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Abstract

Background: Malaria is a risk factor for adverse pregnancy outcomes. Indoor residual
spraying with insecticide (IRS) reduces malaria infections, yet the effects of IRS on preg-
nancy outcomes are not well established. We evaluated the impact of a large-scale IRS
campaign on pregnancy outcomes in Eastern Uganda.

Methods: Birth records (n=59992) were obtained from routine surveillance data at 25
health facilities from five districts that were part of the IRS campaign and six neighbouring
control districts ~27 months before and ~24 months after the start of the campaign (January
2013-May 2017). Campaign effects on low birthweight (LBW) and stillbirth incidence were
estimated using the matrix completion method (MC-NNM), a machine-learning approach to
estimating potential outcomes, and compared with the difference-in-differences (DiD) esti-
mator. Subgroup analyses were conducted by HIV and gravidity.

Results: MC-NNM estimates indicated that the campaign was associated with a 33% re-
duction in LBW incidence: incidence rate ratio (IRR) = 0.67 [95% confidence interval
(CI): 0.49-0.93)]. DiD estimates were similar to MC-NNM [IRR = 0.69 (0.47-1.01)], despite
a parallel trends violation during the pre-IRS period. The campaign was not associated
with substantial reductions in stillbirth incidence [IRRyc.nnm=0.94 (0.50-1.77)1. HIV
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status modified the effects of the IRS campaign on LBW [Brsxxiv=0.42 (0.05-0.78)],
whereby HIV-negative women appeared to benefit from the campaign [IRR=0.70
(0.61-0.81)1, but not HIV-positive women [IRR = 1.12 (0.59-2.12)].

Conclusions: Our results support the effectiveness of the campaign in Eastern Uganda
based on its benefit to LBW prevention, though HIV-positive women may require addi-
tional interventions. The IRS campaign was not associated with a substantively lower

stillbirth incidence, warranting further research.

Key words: Malaria in pregnancy, indoor residual spraying, low birthweight, stillbirth, adverse pregnancy out-
comes, Plasmodium falciparum, difference-in-differences, matrix completion method

Key Messages

World Health Organization.

initiation.

effects than for HIV-negative women.

* In 2014-15, the Ugandan Ministry of Health and their implementing partners initiated a population-level campaign of
indoor residual spraying (IRS), a highly effective but underused malaria vector control tool recommended by the

¢ Using a quasi-experimental study design, we estimated the IRS campaign was associated with a 33% reduction in
low birthweight (LBW) incidence: incidence rate ratio (IRR) =0.67 (95% ClI: 0.49-0.93) in the 2 years following IRS

* Campaign effects on LBW were not uniform: benefits were not seen among HIV-positive women [IRR=1.12 (95% CI:
0.59-2.12)], who represented 3.1% of the sample and for whom HIV-malaria co-infection can have more harmful

¢ Contrary to LBW estimates, the IRS campaign was not associated with a substantively lower stillbirth incidence in the
2 years following the initiation of the campaign [IRR=0.94 (95% CI: 0.50-1.77)].

Introduction

In sub-Saharan Africa, malaria in pregnancy is a major risk
factor for adverse pregnancy outcomes. In 2020, an esti-
mated 11.6 million pregnant women were exposed to the
Plasmodium falciparum parasite, resulting in nearly
819000 low birthweight (LBW) infants." Indoor residual
spraying of insecticide (IRS) is a WHO-recommended ma-
laria vector control intervention, which involves the appli-
cation of insecticide to household surfaces that serve as a
resting place for mosquitoes.

Despite its known benefits on malaria prevention,” particu-
larly in areas where insecticide-treated net usage is low and
pyrethroid resistance is high,® IRS is highly underused in sub-
Saharan Africa.* In 2020, only 2.6% of people at risk for ma-
laria in Africa were protected by IRS (a decline from a peak of
5.8% in 2010)." The primary barriers of IRS scale-up are con-
cerns over its perceived harmful effects,” challenges in achiev-
ing high coverage and the need for insecticide resistance
monitoring which may result in switching to more expensive,
non-pyrethroid insecticides.® In contrast to insecticide-treated
nets, IRS has the advantage of using non-pyrethroid insecti-
cides (e.g. carbamates and organophosphates) which can help

to slow the spread of pyrethroid resistance.” Whereas several
studies have shown IRS to be highly effective in reducing ma-
laria morbidity,®®” few studies have evaluated its indirect im-
pact on overall health outcomes. Understanding the clinical
implications of IRS, especially among pregnant women, has
major policy implications for its scale-up, given that studies
from non-malaria endemic areas have shown prenatal expo-
sure to organophosphates and carbamate insecticides to be as-
sociated with adverse pregnancy outcomes.'*~

In 2014-15, the US President’s Malaria Initiative, the
Ugandan Ministry of Health and the UK Department for
International Development launched the Uganda IRS Project,
a population-level IRS campaign across 14 districts in
Eastern Uganda. After its initiation, large reductions in ma-
laria incidence were observed.”'® Small-scale pre-post studies
in one of these districts (Tororo) found that among women
concurrently receiving insecticide-treated nets and malaria
chemoprevention, IRS could reduce LBW risk up to 92%
among HIV-negative women and preterm delivery (a cause
of LBW) by 65% 14,15
However, these studies were conducted in only one district,

among HIV-positive women.

with small sample sizes and prone to residual confounding as
both studies lacked a contemporaneous control group.
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Figure 1 Location of study districts and health facilities

The present study aimed to quantify the impact of the
Uganda IRS Project on birth outcomes. We overcome
limitations of prior studies by evaluating more districts
and using contemporaneous data from neighbouring
control districts to generate more plausible counterfac-
tual control groups.

Methods
Study setting

This study used data from 25 health facilities located in
five of the 14 districts included in the Uganda IRS Project
(Tororo, Kaberamaido, Serere, Bugiri and Namutumba)
and six control districts. Campaign study districts were se-
lected based on budget, feasibility and geographical repre-
sentativeness of the original 14 districts included in the IRS
campaign (Figure 1). Timing of the IRS campaign was stag-
gered across districts, such that the first round of IRS was
initiated in December 2014 in Tororo and Kaberamaido,

&
IGANGA|

NAMUTUMBA |

in April 2015 in Serere and in May 2015 in Bugiri and
Namutumba. Bendiocarb (carbamate insecticide) was used
at the start of the campaign and repeated approximately
biannually (Supplementary Table S1, available as
Supplementary data at IJE online). In 2016-17, the formu-
lation changed to Actellic 300CS®, a longer-lasting organ-
ophosphate insecticide, and repeated approximately
annually. Overall, IRS coverage was >92% across all
rounds, with a few exceptions—coverage in the first round
of IRS in Kaberamaido was 71% and 85% in Tororo
(Supplementary Table S1).'®!'” Six neighbouring districts
not part of the Uganda IRS Project (Amuria, Busia, Iganga,
Jinja, Ngora and Soroti) were selected based on conve-

nience sampling to generate the control group.

Study design

To evaluate the impact of the campaign on birth outcomes,
our initial analysis was based on the standard difference-in-
differences (DiD) approach comparing the average pre-post
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changes in birth outcomes in the IRS group with average
pre-post changes in the control group.'® The main outcome
model for a DiD estimator with multiple units and time
periods'® is as follows:

Yir = Bo + B1Ti + BaXir + B3 + Bay; + €ir

where Y}, is the outcome for unit 7 at time #; T;, is a treat-
ment indicator variable that equals 1 if unit i is treated at
time ¢ and O otherwise; X, is a vector of measured unit-
and time-varying covariates; and o; and v, are unit- and
time-fixed effects. B, is the key parameter in this model
which estimates the treatment effect of the campaign on
birth outcomes. Valid causal inference from DiD relies on
the parallel trends assumption which assumes that the av-
erage trend of the treated and control groups would have
been parallel in the absence of IRS."® If this assumption is
met, DiD can estimate unbiased intervention effects in the
presence of group-varying, but time-invariant confounders
(e.g. baseline differences in malaria transmission intensity)
and time-varying causes of the outcome that are stable
across units (e.g. changes in the scale-up of other interven-
tions over time which affected groups similarly).'® Though
this assumption cannot be formally tested (given that the
potential outcomes of the IRS group in absence of IRS dur-
ing the post-IRS period are not directly observed), parallel
trends can be tested during the pre-IRS period. If ‘pre-
trends’ differ between IRS and control groups, this suggests
that the trend of the control group would not be a suitable
estimate of the expected trend of the IRS group in absence
of the campaign, resulting in biased DiD estimates.

We also conducted an alternative, machine-learning ap-
proach to estimating potential outcomes which does not rely
on the parallel trends assumption, i.e. the matrix completion
method with nuclear norm minimization (MC-NNM)."”
This method is similar in principle to DiD'® in that it uses a
regression-based approach, but the aim of MC-NNM is not
to estimate the treatment effect directly, but to estimate the
unobserved potential outcomes for each group and time pe-
riod [similar to the synthetic control method (SCM)>**!)]
The MC-NNM outcome model is defined for unit i at time ¢
as:

Y(0),, = Li + BXis + 0 + 9, + i

where Y(0) is a matrix that contains the potential outcomes
for units and time periods had the IRS campaign never oc-
curred, and the terms BXj, o; and vy, are interpreted simi-
larly to the DiD estimator. In the Y(0) matrix, only the
outcomes for treated units during the campaign period are
missing. To recover these values, MC-NNM assumes that
the Y(0) can be approximated by matrix L, a simplified

(lower-rank) matrix representation of the Y(0) matrix. To
estimate values of matrix L, MC-NNM uses matrix factori-
zation methods®*~** first to decompose Y(0) as a product of
two matrices: UVT, where U contains factor loadings (i.e.
unit-specific intercepts) and V contains time-varying fac-
tors.>>*® The rationale for decomposing the Y(0) matrix is
that it may identify important relationships between units
and time periods that cannot be adequately modelled
through group- and time-fixed effects (e.g. effects of
unmeasured time-varying causes of the outcome that differ
between units). As these group- and time-varying factors are
not directly observed, they are considered latent factors that
are revealed through matrix decomposition. To reduce the
complexity of the Y(0) matrix and thus estimate matrix L,
MC-NNM uses nuclear norm regularization, a machine-
learning approach to retain the latent factors that explain
the most variability in the outcomes.

Similar to SCM, MC-NNM generates a ‘synthetic con-
trol’, but unlike SCM, the control generated by MC-NNM is
not based on weights that are assumed to be time-invariant."”
The main identifying assumptions of MC-NNM are that: (i)
the errors are exogenous and have conditional mean zero:

Elei|Lis, Xie, i, 7] =0

and (ii) counterfactual outcomes are conditionally indepen-
dent of treatment assignment, given observed covariates
and model specification:

Y(O) Y(l)t DitlLit7 Xita iy V¢

i’ [i

where Dj; represents the observed treatment for unit 7 at
time £.'%52° To estimate the average treatment effect of
the treated (ATT), observed outcomes of the treated group
are compared with the MC-NNM-generated synthetic con-
trol. The full methodological details of MC-NNM are

19:25 and a brief overview is provided in

found elsewhere
the Supplementary Methods (available as Supplementary

data at IJE online).

Data source

Birth records were collected from routine surveillance data
from 11 health facilities in IRS districts and 14 in control
districts (Figure 2). Due to budgetary limitations and het-
erogeneity in data quality, not all health facilities were
sampled from each district. To select study health facilities,
we generated a list of all known non-referral public health
facilities with a maternity ward. Facilities were excluded if
they averaged <200 births per year and were <5 km away
from a neighbouring district (to mitigate treatment mis-
classification). From this list, three health facilities were
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52 HFs screened in 11 districts

v

v

20 HFs from IRS districts

32 HFs from control districts

9 HFs excluded
4 missing >25 months of data
> 1 missing essential variables
4 missing = 12 months of
consecutive data

Y

18 HFs excluded
8 missing >25 months of data
2 missing essential variables
1 with <200 annual births per year
7 missing = 12 months of
consecutive data

Y

11 HFs from 5 IRS districts
2 from Bugiri
2 from Kaberamaido
2 from Namutumba
2 from Serere
3 from Tororo

14 HFs from 6 control districts
4 from Amuria
2 from Busia
4 from Iganga
1 from Jinja
2 from Ngora
1 from Soroti

Abbreviations: HF=health facility; IRS=indoor residual spraying

Figure 2 Flow diagram of the selection of health facilities

randomly sampled from each district. Health facility regis-
tries were screened to determine data quality. Those with
low-quality data (defined as either missing complete
months of data for >25months during study period or
missing covariates and/or outcome data for >30% of
records) were excluded, and the next eligible health facility
was sampled until at least three were sampled per district.
If three health facilities could not be reached, health facili-
ties from neighbouring districts with the same exposure
status were sampled.

Of the 52 health facilities that were screened, data were
collected from 36 health facilities. Of the 16 that were ex-
cluded, 12 were missing >25 months of data, three were
missing birthweight values for >30% of records and one
had a delivery rate of <200 births per year (found post-
screening). Post-data collection, we found 11 health facilities
had >12 months of consecutively missing data. These health
facilities were excluded from the final analyses, as trends
could not be accurately modelled for these units. The final
analytical sample included data from 25 health facilities.

From each health facility, individual-level birth records
from all singleton deliveries from January 2013 to May
2017 were collected from the Integrated Maternity
Registry of the Health Management Information System
(HMIS).*” The registry is managed by trained nurses and
midwives and includes data on delivery outcomes (e.g. de-
livery date, birthweight and stillbirth) and maternal char-
acteristics (e.g. age, gravidity and HIV status based on HIV
diagnosis and/or receipt of antiretrovirals). For the primary

analysis, data were aggregated to the health facility-
month—a total of 1247 observations. Outcome data were
missing for 5.9% of observations (Supplementary Figure
S1, available as Supplementary data at IJE online).

Measurements

Treatment variable

Treatment was defined as a binary variable where
treatment =1 in the post-IRS campaign period for treated
districts and otherwise 0. Because IRS effects are expected
to be dose-dependent, campaign effects were separately es-
timated for the first and second year following IRS cam-
paign initiation.

Outcomes

The study outcomes were incidence of LBW (defined as
birthweight <2500 g)*® among live, singleton deliveries,
and stillbirth incidence.

Statistical analysis plan

Difference-in-differences

DiD analyses were implemented using negative binomial
regression to model the number of LBW and stillborn
infants per health facility-month. Models included the
post-IRS treatment variable, month- and health facility-
fixed effects, and time-varying characteristics (e.g. mean
maternal age, proportion of primigravidae, proportion of
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HIV-positive women). The log number of deliveries per
health facility-month was included as an offset term, and
robust standard errors were used to account for correlated
outcomes.

To test whether pre-IRS trends differed between IRS
and control groups, an interaction term between an IRS in-
dicator variable and a linear time trend (Birs x month) Were
included in models using pre-campaign data (January
2013-November 2014). Models included the same covari-
ates as primary DiD analyses, but the post-IRS treatment
variable was replaced with an indicator variable denoting
whether the health facility was located in an IRS campaign
district.

Matrix completion with nuclear norm minimization

MC-NNM analyses were used to estimate the number of
LBW and stillbirth deliveries per health facility-month that
would have been expected in absence of IRS. For MC-
NNM analyses, we modelled the outcome as incidence of
birth outcomes per 100 deliveries. Alternative specifica-
tions of the outcome were considered, including modelling
the outcome as counts and log-transforming the outcome
and adding a value of one to account for zero cases (to
make estimates comparable to DiD analyses). Findings
from these alternative specifications did not substantively
change the magnitude or direction of the effect estimates
(Supplementary Figure S2, available as Supplementary
data at IJE online). Covariates included the number of de-
liveries per health facility-month and those included in
DiD analyses. Incidence rate ratios (IRRs) were estimated
by dividing the averaged observed outcome in the IRS
group by the averaged outcome generated by the MC-
NNM synthetic control at each month and IRRs were av-
eraged across the overall 2-year, first year and second year
post-campaign period; 95% confidence intervals were
obtained using 1000 block-bootstrapped percentiles to ac-
count for clustered observations at the health facility-level.
Analyses were performed using the gsynth package in R.*’

Subgroup analyses

In areas of high Plasmodium falciparum transmission,
HIV-positive and primigravid women have less parity-
specific immunity to malaria, increasing their risk of ad-
verse pregnancy outcomes.’” To investigate whether the
IRS campaign differentially affected birth outcomes for
HIV-positive women and primigravidae, DiD analyses
were performed using individual-level data. Poisson regres-
sion with robust standard errors was used to estimate the
campaign’s effect on LBW and stillbirth risk. To test
whether campaign effects differed for each subgroup, mod-
els included a two-way interaction term between the post-
IRS treatment variable and subgroup (Brs x subgroup)-

Stratified analyses were conducted separately for each sub-
group regardless of whether P-values (Pirs x subgroup) indi-
cated evidence of a statistical interaction.

Testing of pre-IRS parallel trends was conducted using
a three-way interaction term (Bmonth x IRS x subgroup)- 1f the
P-value of the interaction term was <0.05, unit-specific
linear time trends (Bhealth facility x rime) Were included in
standard DiD estimators. This approach allows group pre-
trends to vary, but assumes the rate of change would have
been parallel.'®*! MC-NNM analyses were not separately
performed for subgroups as the small sample size and rar-
ity of the outcome would not allow accurate predictions
using aggregated data. All analyses were conducted using
Stata 16.1 (StataCorp LLC) and in R (version 3.5.3).

Sensitivity analyses

Though individual-level data were available, the primary
analyses were conducted using group-level data aggregated
to the health facility-month to ensure DiD estimates were
comparable to MC-NNM (which requires group-level
data). A major limitation of using group-level data is its
susceptibility to ecological fallacy bias.** Sensitivity analy-
ses were performed by conducting DiD using individual-
level confounder and outcome data to estimate the cam-
paign’s effect on LBW and stillbirth risk (Supplementary
Figure S3, available as Supplementary data at IJE online).
DiD estimators used Poisson regression with robust stan-
dard errors to model outcomes using the same parameters
as the primary DiD analyses, except that time-varying
covariates (i.e. maternal age at delivery, gravidity and HIV
status) were modelled at the individual-level.

Valid estimates from MC-NNM rely on the assumption
that MC-NNM adequately modelled all time-varying fac-
tors that differ across units (i.e. effects estimated by MC-
NNM were due to the IRS campaign and not through
other interventions that occurred during the same period).
To test the robustness of our effect estimates, we con-
ducted placebo tests that falsely reassigned treated periods
3 and 6 months prior to the true start date of the cam-
paign. Details and results of the placebo tests are provided
in Supplementary Table S2 (available as Supplementary
data at IJE online).

Results

Study population

The final sample size included data from 59 992 singleton de-
liveries recorded between January 2013 and May 2017,
~27 months before and ~24 months after IRS initiation.
Approximately 3.4% of deliveries were stillbirths (7= 20435).
Of the 57 947 live births, 2871 (5.0%) were LBW.


https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyac043#supplementary-data

International Journal of Epidemiology, 2022, Vol. 51, No. 5 1495

Table 1 Maternal characteristics and delivery outcomes in study health facilities recorded between January 2013 and May 2017.
Summary statistics are provided as monthly means (standard deviation) per health facility averaged across IRS and non-IRS
(control) groups and pre- and post-IRS periods

No IRS (control) IRS

Pre-IRS? Year 1 Year 2 Pre-IRS Year 1 Year 2
Total number of deliveries 13065 7701 9811 12615 7100 9700
Number of months of observation 26.5 12 12 23,27,28" 12 12
Maternal age in years per HF-month, mean (SD) 24.7(1.3) 24.4(1.1) 24.3(1.1) 24.6(1.2) 24.4(1.0) 24.5(1.1)
% of primigravidae women per HF-month, mean (SD) 18.5(11.9) 21.6(11.1) 22.5(11.0) 19.6(10.8) 21.9(9.3) 24.6(9.0)
% of HIV-positive women per HF-month, mean (SD) 3.2 (3.4) 2.9(2.7) 3.4 (3.0) 2.6 (4.3) 2.6 (2.9) 3.1(3.2)
Delivery outcomes
Number of deliveries per HF-month, mean (SD) 40.0 (17.8) 50.0 (23.5) 47.9(24.7) 45.7(24.7) 55.5(27.7) 60.1(32.0)
LBW incidence per 100 deliveries per HF-month, mean (SD) 3.3 (4.0) 3.2 (3.4) 4.2 (4.6) 4.9 (6.5) 3.7 (5.4) 3.9(5.1)
Stillbirth incidence per 100 deliveries per HF-month (SD) 2.8 (4.3) 2.8 (4.1) 3.3(5.0) 2.8(3.3) 2.7 (3.7) 3.2(3.8)

HEF, health facility; IRS, indoor residual spraying; LBW, low birthweight; SD, standard deviation.

?Due to the staggered adoption of IRS, the post-IRS period for the control group in this table was defined as the mid-point between the earliest and latest date
of the first round of IRS (14 February 2015).

bPre-IRS months of observation were 23 months for districts that initiated IRS in December 2014 (Kaberamaido and Tororo), 27 months for districts that
started IRS in April 2015 (Serere) and 28 months for districts that started IRS in May 2015 (Bugiri and Namutum).

A Low Birthweight IRR [95% CI]

Matrix Completion (MC-NNM)
Overall (2-Year) 0.67 [0.49, 0.93]
1st Year 0.72[0.50, 1.03]
2nd Year —a— 0.62[0.42, 0.92]

Difference-in-Differences (DiD)

Overall (2-Year) — 0.69[0.47, 1.01]
1st Year — = 0.76 [0.52, 1.12]
2nd Year — 0.68 [0.43, 1.09]

I T 1

0.25 0.5 1 2

-« —
Favors IRS Favors No IRS
B stillbirth IRR [95% CI]

Matrix Completion (MC-NNM)
Overall (2-Year) 0.94 [0.50, 1.77]
1st Year 1.02 [0.55, 1.89]
2nd Year 0.87[0.39, 1.91]

Difference-in-Differences (DiD)

Overall (2-Year) R 0.81[0.45, 1.47]
1st Year — . 0.94 [0.58, 1.54]
2nd Year 0.75[0.36, 1.55]
\ \ \
0.25 0.5 1 2
« —

Favors IRS Favors No IRS
Abbreviations: DiD=difference-in-differences; IRR=incidence rate ratio;
IRS=indoor residual spraying; MC-NNM=matrix completion method

Figure 3 Overall, first- and second-year impact of the Uganda IRS Project on low birthweight incidence (A) and stillbirth incidence (B), estimated by
the matrix completion method and difference-in-differences models. Average treatment effects on the treated are reported as incidence rate ratios

The demographic characteristics and delivery outcomes and across pre- and post-IRS periods. The mean propor-
of the study population are presented in Table 1. Mean tion of primigravidae was lower during the pre-IRS period,
maternal age was similar between IRS and control groups but this finding was consistent across both IRS and control
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B Stillbirth
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IRRyear 1=1.02 [0.55, 1.89]
IRRyear 2=0.87 [0.39, 1.91]

3.00-
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Month Relative to IRS Initiation

Abbreviations: ATT=average treatment effect of the treated; IRR=incidence rate ratio;

IRS=indoor residual spraying

Figure 4 Month-by-month estimates of the average treatment effect of the treated (ATT) on low birthweight (A) and stillbirth incidence (B). Results are
reported as incidence rate ratios estimated using the matrix completion method. The vertical solid lines indicate time points (in months) 0, 12 and 24
after the start of the Uganda IRS campaign. Thick horizontal dashed lines represent the average treatment effect estimated during Years 1 and 2 post-
IRS initiation. The horizontal dotted line denotes a reference line when incidence rate ratio =0

groups. Mean prevalence of HIV was higher in the control
group compared with the IRS group, but this finding was
consistent across pre- and post-IRS periods.

Impact of IRS on birth outcomes
Figure 3 presents MC-NNM and DiD estimates of the IRS
campaign’s effect on birth outcomes. Over a 2-year period,
the campaign was associated with a 33% reduction in
LBW incidence [IRRpcnnm=0.67 (95% CI: 0.49-0.93)].
Reductions were seen in the first- and second-year post-
IRS campaign, though associations were slightly larger in
second year [IRRye, 1 =0.72 (95% CI: 0.50-1.03) versus
IRRyeor 2=0.62 (95% CI: 0.420-.92)]. The MC-NNM-
generated synthetic control appeared to be a good fit to the
observed outcomes during the pre-campaign period
(Figure 4A; Supplementary Figure S4, available as
Supplementary data at IJE online). MC-NNM estimates
were similar to DiD [IRRp;p =0.69 (95% CI: 0.47-1.01)],
though DiD analyses were subject to a parallel trends vio-
lation (Brs x month=0.03; P=0.006) (Supplementary
Figure S5, available as Supplementary data at IJE online).
MC-NNM estimates indicated the campaign was not as-
sociated with substantively lower stillbirth incidence [IRRp;c.
M = 0.94 [95% CI: 0.50-1.77)]. Though the campaign
appeared to be associated with a lower stillbirth incidence in
the second-year post-IRS campaign [IRR=0.87 (95% CI:

0.39-1.91)], confidence intervals were too wide to provide re-
liable estimates. Unlike the MC-NNM synthetic control for
LBW, the MC-NNM synthetic control did not appear to be a
suitable control group (Figure 4B; Supplementary Figure S4).
There did not appear to be a violation in the parallel trends
assumption during the pre-IRS period (Birs x month =-0.02;
P=0.49) (Supplementary Figure S5) though DiD estimates
for the 2-year impact were further from the null [IRR =0.81
(95% CI: 0.45-1.47)]. However, both MC-NNM and DiD
estimates exhibited wide confidence intervals.

Subgroup analyses

Of the 59992 deliveries, 1814 (3.0%) were among HIV-
positive women and 13 306 (22.2%) were among primigravi-
dae. HIV status appeared to modify the relationship between
the IRS campaign and LBW risk [Birs x rrv=0.42 (95% CI:
0.05-0.78); prs x wHrv=0.025], such that the campaign
appeared to benefit HIV-negative women [RRy.=0.70
(95% CI: 0.61-0.81)], but not HIV-positive women
[RRyrvy =1.12 (95% CIL: 0.59-2.12)] (Figure SA). There
was insufficient evidence to suggest HIV status modified the
relationship between the IRS campaign and stillbirth risk
[Birs x xrv=-0.34 (95% CI: -1.06-0.40); pirs x Hrv = 0.37].
However, subgroup analyses showed the campaign was asso-
ciated with lower LBW and stillbirth risk for HIV-negative
women, whereas confidence intervals around effect estimates
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Figure 5 Results of subgroup analyses by HIV. Average treatment effects on the treated were estimated using difference-in-differences models using
individual-level data. Results are provided as the overall-, first- and second-year impact of the Uganda IRS Project on low birthweight (A) and stillbirth

incidence (B)

among HIV-positive women were too wide to provide reli-
able estimates (Figure 5B).

Gravidity did not appear to modify the effect of the
campaign on LBW risk [Birs x primigravidae =0.06 (95%
CI: —0.09-0.22); P=0.43] (Figure 6A) or stillbirth risk
[BIRS x Primigravidae = 0.09 (95% CI: —0.18-0.37); P=0.52]
(Figure 6B). However, subgroup analyses indicated a pro-
tective effect of the campaign on stillbirth risk among mul-
tigravidae [RR =0.68 (95% CI: 0.53-0.88)].

Sensiivity analyses

Using individual-level covariate and outcome data, we
found that the direction and magnitude of DiD effect esti-
mates estimating the campaign’s effect on LBW and still-
birth risk did not substantively differ from DiD estimates
using group-level incidence data (Supplementary Figure
S3). Placebo tests, falsifying the treatment period to 3 and
6 months prior to the true start of the campaign date,
found little evidence of campaign effects on LBW incidence
during the ‘placebo’ periods (Supplementary Table S2). In
contrast, campaign effects on stillbirth incidence were ob-
served 3 months prior to the actual start of the campaign,

suggesting other factors were affecting stillbirth rates
around the same time as the campaign.

Discussion

Between 2014 and 2015, the Ugandan Ministry of
Health and implementing partners began a large-scale
IRS campaign in a highly malaria-endemic region of
Eastern Uganda. Using a novel application of matrix
completion methods to estimating potential outcomes,
our study found the campaign was associated with a
33% reduction in LBW incidence in the 2 years follow-
ing IRS initiation. Subgroup analyses indicated that the
IRS campaign was associated with reductions in LBW
and stillbirth risk among HIV-negative women, but not
among HIV-positive women. Gravidity did not appear
to modify the effects of the campaign, though subgroup
analyses suggest that multigravidae, but not primigravi-
dae, may have had a lower stillbirth risk after the
campaign. However, stillbirth estimates should be inter-
preted with caution as placebo tests from our sensitivity
analyses suggest other concurrent interventions may ex-

plain these effects.
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Figure 6 Results of subgroup analyses by gravidity. Average treatment effects on the treated group were estimated using difference-in-differences
models based on individual-level data. Results are provided as the overall-, first, and second-year impact of the Uganda IRS Project on low birth-

weight (A) and stillbirth incidence (B)

Though malaria is a known cause of stillbirth,*? it was
not clear whether the campaign lowered stillbirth inci-
dence. A plausible reason for this finding may be that the
MC-NNM synthetic control was not a suitable control to
estimate the true treatment effect of the campaign as
shown by our sensitivity analyses. However, several
other reasons may explain this result. First, malaria is a
cause of antepartum, but not intrapartum, stillbirths®*
and our inability to distinguish between the two may
explain the attenuated effects and wide confidence inter-
vals. Second, it is possible that organophosphate and car-
bamate exposure may increase stillbirth risk,®> which
may have counteracted the benefits of IRS on malaria
prevention. However, more research is needed to confirm
these findings.

Though the effects of IRS on stillbirth remain unclear, our
LBW findings are consistent with the current literature on the
benefits of IRS,**® and more broadly, the benefits of malaria
prevention on LBW.?”*® A previous meta-analysis of 25
African countries’” found that full malaria prevention with
insecticide-treated nets and/or malaria chemoprevention was
associated with a 21% reduction in LBW risk, similar to the
benefits seen with IRS in this study (33%). Our findings differ
from studies linking prenatal exposure to organophosphates
and carbamate insecticides to increased LBW risk,'%'? but

these studies were mainly conducted in non-malaria-endemic
settings and, in this setting, the benefits of preventing LBW
likely counteracted the potential adverse consequences of pre-
natal pesticide exposure. However, to fully understand the
clinical implications of IRS, further research is needed on
other downstream health outcomes across a range of malaria
endemicities to determine at which point, if any, the harm
outweighs the benefit.

In this setting and potentially other malaria-endemic
regions of sub-Saharan Africa, investment in IRS may lower
rates of LBW, a condition which imposes major financial
burden on families and health systems.**** In resource-
limited settings, LBW contributes to 60-80% of all neonatal
deaths***! and among surviving infants, LBW increases the
risk of respiratory and diarrhoeal disease,*” impaired growth
and cognitive development,**™** diabetes,* and cardiovascu-
lar disease.*® These factors should be taken into account
when determining the cost-effectiveness of IRS and decision
for its use. Coincidentally, the President’s Malaria Initiative
has been conducting large-scale IRS campaigns in 13 other
African countries.*” Evaluation of these campaigns should
consider the indirect effects of IRS, which may justify its con-
tinued use. However, its initiation should be carefully consid-
ered, as withdrawal of IRS after a sustained period can result

in rapid malaria resurgence.®”**
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Our study had limitations and should be interpreted with
caution. First, control units were selected based on conve-
nience sampling and it is plausible that these units did not ac-
curately represent the unobserved potential outcome of the
treated group. Second, our results may have limited generaliz-
ability to the following groups: (i) the other nine IRS districts
excluded from this study; (ii) home-based births, which in
Uganda comprise approximately 30% of deliveries*’;and (iii)
the catchment areas of health facilities that were excluded
due to low-quality data. Exclusion of these health facilities
could have affected the internal validity of our estimates, had
LBW and stillbirth trends within these health facilities sys-
tematically differed from health facilities with higher-quality
data and between treated and control groups. Fourth, varia-
bles in our dataset may have been measured with error. For
example, exposure to the IRS campaign may have been mis-
classified for women delivering at health facilities outside
their district of residence. Though we aimed to minimize this
bias by selecting health facilities >5 km away from a neigh-
bouring district, this type of non-differential misclassification
error may have biased our estimates toward the null.
Furthermore in 2014, around the time of the IRS campaign,
the format of the birth registry was changed to improve
accurate reporting of gravidity, likely explaining the change
in the proportion of primigravidae before and after IRS.
Improvements in reporting of gravidity or other covariates
may have resulted in non-differential misclassification error,
which could have underestimated true differences in our sub-
group analyses. Fifth, individual-level IRS coverage data were
unavailable and thus effects estimated in this study can only
be interpreted as the intervention effects of the Uganda IRS
Project, rather than on an individual exposure level. Sixth,
due to our limited sample size, effect modification by insecti-
cide type (i.e. organophosphates versus carbamates) was not
evaluated as part of our study. Seventh, outcomes ascertained
in this study were only among women who made it to deliv-
ery and excluded women who experienced fetal loss. Though
it is difficult to predict the direction of this bias, as IRS may
have affected fetal loss both favourably through malaria pre-
vention and potentially adversely through insecticide expo-
sure, it is unlikely that this type of collider bias would explain
away the LBW estimates observed in this study. However, fu-
ture studies assessing the effects of IRS on early fetal loss are
needed. Last, we cannot rule out that our estimates were sub-
ject to other forms of bias or a chance finding.

Conclusion

Despite these limitations, our study demonstrated that in
an area of intense malaria transmission, a high-coverage
IRS campaign appeared to substantially reduce LBW inci-
dence. Campaign effects were similar in magnitude to

receiving full malaria prevention during pregnancy. Clear
benefits of the IRS campaign on LBW were observed
among infants born to HIV-negative women. However,
similar effects of the campaign were not observed among
HIV-positive women, confirming the need for additional
tools for LBW prevention in this subgroup.’® Our study
provides important evidence highlighting the benefits of
the Uganda IRS Project on LBW prevention, warranting its
continued implementation in Eastern Uganda. However,
future studies are needed to understand the effects of the
campaign on other health outcomes, including its effects
on stillbirth.
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