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Background: This study assessed the potential cost-effectiveness of high (80—100%) vs low (21—35%) fraction of inspired
oxygen (FiO,) at preventing surgical site infections (SSIs) after abdominal surgery in Nigeria, India, and South Africa.
Methods: Decision-analytic models were constructed using best available evidence sourced from unbundled data of an
ongoing pilot trial assessing the effectiveness of high FiO,, published literature, and a cost survey in Nigeria, India, and
South Africa. Effectiveness was measured as percentage of SSIs at 30 days after surgery, a healthcare perspective was
adopted, and costs were reported in US dollars ($).

Results: High FiO, may be cost-effective (cheaper and effective). In Nigeria, the average cost for high FiO, was $216
compared with $222 for low FiO; leading to a —$6 (95% confidence interval [CI]: —$13 to —$1) difference in costs. In India,
the average cost for high FiO, was $184 compared with $195 for low FiO; leading to a —$11 (95% CI: —$15 to —$6) difference
in costs. In South Africa, the average cost for high FiO, was $1164 compared with $1257 for low FiO, leading to a —$93
(95% CI: —$132 to —$65) difference in costs. The high FiO; arm had few SSls, 7.33% compared with 8.38% for low FiO,,
leading to a —1.05 (95% CI: —1.14 to —0.90) percentage point reduction in SSIs.

Conclusion: High FiO, could be cost-effective at preventing SSIs in the three countries but further data from large clinical
trials are required to confirm this.

Keywords: abdominal surgery; cost-effectiveness analysis; global surgery; high fraction of inspired oxygen; low-and
middle-income countries; surgical site infection

Surgical site infections (SSI) are one of the most common
adverse outcomes after abdominal surgery with incidence
rates between 3.0% and 58.2%." The SSI rates are greater in
low-income countries (23.2%) and middle-income countries
(14%) compared with high-income countries (HICs) (9.4%).”
The prevention of SSIs is particularly important in low- and
middle-income countries (LMICs), where the consequences
can be particularly damaging to patients and health systems.?
The scarcity of perioperative oxygen in LMICs make consistent
delivery of medical oxygen difficult or even impossible and the

high demand for oxygen supplementation during the COVID-
19 pandemic has further increased the scarcity of this
healthcare resource.*®

The World Health Organization (WHO) recommends
administering an inspired fraction of oxygen (FiO,) of 80%
during the perioperative period to adults undergoing general
anaesthesia requiring tracheal intubation in order to prevent
SSIs.* The recommendation was made based on a consensus
of a panel of experts and evidence from a meta-analysis of
clinical trials which found that 80% perioperative FiO, reduces
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SSIs compared with standard (30—35%) perioperative FiO,.*
The retraction of some RCTs that were initially included in
the meta-analysis highlighted the challenges of the quality of
this evidence base.® The WHO have updated the guidelines
based on a more recent meta-analysis (but have not changed
the guidelines). However, a recent meta-analysis did not show
clinical efficacy for 80% perioperative FiO, at reducing SSIs
compared with standard perioperative FiO, (odds ratio 0.89,
95% confidence interval [CI]: 0.73—1.07) and there are ongoing
debates on the safety of 80% perioperative FiO,.”?

The PErioperative respiratory care and outcomes for patieNts
Undergoing hlgh risk abdomiNal surgery (PENGUIN) trial is a
randomised controlled trial (RCT) planned by the National
Institute for Health and Care Research (NIHR) Global Health
Research Unit on Global Surgery (Global Surgery Unit). The
trial will assess the effectiveness of preoperative mouthwash
and high perioperative FiO, at preventing postoperative
pneumonia and SSIs, respectively, among abdominal surgery
patients in LMICs (NCT04256798).° An internal PENGUIN pilot
trial was ongoing, at the time of preparing this manuscript, to
assess feasibility of randomisation, patient follow-up, and
adherence to trial protocols.

Decision-analytic modelling is a systematic assessment
under conditions of uncertainty, using mathematical re-
lationships to estimate and compare possible costs and out-
comes of interventions.’® The current study aimed at
assessing the potential cost-effectiveness of high (80—100%)
perioperative FiO, (high FiOj) vs low (21-35%) perioperative
FiO, (low FiO,) at preventing SSIs among patients undergoing
abdominal surgery in Nigeria, India, and South Africa using
modelling.

Methods
Ethics statement

This model-based cost-effectiveness analysis (CEA) used
unbundled data from the PENGUIN pilot trial collected from
elective or emergency abdominal surgery patients aged >10 yr
in India and South Africa (Supplementary Appendix S2) and
data from the published literature. The PENGUIN pilot data
were collected in line with standards set by the Helsinki
Declaration. Ethical approval for the PENGUIN trial, including
the pilot, was obtained from the University of Birmingham
Science, Technology, Engineering and Mathematics Ethical
Review Committee (Ethics number: ERN_19-1376). In India,
ethical approval was granted by the Health Ministry Screening
Committee and the trial was registered on the Clinical Trials
Registry of India (CTRI/2020/08/027348). In South Africa,
ethical approval was granted by University of Cape Town
Health Research Ethics Committee (HREC 132/2020). In both
countries, patients or guardians (for minors) provided written
consent before being recruited into the trial.

Economic evaluation

This CEA compared high and low FiO, in terms of costs and
outcomes where the costs were expressed in monetary units
and outcomes were measured as SSIs.'! CEA results were re-
ported using incremental cost-effectiveness ratio (ICER), that
is the ratio of difference in expected costs to difference in SSIs.

The ICER was compared with a cost-effectiveness threshold
(CET), and when the ICER was below the CET the intervention
was considered to be cost-effective.’ When high FiO, was
cheaper and effective compared with low FiO,, it was consid-
ered to be ‘dominant’ (cost-effective) and when high FiO, was
expensive and less effective it was considered ‘dominated’
(not cost-effective).'!

Study perspective

A perspective defines the sectors from which costs and out-
comes of an economic evaluation are included.’’ This study
used the healthcare perspective and quantified only costs and
outcomes to the healthcare sector.'%!!

Type of model

A decision tree was built because it is appropriate for model-
ling non-recursive conditions with a short timeframe.’®'? The
tree depicted possible patient pathways of the PENGUIN trial.’
The decision was whether to administer high or low FiO; and
patients in both arms were anticipated to follow identical
postoperative pathways (Fig 1). Some patients had in-patient
SSlIs, of which some resolved before hospital discharge. After
discharge, a proportion of patients with resolved or unre-
solved SSIs needed re-intervention (either surgery or an
interventional radiology procedure). Some patients developed
an SSI after hospital discharge and a proportion of these SSIs
resolved without the need for re-intervention. A proportion of
patients with resolved or unresolved post-discharge SSIs
needed re-intervention.

Model timeframe

The model timeframe is the duration for which costs and
outcomes are measured.'! The timeframe was the first 30 days
after surgery in line with the US Centers for Disease Control
and Prevention (CDC) criteria for superficial or deep SSI
(Supplementary Appendix $2).13

Effect size calculation

The model was informed by an updated meta-analysis on the
effectiveness of high vs low FiO, at preventing SSIs among
patients undergoing surgery.” Noting the conflicting evidence
and the low quality of trials that had a positive effect in the
meta-analysis, it was estimated that high FiO, compared with
low FiO; had a 12.5% (CI: 5.2%—19.7%) relative risk reduction
(RRR) with respect to SSIs. This was the minimum important
clinical difference (MID) set in the PENGUIN trial.”

Model probabilities

Probabilities reflect the expected likelihood of patients passing
through model pathways.'° Probabilities for both arms were
calculated from patient events using unbundled data (com-
bined data for high and low FiO,) from the ongoing PENGUIN
pilot trial. The data were collected and aggregated using the
REDCap online data collection tool hosted at the University of
Birmingham.'* The probabilities were assumed to be equal
between the two arms, apart from the probability of in-patient
SSI in the high FiO; arm, and this was estimated by reducing
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Fig 1. Patient pathways. FiO,, perioperative fraction of inspired oxygen; SSI, surgical site infection.

the probability of in-patient SSI in the low FiO, arm by 12.5%
RRR (Table 1).

Assumptions

The following assumptions were made. (1) Probabilities were
consistent across health systems in the study because
complication rates are similar in countries at similar levels of
development.’'° (2) In the base case, the median values for
concentration rates for high and low FiO, (90% and 28%,
respectively) were used.

Resource use and unit costs

Direct healthcare costs associated with perioperative oxygen
and SSI treatment among abdominal surgery patients were

estimated (Table 2). Resource use data were sourced from
hospitals that are part of the Global Surgery Unit in Nigeria,
India, and South Africa using a resource use questionnaire
administered via REDCap (Supplementary Appendix $2).** In
Nigeria and India, unit costs were collected from the ques-
tionnaire whereas in South Africa, unit costs were sourced
from the 2020 uniform patient fees schedule for the provincial
and national public sector, because these are the actual billing
costs to patients by the State.'” Discharge medication, pur-
chased medication, and healthcare revisit costs in India and
South Africa were collected from the PENGUIN pilot trial.’
Because PENGUIN pilot trial data from Nigeria were not
available at the time of the analysis, healthcare revisit and
purchased medication costs in Nigeria were imputed using the
market-basket approach (Supplementary Appendix $2).'8
Discharge medication costs from Nigeria were sourced from
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Table 1 Probabilities of patients passing through the pathways of the model. The probabilities between the two arms were assumed to
be equal and were estimated from unbundled data, combined data of 585 high and low FiO, patients (558 from India and 27 from South
Africa) participating in the PENGUIN pilot study. FiO,, perioperative fraction of inspired oxygen; sp, standard deviation; SSI, surgical
site infection. *Re-intervention after in-patient SSI. fSSI occurring after the patient was discharged from the hospital. {SSI that occurred
after hospital discharge and did not resolve. TUnresolved post-discharge SSI that needed re-intervention. ‘However, the probability of
in-patient SSIin the high FiO, arm was estimated by reducing the probability of in-patient SSIin the low FiO, arm by 12.5% relative risk

reduction.
Variable Baseline probability (sp) Distribution Source
Low FiO,
In-patient SSI 0.08 (0.01) Beta PENGUIN pilot trial®
Unresolved in-patient SSI 0.53 (0.08) Beta PENGUIN pilot trial’
Re-intervention* 0.50 (0.11) Beta PENGUIN pilot trial’
Post-discharge SSI 0.02 (0.01) Beta PENGUIN pilot trial’
Unresolved post-discharge SSI* 0.13 (0.12) Beta PENGUIN pilot trial’
Post-discharge re-intervention' 0.002 (0.002) Beta PENGUIN pilot trial’
High FiO,
In-patient SSI 0.07 (0.01) Beta PENGUIN pilot trial®
Unresolved in-patient SSI 0.53 (0.08) Beta PENGUIN pilot trial’
Re-intervention* 0.50 (0.11) Beta PENGUIN pilot trial’
Post-discharge SSI 0.02 (0.01) Beta PENGUIN pilot trial’
Unresolved post-discharge SSI 0.13 (0.12) Beta PENGUIN pilot trial’
Post-discharge re-intervention' 0.002 (0.002) Beta PENGUIN pilot trial’

one centre participating in an international, multicentre trial,
assessing the use of alcoholic chlorhexidine for skin cleaning
and non-coated suture for wound closure at reducing SSIs in
LMICs (FALCON)." Costs in Nigerian Naira, Indian Rupee, and
South African Rand were converted to US dollars ($) and then
inflated to 2020 values (Supplementary Tables $6—58).20%1

Length of hospital stay

Length of stay data were sourced from the PENGUIN pilot
study and GlobalSurg-2 datasets. The GlobalSurg-2 data
included 6130 patients from LMICs that had an elective or
emergency gastrointestinal resection.”'® The length of stay
was assumed to be identical between high and low FiO, arms
but different for SSI, no SSI, and reintervention (Table 2). Mean
and standard deviation were used as there are more appro-
priate measures for costing studies even when the data are
right skewed.?

Outcome measure

The outcome measure was SSI at 30 days after surgery sourced
from the unbundled PENGUIN pilot trial data (Supplementary
Table S2). The data were aggregated to estimate the volume
of SSIs for the unbundled data after a recommendation that
summary statistics should be used in an economic evaluation
if an analyst has access to primary data.’”?* The incidence of
SSIs was converted to percentages and the arm with a lower
SSI percentage was considered to be cost-effective compared

to the other arm. In-patient SSI incidence in the intervention
arm was estimated by reducing the incidence of the unbun-
dled data by 12.5% RRR. Discounting of costs and outcomes
was not done because of the short timeframe of the model.**!?

Statistical analysis

The analysis was conducted in Microsoft Excel 2016 (Microsoft
Corporation, Redmond, WA, USA). A roll-back method was
used to estimate the expected costs and outcomes for both
arms and a secondary analysis included purchased medica-
tion and travel costs.'” The ICER was calculated by dividing the
difference in costs by the difference in SSIs and the results
were reported as cost per percentage point of SSI reduced.

Sensitivity analysis

Deterministic sensitivity analysis (DSA) was conducted to test
the sensitivity of the base case results to changes in specific
input parameters by changing a value of an input parameter
while keeping the rest of the parameters constant. A param-
eter was considered sensitive if a change in the parameter’s
value changed the base case cost-effectiveness results
(Supplementary Appendix S2).

Probabilistic sensitivity analysis (PSA) is a technique for
presenting uncertainty surrounding simultaneous changes of
multiple input parameters where random values of the pa-
rameters are repeatedly drawn to re-estimate the difference in
costs and outcomes based on parameter distributions.'

Table 2 Length of hospital stay. The LoS were sourced from clinical trials data, and it was assumed that LoS are identical between the
two arms in the current model. LoS, Length of hospital stay; sp, standard deviation.

Variable Mean LoS in days (sp) Distribution Source

SsI 16 (6) Fixed PENGUIN pilot trial’

No SSI 8 (4) Fixed PENGUIN pilot trial’
Re-intervention 18 (17) Fixed GlobalSurg Collaborative'®
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Probabilities were assigned a beta distribution and costs were
assigned a gamma distribution (Supplementary Appendix S2).
The PSA was run for 10 000 Monte-Carlo simulations and the
results were presented using cost-effectiveness plane and
cost-effectiveness acceptability curves (CEACs) at three times
gross domestic product (GDP) per capita CET.!1?*

Results
Base case results

Based on the current evidence on clinical effectiveness of FiO,
and the MID of 12.5% RRR, high FiO, was cost-effective at
preventing SSIs. In Nigeria, the average cost for high FiO, was
$216 compared with $222 for low FiO; leading to a difference in
cost of —$6 (95% CI: —$13 to —$1). In India, the average cost for
high FiO, was $184 compared with $195 for low FiO,, leading to
a difference in cost of —$11 (95% CIL: —$15 to —$6). In South
Africa, the average cost for high FiO, was $1164 compared with
$1257 for low FiO,, leading to a difference in cost of —$93 (95%
CI —$132 to —$65). The higher cost difference in South Africa
was driven by the high bed day and re-intervention costs
compared with the other two countries. High FiO, had smaller
percentage of SSIs, 7.33% compared with 8.38% for low FiO,,
leading to —1.05 (95% CI: —1.14 to — 0.90) percentage point
reduction in SSIs (Table 3).

Deterministic sensitivity analysis

The results were sensitive to changes in model probabilities
that were made in favour of low FiO, (Supplementary
Appendix S5).

Probabilistic sensitivity analysis

The cost-effectiveness plane plots difference in costs against
difference in percentage of SSIs (Fig 2a—c). In all the three
countries, most points are in the South-East (better outcomes
and cheaper) and North-East (better outcomes but costly)
quadrants suggesting that the intervention is more effective.
However, there is uncertainty whether this effectiveness is
associated with high costs (North-East quadrant) or low costs
(South-East quadrant). At three times GDP per capita in all
three countries, at least 50% of the points were below the
threshold line indicating that high FiO, was likely to be cost-
effective.

The CEACs show the probability of high and low FiO, being
cost-effective at various CETs. At three times GDP per capita,
high FiO; had 0.76, 0.74, and 0.64 probability of being cost-
effective compared with 0.24, 0.26, and 0.36 probability of
low FiO; being cost-effective in Nigeria, India, and South Af-
rica, respectively, indicating that the intervention was likely to
be cost-effective (Fig 3a—c).

Discussion

Our analyses suggest that high FiO, (compared with low FiOy)
would be a cost-effective treatment at preventing SSIs in
LMICs but further data from large clinical trials are required
to confirm the clinical effectiveness of this approach. Our
findings are based on current estimates of high FiO, at pre-
venting SSIs, MID, and unbundled data sourced from an
ongoing international pilot trial in LMICs aimed at resolving
the uncertainty on the effectiveness of high FiO,. The results
appear to be driven by a reduction in postoperative compli-
cations that led to lower re-intervention rates (which had
high costs in all three countries). The implication is that the
slight increase in costs associated with high FiO, would be
outweighed by a reduction in hospital costs associated with
re-intervention. Thus, if confirmed to be effective at reducing
SSIs, high FiO, is likely to benefit patients undergoing
abdominal surgery in the three countries included in this
evaluation and should be considered for implementation in
surgical practice. However, this study does not assess the
effectiveness of the intervention and it is possible that high
FiO, does not have clinical benefits with respect to SSI. Ox-
ygen therapy is crucial to the management of many condi-
tions including during and after surgery, however, oxygen
supply systems are not robust in many LMICs.?” SSI treat-
ment is expensive in both HICs and LMICs?® and there is a
need to find effective and cost-effective interventions for
preventing SSIs in order to utilise scarce healthcare resources
efficiently.

Evidence from HICs show that other interventions for SSI
prevention are cost-effective, which aligns with the current
findings. In the UK, a single-centre study of patients under-
going elective colorectal resection established that oral anti-
biotic (neomycin and metronidazole) bowel preparation
(OABP) plus mechanical bowel preparation (MBP) was more
effective and cheaper at preventing SSIs compared with MBP
alone. The OABP plus MBP arm had fewer SSIs compared with
the MBP arm (16% vs 1.5% SSIs) and was cheaper (£94.84 vs
£336.54 per patient).”’ In the USA, a barrier wound protection
device and a bundle of interventions to prevent SSIs were cost-
effective at preventing SSIs among colorectal surgery patients
when compared with standard practice. A single-ring wound
protection device and a double-ring wound protection device
were associated with $0.003 and $0.02 net monetary benefits
(NMB) whereas the bundle was associated with $0.01 NMB.
The interventions were considered cost-effective because they
had a positive NMB.?

To our knowledge, this is the first study to evaluate the
cost-effectiveness of high FiO, for SSI prevention in any sur-
gical patient group. There were limitations relating to avail-
ability of quality data. Firstly, this analysis did not consider
other outcomes or adverse effects of high vs low FiO,.

Table 3 Base-case cost-effectiveness results. All costs are in 2020 for US dollars. CI, confidence interval; FiO,, perioperative fraction of
inspired oxygen; LMICs, low-and middle-income countries; N/A, not applicable. *Effectiveness measure for all countries.

High FiO, Low FiO, Difference in costs (CI) Difference in effects (95% CI)
Nigeria (cost) $216 $222 —$6 (—$13 to —$1) N/A
India (cost) $184 $195 —$11 (—$15 to —$6) N/A
South Africa (cost) $1164 $1257 —$93 (—$132 to —$65) N/A
SSIs, % (all’) 7.33 8.38 N/A —1.05 (~1.14 to —0.90)
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Secondly, South Africa costs are likely to be representative of
the public facilities but might not reflect the private sector
facilities, as they were sourced from public provincial and
national reference fees. Thirdly, costs in Nigeria and India
might not be representative because localised costs were
sourced from few hospitals in the study which might not
reflect country averages as the centralised costs used in
studies in HICs. Fourthly, there were no thresholds for
assessing outcomes presented as incidence, as such GDP-
based thresholds were used. In theory, the GDP-based CETs
should be used when the outcome measure is the disability
adjusted life year. However, these thresholds have been used
in published studies across a range of outcomes including
natural units because of the lack of alternative thresh-
olds.?»?%30 Fifthly, because FiO, is scarce, hospitals especially
in low resource settings may not be able to administer high
FiO;, if clinical trials establish that high FiO, is effective.
Finally, this study did not assess the cost-effectiveness of
other interventions in different areas that use oxygen, so we
do not know whether we are making the best use of the
resource constraint (oxygen). However, given that the cost of
providing oxygen may not equal its opportunity cost, we have
varied the high FiO; cost in a threshold analysis to assess the
impact on results. The sensitivity analysis indicates that if
high FiO, was 7% more expensive, there would be no cost
savings from the intervention.

Perioperative interventions such as perioperative high FiO,,
antibiotic prophylaxis, antiseptic prophylaxis, perioperative
glycaemic control, and maintaining normal body temperature
during the perioperative period have been recommended for
SSI prevention.*”*! However, there are uncertainties and
ongoing debates on the effectiveness and safety of perioper-
ative high FiO,. The cost-effectiveness of interventions differs
depending on setting and the recommended SSI prevention
interventions can be cost-effective in some, but not all coun-
tries.™ This study has shown the potential cost-effectiveness
of high FiO, at preventing SSIs among abdominal surgery pa-
tients in Nigeria, India, and South Africa. Therefore, high FiO,
should be considered as a future alternative for preventing
SSIs in Nigeria, India, and South Africa if clinical effectiveness
of the intervention is shown in the PENGUIN Trial. Further,
there is a need to prioritise improving oxygen supply systems
in LMICs by adopting more effective and less costly anaes-
thetic interventions.

The results suggest that high FiO, is cheaper and more
effective at reducing SSIs among abdominal surgery patients
in Nigeria, India, and South Africa. These are LMICs with high
SSI rates of between 20% and 31%.%? 3% However, because of
limitations, assumptions were made regarding effectiveness
of high FiO, which highlight the need for clinical trials to
assess the effectiveness and safety of high FiO, at preventing
SSIs. If the ongoing PENGUIN clinical trial establishes that
high FiO; is effective and safe, it will be worthwhile for high
FiO, to be used routinely in surgical practice in the three
countries.
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