 58% 1.83 0.397 

- Young child 2824 (46.1) 0.653 74% 57% 1.71 0.458 

- Older child 1341 (43.9) 0.628 68% 58% 1.61 0.557 

- ALRI 1423 (82.0) 0.575 93% 22% 1.19 1.15 

- AFE 2027 (75.9) 0.574 88% 26% 1.2 0.442 

- Malaria 2408 (47.8) 0.637 73% 55% 1.6 0.497 

- Preterm 652 (43.5) 0.635 64% 64% 1.74 0.574 

- Neonatal encephalopathy 1295 (40.5) 0.676 68% 67% 2.06 0.475 

- Neonatal sepsis 1205 (49.1) 0.616 65% 59% 1.56 0.604 

Model 4 Overall 9573 (50.9) 0.653 77% 54% 1.66 0.429 

- Neonate 2948 (48.0) 0.669 74% 60% 1.84 0.431 

- Infant 2035 (58.5) 0.657 85% 46% 1.59 0.322 

- Young child 3189 (52.1) 0.646 79% 51% 1.59 0.421 

- Older child 1370 (44.8) 0.633 70% 57% 1.62 1.47 

- ALRI 1501 (86.5) 0.560 95% 17% 1.14 0.293 

- AFE 2128 (79.7) 0.568 91% 22% 1.18 0.39 

- Malaria 2756 (54.7) 0.637 80% 48% 1.52 0.422 

- Preterm 816 (54.4) 0.635 74% 53% 1.57 0.487 

- Neonatal encephalopathy 1646 (51.5) 0.651 75% 55% 1.67 0.448 

- Neonatal sepsis 1406 (57.2) 0.620 73% 51% 1.49 0.528 

Model 1 (WHO) = Respiratory rate ≥70 breaths per minute (bpm), Central cyanosis, Severe respiratory distress (any of: severe chest wall in-drawing, grunting, gasping, 

tracheal tug, head nodding), Inability to feed. 

Model 2 = Model 1 with age-specific tachypnoea (Neonate ≥70 bpm; Infant ≥60 bpm; Young child ≥50 bpm; Older child ≥40 bpm). 

Model 3 = Model 2 plus Decreased conscious state (unconscious/difficult to rouse/confused). 

Model 4 = Model 3 plus Heart rate ≥160 beats per minute. 

ALRI = acute lower respiratory infection; AFE = acute febrile encephalopathy; AUC = the area under the ROC curve; LR + positive likelihood ratio (LR + = sensitivity/(1- 

specificity)); LR- negative likelihood ratio (LR- = specificity/(1-sensitivity)). A positive LR > 10 and a negative LR < 0.1 are considered to exert highly significant changes in 

probability, such as to alter clinical management. 
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mised the amount of missing data, and our audit of documenta-

ion practices prior to starting the study reassured us that docu-

entation practices overall were excellent [21] . Nonetheless, some

linical signs may not have been identified and/or documented cor-

ectly, resulting in under-identification of some signs (and possi-

ly over-identification of others). To address anticipated missing

ata on gestational age (prematurity was only recorded in 32%

f neonates) we reported the composite “small/preterm” category

birth weight was recorded in 91%) [ 62 , 63 ]. 

We recognise the limits of our diagnostic classifications, and

he particular challenges in pneumonia [64] . We aimed to increase

eliability of diagnosis by (i) using standardised case definitions

ased on objectively recorded signs, symptoms, and investigations

rom the time of admission (rather than clinician diagnosis alone)

nd (ii) considering multiple diagnoses and adjusting for them

n analysis (rather than selecting an arbitrary ‘primary’ diagno-
is). For ALRI, we used the widely accepted WHO definition that

s regarded as simple, sensitive, and generalizable with the main

imitation being inclusion of a heterogenous group of aetiologies

viral, bacterial and other) [64] . Importantly, our prevalence esti-

ates reflect hypoxaemia prevalence in real-life clinical contexts

nd are reported according to diagnoses and syndromes that front-

ine healthcare workers can identify. These estimates may be dif-

erent in a more controlled trial setting. If our results are influ-

nced by under-recognition of respiratory compromise this would

urther support the importance of using pulse oximetry as an ob-

ective tool to identify hypoxaemia in the high-risk population of

ospitalised children. 

Mortality is influenced by contextual factors related to case-mix

nd severity of illness (e.g. care-seeking, admission criteria) and

uality of care (e.g. time, staffing, adherence to guidelines, equip-

ent). We accounted for some of these variables through adjust-
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ment and stratified reporting, but will explore these issues more

fully in a separate paper focussing on clinical outcomes. 

We believe that our findings are representative of hypoxaemia

as it is encountered among children and neonates admitted to

small and medium-sized hospitals in Nigeria. While the precise

estimates will vary in other regions, we believe our findings will

have wide relevance to healthcare workers and managers in other

LMICs, particularly in Africa. 

5. Conclusions 

Hypoxaemia is common in respiratory and non-respiratory

acute childhood illness and increases the risk of death substan-

tially. Given the limitations of clinical assessment, pulse oximetry

is an essential tool for detecting hypoxaemia, and should be part

of the routine assessment of all hospitalised neonates and children.

Effort s to scale up pulse oximetry and oxygen therapy should con-

sider the needs of, and potential impact on, neonates and children

with non-pneumonia conditions. 
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