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Background Pulse oximetry has potential for identifying hypoxaemic pneumonia and substantially reducing under-
five deaths in low- and middle-income countries (LMICs) setting. However, there are few examples of introducing
pulse oximetry in resource-constrained paediatric outpatient settings, such as Integrated Management of Childhood
Illness (IMCI) services.

Methods The National IMCI-programme of Bangladesh designed and developed a district implementation model
for introducing pulse oximetry in routine IMCI services through stakeholder engagement and demonstrated the
model in Kushtia district adopting a health system strengthening approach. Between December 2020 and June
2021, two rounds of assessment were conducted based on WHO's implementation research framework and out-
come variables, involving 22 IMCI service-providers and 1680 children presenting with cough/difficulty-in-breath-
ing in 12 health facilities. The data collection procedures included structured-observations, re-assessments,
interviews, and data-extraction by trained study personnel.

Findings We observed that IMCI service-providers conducted pulse oximetry assessments on all eligible children in rou-
tine outpatient settings, of which 99% of assessments were successful; 85% (95% CI 83,87) in one attempt, and 69%
(95% CI 67,71) within one minute. The adherence to standard operating procedure related to pulse oximetry was 92%
(95% CI 91,93), and agreement regarding identifying hypoxaemia was 97% (95% CI 96,98). The median performance-
time was 36 seconds (IQR 20,75), which was longer among younger children (2-11 months: 44s, IQR 22,78; 12-59
months: 30s, IQR 18,53, p < 0.01) and among those classified as pneumonia/severe-pneumonia than as no-pneumonia
(41s, IQR 22,70; 32s, IQR 20,62, p < 0.01). We observed improvements in almost all indicators in round-2. IMCI ser-
vice-providers and caregivers showed positive attitudes towards using this novel technology for assessing their children.

Interpretation This implementation research study suggested the adoption, feasibility, fidelity, appropriateness,
acceptability, and sustainability of pulse oximetry introduction in routine IMCI services in resource-poor settings.
The learning may inform the evidence-based scale-up of pulse oximetry linked with an oxygen delivery system in
Bangladesh and other LMICs.
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Research in context

Evidence before this study

We conducted a literature review to summarise the
experiences of introducing and integrating pulse oxime-
try in resource-constrained paediatric outpatient set-
tings. We searched in Medline, PubMed and Web of
Science databases with the following search strategy:
"pulse oximetry" AND "implementation outcome varia-
bles such as appropriateness, acceptability, adoption,
adherence, coverage, feasibility, fidelity, performance,
sustainability, usability, utility, impact" AND "low-and
middle-income countries". All studies published from 01
January 2014, to 03 February, 2022 were included. Sev-
eral studies have reported various aspects of introduc-
ing and performing pulse oximetry, but few adopted a
comprehensive approach assessing the implementation
aspects in real-life settings based on WHO-recom-
mended implementation outcome variables. We have
identified several studies on performance of pulse oxim-
etry assessment for childhood pneumonia, but these
studies were mostly implementation research con-
ducted in clinical settings.

Added value of this study

We adopted a health system strengthening approach
for introducing pulse oximetry in routine Integrated
Management of Childhood Illness (IMCI) services in Ban-
gladesh and developed a district model of implementa-
tion under government leadership with active
involvement and engagement of national- and district-
level stakeholders and service-providers. We conducted
the implementation research based on WHO's imple-
mentation research framework, where the research
questions were finalised in consultation with the
National IMCI-programme, district managers and IMCI
service-providers. This is to the best of our knowledge
the first study reporting most of WHO's implementation
outcome variables related to pulse oximetry introduc-
tion in routine outpatient settings by government-
employed IMCI service-providers.

Implications of all the available evidence

Our study suggested that the district implementation
model through a health system strengthening approach
was successful as the IMCI service-providers adopted
the new technology and could perform pulse oximetry
successfully, efficiently and accurately without facing
significant difficulties. The policymakers can consider
from this experience to take an evidence-based deci-
sion for integration and scale-up of pulse oximetry in
routine IMCI services with an improved oxygen delivery
system in Bangladesh and other low- middle-income
countries.
Introduction
Pneumonia is the leading cause of childhood mortality,
accounting for approximately 16% of under-five deaths
globally.1 The majority of these deaths occur in low- and
middle-income countries (LMICs) and most are pre-
ventable.1-3 It takes more lives than any other causes in
post-neonatal periods, specially in low-resource set-
tings.4 In Bangladesh, it causes approximately one mil-
lion episodes of severe-illness and 24,000 under-five
deaths every year.5,6 Around 30% children with pneu-
monia suffer from hypoxaemia, defined by low oxygen
saturation in arterial blood (SpO2), and is a strong pre-
dictor of hospitalisations and deaths.7,8 Pulse oximetry
is an accurate and non-invasive procedure to measure
SpO2 at point of care.9 It can significantly improve
childhood pneumonia classification through hypoxae-
mia identification and substantially reduce deaths in
LMIC settings.9

In 2014, the World Health Organization (WHO)
updated its outpatient-based child-curative care guide-
lines, i.e., Integrated Management of Childhood Illness
(IMCI) and recommended introducing pulse oximetry
for pneumonia assessment.10 Several health system
challenges are associated with integrating a new tech-
nology/device like pulse oximetry in LMIC settings.11

Although there is some published experience of intro-
ducing pulse oximetry in low-resource settings, most
predates the 2014-WHO recommendations.12-14

Successful introduction of a generic recommenda-
tion, technology or device in routine services demands
context-specific adaptations, demonstration and feasibil-
ity assessments.15-17 In 2019, the national IMCI-pro-
gramme of the Government of Bangladesh (GoB)
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decided to introduce pulse oximetry in routine IMCI serv-
ices.18 A national technical committee was formed, which
updated the National IMCI Implementation Package by
incorporating recommendations to conduct pulse oxime-
try assessments on all children presenting with cough/dif-
ficulty-in-breathing for pneumonia assessments.18,19 The
IMCI-programme also decided to demonstrate the
updated package in a district setting to inform evidence-
based scale-up. Here, we present the experience and learn-
ing synthesised during the demonstration phase.
Methods

Study design
An implementation research study was conducted,
where the IMCI-programme designed, developed, and
demonstrated a district implementation model to intro-
duce pulse oximetry in routine IMCI services. icddr,b,
an international health research organisation based in
Bangladesh, provided implementation facilitation sup-
port and assessments.
Study settings
This study was conducted in Kushtia district (zila),
approximately 200 kilometres from Dhaka, which was
selected as the demonstration site as its under-five mor-
tality rate was close to the national average and the
IMCI services were functioning relatively well.17 The
IMCI-programme, in consultation with the district
manager (Civil Surgeon) and sub-district managers
(Upazila Health and Family Planning Officers), selected
one district hospital (secondary-referral), all five sub-dis-
trict hospitals (primary-referral) and six union-based
facilities (health centres) as demonstration facilities
(additional details in SM1&SM2).
District implementation model
The IMCI-programme designed and developed a district
implementation model through stakeholder engagement
and adopted a health systems strengthening approach for
improving the overall IMCI services, including the intro-
duction of pulse oximetry in demonstration facilities (addi-
tional details in SM3). It had four components, which are
as follows:

i) Sensitisation of district- and sub-district managers
and IMCI service-providers through workshops and
involve them in planning and implementation

ii) Capacity development of IMCI service-providers,
supervisors, data officers and district- and sub-dis-
trict managers

iii) Health system strengthening to improve IMCI ser-
vice readiness and distribution of pulse oximetry
devices through the routine distribution channel
www.thelancet.com Vol 50 Month August, 2022
iv) Follow-up support to IMCI service-providers
through routine monitoring, supportive supervision
and performance appraisal workshops

The demonstration study started in October-2019,
was suspended in March-2020 due to COVID-19,
resumed in October-2020, and ended in October-2021.
i. Sensitisation and Planning

The National IMCI-programme organised a district-
level workshop with the district- and sub-district manag-
ers of Kushtia to sensitise them regarding the impor-
tance of introducing pulse oximetry in routine IMCI
services and develop a high-level plan for implementing
the updated IMCI implementation package in the
selected health facilities. Following that, a workshop
was organised in each sub-district with the respective
sub-district health managers, IMCI services-providers
and their clinical supervisors for further sensitisation
and developing facility-specific micro-plans. Then, a
workshop was also organised in each of the selected
health facilities with IMCI services-providers and their
supervisors to introduce pulse oximetry officially. These
workshops were organised between October and
December 2019. Unfortunately, the implementation
was suspended in March 2020 due to the COVID-19
pandemic. The IMCI-programme decided to resume
the activities in September 2020. Between October and
November 2020, another round of district- and sub-dis-
trict-level workshops were organised to update the high-
level as well as the facility-specific micro plans.
ii. Capacity building

Between December 2019 and February 2020, the
IMCI Programme organised a series of training for
IMCI service-providers from across the country based
on the updated IMCI implementation package as a part
of their routine programme activities. The National
IMCI master trainers facilitated the sessions, and all
IMCI service-providers from the selected health facili-
ties of Kushtia received the training. The updated IMCI
training manual had a module on pneumonia assess-
ment and pulse oximetry adapted from the pulse oxime-
try training manual of WHO. The module had
information and instructions on the pathophysiology of
hypoxaemia; function, types and parts of a pulse oxime-
try device; steps of conducting pulse oximetry assess-
ments; and maintenance of the device. Half a day was
dedicated to pulse oximetry which included both theo-
retical ad practical sessions. In addition, an orientation
session was organised in Kushtia for the district- and
sub-district managers, IMCI clinical supervisors, and
data officers to discuss the basics of pulse oximetry and
3



Articles

4

inclusion of SpO2 status and hypoxaemia reporting in
the IMCI service register and monthly reporting form.

iii. Distribution of pulse oximeters

icddr,b surveyed the selected health facilities in December

2019 and identified the gaps in the availability of equipment,

drugs, and logistics required for managing pneumonia based

on the updated IMCI guidelines. The IMCI-programme

addressed these gaps through the existing procurement and

distribution channel. In addition, icddr,b supported the IMCI-

programme to procure and distribute Masimo Rad-5v handheld

pulse oximeters to the selected health facilities. The specific

model was chosen by the national technical committee (men-

tioned earlier) based on the superiority in technical specifica-

tions and expert consultations. The distribution of pulse

oximeters and other logistics were done between January and

February 2020. In addition, batteries of the pulse oximetry

devices were replaced through the existing procurement and

distribution channel throughout the implementation period.

In general, batteries were replaced after 15-25 days in the dis-

trict hospitals, 30-40 days in sub-district hospitals and 60-

70 days in health centres.

iv. Monitoring, supervision and performance review
workshops

National, district and sub-district managers were
responsible for monitoring and supervising the pulse
oximetry related implementation in Kushtia. Represen-
tatives from the IMCI-programme conducted several
field visits during the implementation period. They also
conducted online meetings with the district- and sub-
district managers to review the progress and discuss
implementation quality and challenges. In addition, the
district and sub-district managers conducted at least
one supervisory visit to each selected facility during the
implementation period. The observations from these
supervisory visits were discussed in the routine monthly
meetings. Moreover, a review workshop was organised
in March 2021 with all IMCI service-providers in the
presence of national-, district- and sub-district managers
and clinical supervisors to discuss the achievements and
gaps identified through the first round of assessments.
A similar review workshop was also organised in Octo-
ber 2021 after completing the second round of assess-
ments.
Study objectives
We adapted WHO's implementation research frame-
work and implementation outcome variables for this
study.20 The IMCI-programme and icddr,b jointly con-
ducted a series of workshops with district- and sub-dis-
trict managers to finalise the research questions based
on WHO's framework and set a benchmark for success-
ful demonstration for each outcome variable (additional
details in SM4).18 The primary research questions are
outlined in Table 1.
Study participants
Children aged 2-59 months presenting with cough/
difficulty-in-breathing and receiving IMCI services at
selected health facilities and government-employed
IMCI service-providers (doctors, nurses, and para-
medics) providing those services were the study pop-
ulation.
Sampling
We calculated the sample size for each of the primary
research questions based on the benchmark set for suc-
cessful demonstration (Table 1). The maximum variance
(67%) was expected for the usability-time indicator. The
adjusted sample size was 639 children presenting with
cough/difficulty-in-breathing per round. There were 22
IMCI service-providers in the selected facilities. We
aimed to assess the pulse oximetry performance of all
IMCI service-providers by observing and re-assessing at
least 30 children presenting with cough/difficulty-in-
breathing per provider, per round. We approached all
children presenting with cough/difficulty-in-breathing
on the day of assessment, and it required 3-7 days per
provider per round to achieve the required sample size.
On the day the required sample size (30 children) was
reached for each IMCI service-provider, we continued
enrolment and data collection until the end of business
hours.
Data collection
We conducted two rounds of assessment: round-1 in
December 2020-February 2021; round-2 in March-May
2021. The data collection procedures included struc-
tured-observation of IMCI service-providers conducting
pulse oximetry assessments during routine consulta-
tions by study nurses, re-assessment (history taking,
clinical assessment and pulse oximetry) of children
(after IMCI consultation) by study nurses, exit-inter-
views of the caregivers by study paramedics, data-extrac-
tion from IMCI-registers by data collectors, and
structured-interviews with IMCI service-providers by
study paramedics (additional details in SM5). All
respondents gave written informed consent prior to par-
ticipating. We assessed the pulse oximetry performance
of the same IMCI service-providers in both rounds. All
forms/questionnaires were pretested separately on at
least five participants. The construct/framing of some
of the questions and skip logics were updated based on
the pretests. Data collection was conducted by means of
a specially designed android-app, which had the provi-
sion to capture each pulse oximetry step with time
stamping.21 The data collection team received extensive
training and refresher training on IMCI guidelines,
www.thelancet.com Vol 50 Month August, 2022



WHO's framework Research questions Proposed indicator Benchmark

a) Adoption I. Use: Do IMCI service-providers conduct

pulse oximetry assessments?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-providers with a pulse

oximetry device

>90%

b) Feasibility II. Success: Can IMCI service-providers success-

fully conduct pulse oximetry assessments?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-providers with a pulse

oximetry device and obtain a stable SpO2 reading

>80%

III. Usability by attempt: Can IMCI service-pro-

viders successfully conduct pulse oximetry

assessments in the first attempt?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-providers with a pulse

oximetry device and obtain a stable SpO2 reading in one

attempt

>75%

IV. Usability by time: Can IMCI service-pro-

viders successfully perform pulse oximetry

in one minute?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-providers with a pulse

oximetry device and obtain a stable SpO2 reading in one

minute

>66%

c) Fidelity V. Adherence: Do IMCI service-providers fol-

low Standard Operating Procedure (SoP)

while conducting pulse oximetry

assessments?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-provider with a pulse

oximetry device by putting the probe in appropriate

position and direction and taking measures to keep the

child calm during the procedure

>75%

VI. Agreement: Can IMCI service-providers

identify hypoxaemia through pulse

oximetry?

Level of observed agreement between IMCI service-pro-

viders and study nurses regarding hypoxaemia identifi-

cation through pulse oximetry

>90%

d) Appropriateness VII. Experience: Do IMCI service- providers

conduct pulse oximetry assessments with

reasonably low barriers and challenges?

Proportion of IMCI service-providers reporting an average

challenge level of 80% or less regarding conducting

pulse oximetry assessments in routine outpatient

settings

>80%

e) Acceptability VIII. Usefulness: Do IMCI service-providers per-

ceive pulse oximetry as useful?

Proportion of IMCI service-providers reporting that pulse

oximetry is useful for identifying hypoxaemia and pneu-

monia classification

>80%

IX. Importance: Do the caregivers perceive

pulse oximetry as important?

Proportion of caregiver of children presenting with cough/

difficulty-in-breathing assessed by IMCI service-providers

with a pulse oximetry device reporting that pulse oxime-

try was important for assessing their children

>80%

X. Satisfaction: Are the caregivers satisfied

with pulse oximetry introduction in routine

IMCI services?

Proportion of children presenting with cough/difficulty-in-

breathing assessed by IMCI service-providers with a pulse

oximetry device reporting that they will allow conducting

pulse oximetry assessments on their children in future

visits.

>80%

f) Sustainability XI. Sustainability: Does the pulse oximetry per-

formance of IMCI service-providers sustain

over time (rounds)?

Proportions of the above-mentioned indicators represent-

ing adoption, feasibility, fidelity, appropriateness and

acceptance of pulse oximetry demonstrating equal or

better performance round-2 than that of round-1

>80%

Table 1: Research questions and benchmarks for successful demonstration; adapted from WHO's implementation outcome variables and
finalised through stakeholder consultations.

Articles
pulse oximetry principles and process, data collection
forms/questionnaires and the data-collection app. All
tools were developed based on the extensive litera-
ture review and the structured-interview and exit-
interview tool for the IMCI service-providers on bar-
riers and operational challenges were developed
based on qualitative exploration. All tools were field-
tested before finalisation.
www.thelancet.com Vol 50 Month August, 2022
i. Enrolment

A non-medical study staff approached all children in
the waiting room/area of selected health facilities and
enrolled children aged 2-59 presenting with cough/diffi-
culty-in-breathing before receiving consultation from
the IMCI service-providers.
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ii. Structured-observation

Trained study nurses conducted structured-observa-
tions of IMCI service-providers conducting pulse oxime-
try assessments on children presenting with cough/
difficulty-in-breathing. The observers collected informa-
tion on the following outcomes: use, success, usability
by attempts, usability by time and performance time.
The observers received ten days of training before data
collection (five days on IMCI, one day on pulse oxime-
try, two days on using the data collection app based on
the structured-observation tool, and two days of field
practice). Three days of refresher training was organised
before the second round of data collection.

iii. Re-assessment

A separate group of trained study nurses conducted
re-assessments of the enrolled children in a separate
room after the structured-observation. The assessors
collected data on the history of illness, conducted clini-
cal assessments based on the IMCI guideline, and con-
ducted pulse oximetry assessments using a device of the
same model. The assessors received ten days of training
before data collection (five days on IMCI, one day on
pulse oximetry, two days on the re-assessment tool, and
two days for field practice). Three days of refresher train-
ing was organised before the second round of data
collection.

iv. Exit-interview

Trained paramedics conducted exit-interviews of the
caregivers of the enrolled children after re-assessment.
The interviewers used an interviewer-administered
structured-questionnaire (translated in Bangla) to col-
lect data on the acceptability and perceived importance
of pulse oximetry. The interviewers received five days of
training before data collection (one day on pulse oxime-
try, two days on the exit-interview questionnaire and
two days of field practice). One day of refresher training
was organised before the second round of data
collection.

v. Data-extraction

Trained data collectors extracted data from the IMCI
services register of those children who were enrolled in
this study. The data collectors took snapshots of the
IMCI registers after service hours on the day of assess-
ment (additional details in SM6). We obtained adminis-
trative approval from national IMCI-programme of
Directorate General of Health Services of Bangladesh
for conducting this study including the approval for tak-
ing snapshots of register. We also received approval
from district-level health manager at Kushtia district.
Furthermore, we have conducted facility level sensitisa-
tion, preparatory and planning meeting in presence of
the IMCI service-providers, respective supervisors and
facility managers. A dedicated team of data operators
used a desktop-based application that was specially
developed for this study and entered all available infor-
mation, including SpO2 and hypoxaemia status
reported in the IMCI registers. The data operators
received two days of training on IMCI registers and the
desktop-based application. A data entry supervisor
checked the data-extraction process and conducted re-
extraction and re-entry of 5% observations. There were
very few cases where we identified minor issues, which
we rectified by checking the source documents
(snapshopts).

vi. Structured-interviews

The interviewers who conducted the exit-interviews
of the caregivers also conducted structured-interviews
with IMCI services-providers at the end of round-2. The
interviewers used a structured-questionnaire with a five-
point Likert scale and collected data on the perceived
utility of introducing pulse oximetry in routine IMCI
services and barriers and challenges faced while con-
ducting pulse oximetry in routine practice.

vii. Monitoring and supervision

A medical graduate directly supervised the data collec-
tion team. During the data collection period, the supervi-
sor conducted regular monitoring visits meetings and
organised weekly meetings with the data collection team
to discuss data quality issues and specific gaps.
Analysis plan
The following indicators were selected as primary out-
comes of interest: adoption-use, feasibility-success, fea-
sibility-usability by attempt, feasibility-usability by time,
fidelity-SoP adherence, fidelity-agreement, appropriate-
ness-experience, acceptability-usefulness, acceptability-
importance, and acceptability-satisfaction (Table 1).

Adoption was operationally defined as conducting
pulse oximetry assessments on children presenting
with cough/difficulty-in-breathing. A pulse oximetry
assessment was considered successful if a stable (§1%)
SpO2 reading was observed for at least 10 seconds with
adequate signal strength. Performance time was defined
by the time taken (in seconds) from placing the probe to
obtaining a stable reading. Adherence to standard oper-
ating procedures (SoP-adherence) was defined as put-
ting the probe in the appropriate position and direction,
and taking measures to keep the baby calm before
www.thelancet.com Vol 50 Month August, 2022
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conducting pulse oximetry assessments. The agreement
was reported on identifying hypoxaemia through pulse
oximetry by IMCI service-providers and re-assessment
study nurses. We used a SpO2 cut-off of <94% to opera-
tionally define hypoxaemia.22 Regarding experience,
IMCI service-providers reported barriers and challenges
on a five-point Likert scale for 12 device-, patient-, envi-
ronment-, and user-related factors.

Relationships between patient- (age, sex, weight-for-
height, clinical features, and pneumonia status), pro-
vider- (age, sex, and designation), facility-related (types)
factors and assessment rounds, and primary outcomes
of interest (Table 1) were considered as the secondary
outcomes of interest (additional details in SM4). We
also reported median performance time and infection
prevention and control (IPC) practice, defined as clean-
ing the probe or attachment site of the child before con-
ducting pulse oximetry assessments, as secondary
outcomes of interest.

For categorical variables as outcomes of interest, we
presented point estimates with 95% confidence inter-
vals (CI). We used prevalence-adjusted and bias-
adjusted kappa (PABAK) to report the agreement
between IMCI service-providers and re-assessment
study nurses.23 We used Generalised Estimating Equa-
tion (GEE) models and reported crude and adjusted
odds ratios (with 95% CI and p-value) to assess the
adjusted effect of various factors and assessment rounds
on these indicators. Wald statistics were used for check-
ing the adequacy of the models. We used radar-plots to
present the variations by each IMCI service-provider
and reported the heterogeneity with I2 and Tau2 statis-
tics. The statistical significance of the estimates have
been reported at 5% level of significance.

For performance time, we checked the normality dis-
tribution using Shapiro-Wilk test (SM7). As they were
non-normally distributed, we presented medians with
interquartile ranges (IQRs) and used Mood's non-
parametric equality of medians test to check for signifi-
cant differences in various factors and assessment
rounds. Barrier and challenge experiences were pre-
sented as means with standard deviations (SDs). We
used Stata version 15.0 for data analysis. More details
regarding the analysis plan are available in the supple-
mentary material (SM4).

Ethical approval of the study was obtained from the
Institutional Review Board of icddr,b (Protocol Number:
PR-18054). Research Governance of The University of
Edinburgh declared the study does not need any UK
based ethical opinion as it was categorised as minimal
risk. All respondents gave written informed consent
prior to participating.
Role of the funding source
The funders had no role in study design, data collection,
data analysis, data interpretation, or writing the report.
www.thelancet.com Vol 50 Month August, 2022
AER, SA and ATH had access to all data and take full
responsibility for its integrity and the accuracy of the
analyses. The corresponding author had final responsi-
bility for the decision to submit for publication.
Results

Sample size by each round of assessments
We assessed the pulse oximetry performance of five
doctors, five nurses and twelve paramedics as IMCI
service-providers in both rounds (additional details in
SM8). During the two rounds of assessment, 3563
children received IMCI services from the selected
facilities, of which 3195 (90%) were aged 2-59
months, 1765 (49%) had cough/difficulty-in-breath-
ing, and 1680 (47%) were enrolled for assessments
(Figure 1). Around one percent (0.9%) enrolled chil-
dren were not re-assessed and 1.4% caregivers could
not be interviewed.

Of the enrolled children, 729 (43%) were aged 2-11
months, 164 (10%) were wasted/severely-wasted, and
220 (13%) were classified as pneumonia/severe-pneu-
monia (additional details in SM9, SM10, &SM11).
Performance of conducting pulse oximetry
assessments by IMCI service-providers
During our assessment, the IMCI service-providers
conducted pulse oximetry assessments (adoption-use)
on all children presenting with cough/difficulty-in-
breathing, of which 99% of assessments were suc-
cessful (feasibility-success); 85% (95% CI 83,87) in
one attempt (feasibility-usability by attempt) and
69% (95% CI 67,71) within one minute (feasibility-
usability by time) (Figure 2). The adherence to SoPs
was 92% (95% CI 91,93) (fidelity-SoP-adherence),
and the agreement was 97% (95% CI 96,98) (fidel-
ity-agreement). All IMCI service-providers reported
that pulse oximetry was useful for identifying hypo-
xaemia and pneumonia classification (acceptability-
usefulness). Almost all (98%) caregivers felt that it
was an important diagnostic for assessing their chil-
dren (acceptability-importance) and all of them
would allow conducting it on their children during
future visits (acceptability-satisfaction). The indica-
tors representing adoption, feasibility, fidelity, appro-
priateness, and acceptance demonstrated equal or
better performance in round-2 (sustainability).
Influence of patient-,provider- and facility-related
factors on the performance of conducting pulse
oximetry assessments
Table 2 summarises the effect of various factors and
assessment rounds on feasibility- and fidelity-related
indicators. The cells with asterisks indicate the statisti-
cally significant odds ratio. The odds of successfully
7



Figure 1. Sample size by each round of assessments.
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conducting pulse oximetry assessments in one attempt
was significantly higher among older (aged 12-59
months) (AOR 2.19, 95% CI 1.65, 2.92) and male
children (AOR 1.54, 95% CI 1.16, 2.04) (Wald statistics
44.71, p < 0.01). They were also more likely to success-
fully conduct pulse oximetry assessments within one
minute on older children (AOR 2.05, 95% CI 1.65, 2.55)
(Wald statistics 59.98, p < 0.01). Older, female, and
sub-district hospital- and health centre-based providers
were less likely to adhere to pulse oximetry SoPs (Wald
statistics 100.14, p < 0.01). Substantial improvement
was observed in round-2 regarding most of these indica-
tors. More details about the models are available in
SM12, SM13, SM14 & SM15.
Variability in performance of conducting pulse
oximetry assessments
Regarding performance by individual IMCI service-
providers, we observed minimum variability in
www.thelancet.com Vol 50 Month August, 2022



Figure 2. Performance of conducting pulse oximetry assessments by IMCI service-providers among children presenting with
cough/difficulty-in-breathing, presented in percentages with 95% CI, (N=1680). Each of the bars indicate a distinct imple-
mentation outcome indicator. The first green bar represents adoption, the blue bars represent feasibility, the yellow bars
represent fidelity, the brown bar represents appropriateness, the purple bars represent acceptability and the light blue bar
at the end represents sustainability.
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successfully conducting pulse oximetry assessment
in one attempt (I2=55%; Tau2=0.02), within one min-
ute (I2=36%; Tau2=0.01), SoP-adherence (I2=91%;
Tau2=0.12) and agreement (I2=76%, Tau2=0.04)
(Figure 3).
Performance time for conducting pulse oximetry
assessment
The median performance time was 36 seconds (IQR
20,75) (Figure 4). The performance time was signifi-
cantly (p < 0.01) longer among younger children
(aged 2-11 months; 44s, IQR 22,78) than older chil-
dren (30s, IQR 18,53). Similarly, it took significantly
(p < 0.01) more time among children classified as
pneumonia/severe-pneumonia (41s, IQR 22,70) than
those who were classified as no-pneumonia (32s,
IQR 20,62). There was wide variability among IMCI
service-providers regarding the timing (Pearson
chi2= 38.0240; p < 0.01).
Device-, patient-, environment- and user-related
barriers and challenges faced by the IMCI service-
providers
Figure 5 presents the barriers and challenges (appro-
priateness-experience) reported by the IMCI service-
providers while conducting pulse oximetry assess-
ments based on a five-point Likert scale. Regarding
www.thelancet.com Vol 50 Month August, 2022
patient-related factors, the highest (mean 4.1, 95%
CI 3.6, 4.5) challenge was faced in making the child
calm before conducting pulse oximetry assessments,
which was closely followed by cleaning the area of
attachment before placing the probe (mean 4.0, 95%
CI 3.6, 4.4). Regarding environment-related factors,
providers reported a high level of challenge in allo-
cating adequate time for pulse oximetry during the
period of peak service use (mean 4.3, 95% CI 3.9,
4.8) and performing pulse oximetry alone (mean
4.0, 95% CI 3.4, 4.6).
Agreement between IMCI service-providers and study
appointed nurses using prevalence-adjusted and bias-
adjusted kappa (PABAK)
The IMCI service-providers maintained optimum IPC
practice during 72% (95% CI 70-74) of assessments
(details-SM16). This was significantly better among
paramedics (AOR 2.6, 95% CI 1.8, 3.8) and nurses
(AOR 1.8, 95% CI 1.2, 2.7) compared to doctors provid-
ing IMCI services, and in sub-district hospitals (AOR
20.3, 95% CI 13.1, 31.6) and health centres (AOR 7.0,
95% CI 4.1, 11.7) compared to the district hospital. It
was also substantially improved in round-2 (AOR 4.8,
95% CI 3.7, 6.3).

Figure 6 presents the agreement between IMCI ser-
vice-providers and study appointed nurses using preva-
lence-adjusted and bias-adjusted kappa (PABAK). The
9



Feasibility-usability:
Success at first
attempt

Feasibility-performance time:
Success within 60 seconds

Fidelity-adherence:
Adherence to SoP
of PO use

Fidelity-agreement:
Observed agreement

AOR (95% CI) AOR (95% CI) AOR (95% CI) AOR (95% CI)

Patient-related factors

Age

2-11 months Ref Ref Ref Ref

12-59 months 2.2 (1.65,2.93)* 2.05 (1.65,2.55)* 1.06 (0.69,1.61) 1.19 (0.67,2.11)

Sex

Female Ref Ref Ref Ref

Male 1.54 (1.16,2.04)* 1.21 (0.98,1.5) 0.69 (0.46,1.05) 1.07 (0.6,1.89)

Z-score (weight for height)

Not wasted (-2SD and above) Ref Ref Ref Ref

Wasted (below -2SD) 0.82 (0.47,1.43) 0.79 (0.51,1.24) 0.75 (0.29,1.94) 1.46 (0.36,5.95)

Severely wasted (below -3SD) 0.8 (0.41,1.55) 0.89 (0.52,1.53) 1.59 (0.33,7.72) 0.75 (0.21,2.59)

Fever

No Ref Ref Ref Ref

Yes 0.99 (0.52,1.91) 0.79 (0.49,1.27) 0.5 (0.18,1.36) 0.92 (0.3,2.84)

Fast breathing

No Ref Ref Ref Ref

Yes 1.03 (0.3,3.56) 1.08 (0.4,2.91) 0.6 (0.07,5.43) 1 (0.16,6.15)

Chest indrawing

No Ref Ref Ref Ref

Yes 0.68 (0.28,1.65) 0.9 (0.44,1.84) 0.81 (0.19,3.55) 1.35 (0.33,5.53)

IMCI classification

No pneumonia Ref Ref Ref Ref

Pneumonia/Severe pneumonia 1.06 (0.3,3.78) 0.88 (0.32,2.42) 1.32 (0.14,12.1) 0.38 (0.06,2.4)

Provider-related factors

Age

≤ 35 years Ref Ref Ref Ref

> 35 years 1.08 (0.72,1.62) 1.17 (0.9,1.53) 0.29 (0.15,0.53)* 1.1 (0.27,4.44)

Sex

Female Ref Ref Ref Ref

Male 0.88 (0.54,1.44) 1.05 (0.78,1.43) 2.98 (1.34,6.63)* 0.72 (0.1,5.31)

Designation

Doctors Ref Ref Ref Ref

Nurse 0.6 (0.34,1.05) 1.03 (0.73,1.45) 0.42 (0.16,1.1)* 0.49 (0.06,4.17)

Paramedics 0.82 (0.46,1.45) 0.77 (0.55,1.08) 1.88 (0.55,6.43)* 0.3 (0.04,2.12)

Facility-related factors

District Hospital Ref Ref Ref Ref

Sub-District Hospital 0.91 (0.49,1.72) 1.06 (0.72,1.55) 0.03 (0,0.25) 1.33 (0.15,11.38)

Health Centre 0.76 (0.36,1.62) 0.81 (0.51,1.29) 0 (0,0.05) 4.97 (0.36,68.53)

Assessments

Round

Round 1 Ref Ref Ref Ref

Round 2 0.98 (0.74,1.3) 1.3 (1.05,1.62)* 28.62 (11.03,74.29)* 1.76 (0.96,3.23)

Table 2: Influence of patient-, provider- and facility-related factors on the performance of conducting pulse oximetry assessments by IMCI
service-providers, presented in adjusted odds ratios, N=1680.
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overall PABAK was 0.94; a very high level of agreement.
We did not observe significant variation by patient-, pro-
vider-, and facility-related factors and by individual
IMCI service-providers.
Discussion
Pulse oximetry has enormous potential for maximising
the impact of IMCI in LMIC settings with high burdens
of childhood pneumonia and hypoxaemia.8,13 This is
www.thelancet.com Vol 50 Month August, 2022



Figure 3. Variability in performance of conducting pulse oximetry assessments by individual IMCI service-providers, presented in
percentage. The heterogeneity statistics I2 (i.e. proportion of heterogeneity between estimates that is not due to chance) and Tau2

(i.e. the magnitude of the heterogeneity) were significant at 5% level of significance.
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one of the novel studies which adopted a health system
strengthening approach and district model of imple-
mentation. To the best of our knowledge, this is the first
study to report most of the WHO implementation out-
come variables which include adoption, feasibility, fidel-
ity, appropriateness, acceptability and sustainability. We
observed that IMCI service-providers almost universally
conducted pulse oximetry assessments on almost all eli-
gible children, and can successfully measure SpO2 with
minimum attempts, within a relatively short time and
without major challenges. Their assessments were accu-
rate, and performance was sustained or generally
improved between two rounds. Also, caregivers were
very positive towards introducing this technology for
assessing their children.

Understanding the adoption and feasibility of intro-
ducing a new technology/device into routine systems is
crucial to inform policy and programme.20 We observed
www.thelancet.com Vol 50 Month August, 2022
high-level of use, success and usability in conducting
pulse oximetry assessment by IMCI service-providers.
Although there are some differences in the context,
case-mix and assessor characteristics, our findings are
comparable to studies conducted in Ethiopia, Malawi,
UK, Bangladesh and Pakistan.12,13,24,25 These findings
from diverse contexts reinforce the likelihood of adop-
tion and feasibility of introducing pulse oximetry in
resource-constrained outpatient settings. We have
undertaken an inclusive approach of involving stake-
holders, including IMCI service-providers, in various
stages of planning and implementation. We have also
ensured their continuous engagement through training,
support supervision and performance appraisal work-
shops. This stakeholder engagement process may have
contributed to the sense of ownership and acquisition
of necessary skills, potentially explaining the encourag-
ing findings related to adoption and feasibility.18 The
11



Figure 4. Performance time for conducting pulse oximetry assessment by patient-, provider-, and facility-related factors and by indi-
vidual IMCI service-providers, presented in median seconds with IQR.
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first wave of the COVID-19 pandemic started a few
months before the round-1 assessments. Although the
pandemic created barriers in delivering many essential
health services, it positively influenced the awareness of
health care providers regarding hypoxaemia and atti-
tude towards pulse oximetry, and may have contributed
as an unexpected enabler in this study.26,27

Fidelity of implementation is integrally linked to
achieving the intended benefit of an intervention.20 In
our study, we observed a high-level of SoP-adherence by
IMCI service-providers, similar to a study in rural Ethio-
pia.24 A systematic review reported that communicating
through multiple approaches can significantly improve
SoP-adherence among healthcare providers.28 We also
adopted multiple approaches, such as emphasising the
importance of calming the child and correct probe
placement, along with ensuring availability of job-
aids/visual aids in IMCI consultation rooms, which
may have promoted such practice. However, we
observed some issues related to IPC practices.
Although probe cleaning procedures were not associ-
ated with successfully conducting pulse oximetry
assessments, they represent an indispensable
element of infection control, particularly in the
COVID-19 context.29

Regarding identifying hypoxaemia through pulse
oximetry, we observed a high-level of agreement
between IMCI service-providers and study nurses.
According to the WHO, fast breathing/chest-in-drawing
as the only sign of pneumonia can be treated through
outpatient management.10 However, around one in 10
such cases experience treatment failure, suggesting the
presence of some 'severe cases' among apparently 'non-
severe' cases of pneumonia.30 Hypoxemia is one of the
strongest predictors of adverse clinical outcomes, and
its accurate identification can help reduce the misclassi-
fication of non-severe pneumonia.7,31,32 The high-level
of agreement should give confidence to policymakers
and families regarding the accuracy of SpO2 measure-
ment by minimally trained providers and thus their abil-
ity to identify the severe cases, even in routine settings.

We did not find any significant effect of provider- or
facility-related factors on adoption and feasibility, sug-
gesting that, with health systems inputs, such as train-
ing and post-training follow-up support through
supervision and performance appraisal, different types
www.thelancet.com Vol 50 Month August, 2022
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of IMCI service-providers can achieve necessary pulse
oximetry skills in all kinds of facilities. Regarding
patient-related factors, similar to a multi-country trial,
we observed that success and usability were significantly
poorer among younger children, with performance time
decreasing with increasing age.25 The providers inter-
viewed in our study and several other studies also
reported facing difficulties in conducting pulse oximetry
among younger and smaller children.11,33 Pulse oxime-
try readings are significantly affected by patient move-
ment (motion artefacts) and the appropriateness of the
probe size.34 Younger children are expected to be more
restless during pulse oximetry. Although we used
Masimo paediatric probes of same size in this study, the
size, design and material used for these probes may
need specific adaptations, especially in settings with
high burdens of both pneumonia and malnutrition,
which is the case for Bangladesh.25 Around a third of
the children are underweight or stunted in Bangla-
desh.35 For the undernourished children it requires fur-
ther adaptation for the best fit of the probes. We also
found that success in one attempt was higher among
male children, despite there being no notable differen-
ces in the clinical presentation of the children by sex.
Although this requires more exploration, some studies
have reported the presence of implicit gender bias
among healthcare professionals while rendering care in
routine settings.36
Figure 5. Device-, patient-, environment- and user-related barriers a
oximetry assessments, presented in mean score with SD based on
indicates lower level of challenges and light red shaded region indi
assessments.

www.thelancet.com Vol 50 Month August, 2022
With regard to fidelity, we observed that the male
and younger IMCI service-providers adhered to SoPs
more than their counterparts. This may be because they
have more access to new technology/devices in such
contexts.37 Another reason could be that the average
year of experience was higher among male providers.
However, it requires further exploration and under-
standing. On facility-related factors, we observed that
IMCI service-providers at higher-level facilities are more
likely to adhere to SoPs. Service-providers in the district
hospital usually receive more monitoring and supervi-
sion from the national and district health managers.
These variations in programme inputs may explain this
difference.

Pulse oximetry performance was better in round-2
assessments across most indicators. This strengthens
the notion of sustainability of pulse oximetry practice
and highlights the importance of allowing an interven-
tion to mature and reach optimum adoption and effi-
ciency. Post-training follow-up support provided
through supportive supervision and performance
appraisal workshops (after round-1 assessments) possi-
bly played a catalytic role in sustaining and improving
the performance over time. The performance of a few
providers was somewhat poorer than others, emphasis-
ing the importance of identifying weaker performers
during the initial training and providing follow-up sup-
port through targeted monitoring and supervision.
nd challenges faced by the IMCI service-providers during pulse
a five-point Likert Scale, N=22. The light green shaded region
cates higher level of challenges in in performing pulse oximetry

13



Figure 6. Agreement between IMCI service-providers and study appointed nurses using prevalence-adjusted and bias-adjusted
kappa (PABAK) - by patient-related, provider-related and facility-related factors and by individual IMCI service-providers, presented
as coefficient and 95% CI. The light red and yellow shaded regions indicate lower agreement PABAK score and the green shaded
regions indicate higher agreement PABAK score.
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There are several barriers and challenges to perform-
ing pulse oximetry in real-life settings. In our study,
IMCI service-providers reported difficulties during peak
hours of attendance at health facilities. In Bangladesh,
most IMCI services are provided through union-level
health centres (> # 3500) and sub-district hospitals (»#
482), which have a relatively lower patient load than dis-
trict hospitals (# 62). Hence, the peak-hour related chal-
lenges are primarily a concern for district hospitals and
some high-volume sub-district hospitals. The IMCI ser-
vice-providers also reported facing major difficulties in
keeping the child calm during pulse oximetry, which is
mainly a concern for high volume facilities. Pulse oxim-
etry devices with advanced Signal Extraction Technology
(SET) require a shorter performance time, even in chal-
lenging conditions such as patient movement and low
perfusion.34,38 Although relatively more expensive
($300-500), it will require less than USD 250,000 to
procure SET pulse oximetry devices for all high-volume
IMCI consultation rooms in Bangladesh. We believe
that this is affordable for a country like Bangladesh, as
the overall national IMCI-programme under the Mater-
nal, Neonatal, Child & Adolescent Health (MNC&AH)
Operation Plan of Bangladesh has a total of around
50 million USD allocated for its activities. We believe, it
is worth the investment to avert preventable pneumonia
deaths by 2025.39 In addition to enhancing the capacity
of IMCI service-providers through training and distrib-
uting toys to divert the attention of the child, active
involvement of the caregivers has been shown to be
effective in reducing the movement of the child during
the procedure.11

We conceptualised this study based on the WHO
framework and implementation outcome variables.20

Although we contextualised the research questions by
involving national- and local-level stakeholders, our
reliance on WHO’s implementation outcome varia-
bles limited the opportunities of capturing unex-
pected drivers and unintended consequences of pulse
oximetry introduction in these settings.18 Moreover,
we acknowledge that the time interval between the
two rounds of assessments were not sufficient to
allow for firm conclusions to be made regarding the
sustainability. Furthermore, the COVID-19 pandemic
may have confounded some of our findings as it sig-
nificantly impacted Bangladesh's health systems
www.thelancet.com Vol 50 Month August, 2022
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awareness, attitude, readiness, response, and practices
related to oxygen security. Similarly, the capacity,
experience and positionality of icddr,b as an imple-
mentation facilitation partner was a strong enabler
and a potential confounder in this demonstration.17,40

We acknowledge the fact that we did not randomly
select Kushtia as our demonstration site. Therefore, the
result may not be applicable for the whole country. In
Bangladesh, there are geographical variations which
have impact on access to health care as well as service
availability and readiness regarding various health serv-
ices. Kushtia predominantly belongs to the plain land
which is not representative of the hard-to-reach areas.
Based on our findings of this study, pulse oximetry can
be introduced in most parts of Bangladesh except the
hard-to-reach areas. We also acknowledge that we have
selected a district with reasonably well functioning
IMCI services. The results would have been more gener-
alisable if we could have included one low performing
district which we could not include due to implementa-
tion cost challenges.

We employed the same team in both rounds of
assessment and used a specially designed and tested
android-app for capturing multiple events with time-
stamps through structured-observations.21 These meas-
ures, we believe, reduced observation and measurement
bias, increasing the validity and reliability of measure-
ments, especially the performance time recording.
While the presence of study nurses as independent
observers may have introduced a surveillance bias,
spending considerable time in building rapport with the
IMCI service-providers and observing each of them for
3-7 days are expected to minimise this bias (i.e., Haw-
thorne effect).41 Finally, the hospitals had set-up tempo-
rary fever-clinics during the pandemic, which screened
and redirected all symptomatic patients to dedicated
COVID-19 services. It changed the overall case-mix of
children receiving IMCI services, which may explain
the relatively smaller number of hypoxaemia cases iden-
tified during the assessment period. Lastly, we acknowl-
edge that the data collection tools used in this study for
structured-observation, re-assessment, exit-interview
and IMCI service-provider interview were not validated.
Since we were conducting a novel study based on the
WHO recommended implementation outcome varia-
bles, we did not find any validated tools. Therefore, we
conducted extensive desk review to construct the data col-
lection tools. We also conducted qualitative explorations
for understanding the major issues related to acceptance,
barriers and challenges, which helped us preparing the
exit-interview and IMCI service-provider interview tools.
We conducted field-testing and pretesting of each tool
before finalisation. We believe that these measures have
contributed in improving the content and construct valid-
ity of tools that were used in this study.

This implementation research study demonstrated
the feasibility of introducing and integrating pulse
www.thelancet.com Vol 50 Month August, 2022
oximetry in routine IMCI services in Bangladesh, adopt-
ing a district implementation model and using a health
system strengthening approach. We are confident in
our conclusion as we saw evidence of the programme
maturing and improving over time and almost no influ-
ence of patient-, provider- and facilities-related factors
on SpO2 measurement, except that it was poorer among
younger children, and a few providers performed the
procedure less effectively. Introducing SET pulse oxime-
try devices in high-volume facilities can help overcome
the challenges associated with motion artefacts, particu-
larly among younger children. Special emphasis can be
given to identifying providers who would benefit from
targeted monitoring and follow-up support. Routine
programmes will need to emphasise adherence to SoPs
and IPC practices in training and routine monitoring.
The policymakers can capitalise on these encouraging
findings and ratify the integration of pulse oximetry
with respiratory rate assessment in routine outpatient
settings. Moreover, we also highlight the importance of
connecting pulse oximetry to a functioning oxygen
delivery system and ensuring timely, adequate and
appropriate oxygenation. We recommend future studies
to assess the feasibility of pulse oximetry at community
settings of Bangladesh. We also recommend further
study on post-implementation follow-up to assess the
sustainability and research looking at feasibility, effec-
tiveness and impact over wider interval. The experience
gained through this demonstration and the learning
synthesised in this implementation research can help
inform evidence-based decisions relating to the intro-
duction and scale-up of pulse oximetry in Bangladesh
and other LMICs, as these countries aim to avert all pre-
ventable deaths due to childhood pneumonia mortality
by 2025.
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