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Abstract

Background: Maternal mortality remains uneven globally, and the COVID-19 pandemic disrupted
maternal health services through direct infection-related risks and indirect health-system pathways. We
estimated country-level deviations in maternal deaths and maternal mortality ratios (MMR) during
20202023 relative to pre-pandemic trends.

Methods: We used WHO/UN MMEIG model-based country-level estimates of maternal deaths and
MMR from 2000-2019 to fit an ensemble n-sub-epidemic forecasting model. We generated no-pandemic
counterfactual projections for 2020-2023 and compared them with WHO/UN MMEIG estimates for the
same years. Excess was defined as the positive difference between the WHO/UN MMEIG estimate and
the counterfactual prediction; uncertainty was quantified using bootstrap-based prediction intervals.
Results: Globally, estimated cumulative excess maternal deaths were 68,489 (95% UI 34,706-147,118)
during 2020-2023, and the aggregate excess MMR was 10,154 (95% UI 4,568-23,744). The largest regional
excess death burdens were observed in the South-East Asia Region, Eastern Mediterranean Region,
and African Region. Among the eight illustrative high-burden countries, Afghanistan and Somalia had
statistically detectable excess maternal deaths, with totals of 2,335 (95% UI 1,148-4,350) and 1,815
(639-3,401), respectively. Liberia had a positive median estimate of 265 excess maternal deaths, but its
interval included zero (0-990). Nigeria, Chad, and South Sudan had median totals of zero, although
uncertainty intervals indicated that nonzero excess could not be excluded in Chad and South Sudan.
Conclusion: Pandemic-period WHO/UN MMEIG estimates deviated heterogeneously from pre-pandemic
counterfactual trends. These findings should be interpreted as modeled excess relative to a no-pandemic
baseline and may reflect pandemic-related disruptions together with other contemporaneous health-
system, political, and social shocks, rather than directly observed deaths or causal effects attributable
solely to COVID-19.
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Key Messages

What is already known on this topic

Maternal mortality remains highly unequal globally, and the COVID-19 pandemic disrupted essential
maternal and newborn health services in many settings. Existing evidence has documented direct
infection-related risks in pregnancy and indirect health-system disruptions, but global country-level
counterfactual estimates of pandemic-period deviations from pre-pandemic maternal mortality trends
remain limited.

What this study adds

Using WHO/UN MMEIG model-based estimates and an ensemble n-sub-epidemic forecasting frame-
work calibrated to 2000-2019 trends, this study estimated 68,489 cumulative excess maternal deaths
globally during 2020-2023. The largest regional excess death burdens were observed in the South-
East Asia, Eastern Mediterranean and African Regions. The study also estimated an aggregate excess
MMR of 10,154, defined as the sum of country-level annual excess MMR, deviations across 2020-2023.

How this study might affect research, practice or policy

These findings support the need for pandemic preparedness plans that protect essential obstetric and
newborn care while also addressing barriers to care-seeking through risk communication, community
engagement and other demand-side interventions. Core services that should be protected include
antenatal care, skilled birth attendance, emergency obstetric referral systems, blood supply, essential
medicines and postnatal care. They also highlight the importance of stronger maternal mortality
surveillance and counterfactual monitoring frameworks to detect health-system shocks, interpret un-
certainty and track inequalities during future public-health emergencies.

1 Introduction

Despite advances in technology and healthcare in the 21st century, maternal mortality remains a major global
health challenge characterized by profound and persistent inequalities across regions and income levels [6127].
According to WHO/UN Maternal Mortality Estimation Inter-Agency Group (MMEIG) estimates, there
were approximately 260,000 maternal deaths globally in 2023, corresponding to a maternal mortality ratio
(MMR) of 197 deaths per 100,000 live births, or approximately one maternal death every two minutes
worldwide [5051]. Although global MMR declined by approximately 40% between 2000 and 2023, progress
has been highly uneven, with low- and lower-middle-income countries accounting for approximately 92% of
all maternal deaths [50L[51]. Thus, global progress masks persistent inequities across countries, regions, and
income groups. These disparities reflect not only barriers to access, but also gaps in health-system quality,
resilience, and equity [28,/44}/49].

Substantial improvements in maternal mortality were achieved during the Millennium Development Goal
(MDG) era, followed by a marked deceleration in progress after the introduction of the Sustainable Devel-
opment Goals (SDGs) [6L/51]. SDG 3.1 aims to reduce the global maternal mortality ratio to fewer than 70
deaths per 100,000 live births by 2030 [51]. The initial years following SDG implementation showed modest
improvement, with global MMR declining from 228 in 2015 to 207 in 2019. However, this pace of decline
remains insufficient to achieve the 2030 target without accelerated and sustained interventions, particularly
in high-burden settings [646]. The persistence of preventable maternal deaths highlights the need to address
systemic barriers within health systems, including access to facility-based care, workforce capacity, referral
systems, equitable service delivery, and other contributors to maternal mortality, such as unsafe abortion
[28,/39,/44,/49,/52].

This already vulnerable landscape was further disrupted by the COVID-19 pandemic, which placed un-
precedented strain on health systems worldwide [32}/48]. Several studies have documented reductions in
maternal health-service utilization, interruptions in antenatal, intrapartum, and postnatal care, and adverse
maternal and perinatal outcomes during the pandemic [13}22,/38,/40]. The pandemic prompted widespread
reallocation of health resources toward COVID-19 response efforts, contributing to shortages of healthcare
personnel, medical supplies, intensive care capacity, essential medicines, blood products, and referral capac-
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ity, all of which are critical for safe pregnancy and childbirth |10L|19L32/48]. These systemic strains created
multiple indirect pathways to mortality. Early modeling studies estimated that, across 118 low- and middle-
income countries, disruptions to essential maternal and child health services could result in approximately
12,200 to 56,700 additional maternal deaths over a six-month period, depending on the severity of service re-
ductions [36]. Subsequent empirical studies using facility and administrative data in low- and middle-income
countries documented disruptions to maternal and child health-service utilization, with effects varying across
countries, services, and time [3l[9]. A systematic review and meta-analysis also reported worsened maternal
and perinatal outcomes during the pandemic, including increases in maternal deaths and stillbirths [13].
Fear of infection, mobility restrictions, and disruptions to routine services further reduced utilization of an-
tenatal, intrapartum, and postnatal care, particularly in low-resource settings, where declines in institutional
deliveries and skilled birth attendance were reported |4126L30L32L[36].

Beyond health-system disruptions, SARS-CoV-2 infection presented a direct clinical threat during preg-
nancy. Pregnant individuals with COVID-19 have been reported to face higher risks of severe disease, inten-
sive care admission, and adverse maternal and neonatal outcomes than relevant comparator groups [8}/42].
Thus, pandemic-period maternal mortality may reflect both direct infection-related risks and indirect ef-
fects mediated through disruptions to essential maternal health services, health-system strain, delays in
care-seeking, and changes in access to timely obstetric care.

The arrival of COVID-19 vaccines in late 2020 marked an important turning point in pandemic response,
but public-health guidance for vaccination in pregnancy varied substantially across countries [53]. This
variation may have shaped vulnerability among pregnant populations, particularly in settings where health-
system capacity and maternal-health services were already constrained. Because vaccination was not directly
evaluated in the present analysis, pregnancy-vaccination policy is interpreted here as contextual background
rather than as a modeled exposure.

The impact of COVID-19 on maternal health has been examined in several country-specific and regional
studies, documenting disruptions to service utilization and adverse maternal outcomes [4,8}/261/30,36]. Recent
global analyses have estimated maternal mortality trends through 2023 and examined mortality from COVID-
19 infection among pregnant women [18]. However, global country-level counterfactual estimates of excess
maternal deaths and excess MMR relative to pre-pandemic WHO/UN MMEIG trends remain limited. This
gap is critical because maternal mortality was already on a downward trajectory prior to 2020. To assess
deviations during the pandemic period, it is therefore important to compare WHO/UN MMEIG estimates
for 2020-2023 against a counterfactual no-pandemic baseline that accounts for these pre-existing trends,
rather than simply comparing annual estimates with previous years.

Excess-mortality frameworks have been widely used to estimate the direct and indirect mortality burden
of the COVID-19 pandemic by comparing observed or estimated deaths with expected deaths under pre-
pandemic conditions [33}/43]. However, their application to maternal mortality at the global country level
remains limited. In this study, we address this gap by applying an ensemble n-sub-epidemic modeling frame-
work to generate counterfactual projections of maternal mortality under a no-pandemic scenario, building
on prior applications of this approach to forecasting and excess-mortality estimation in other disease con-
texts [14L/15|16}[24]. Using WHO/UN MMEIG maternal mortality estimates from 2000 to 2019, we forecast
expected maternal deaths and MMR for 2020-2023 and compare these projections with WHO/UN MMEIG
estimates for the same period to quantify excess maternal mortality during the COVID-19 pandemic period.

We therefore estimate deviations of WHO/UN MMEIG model-based pandemic-period maternal mortality
estimates from counterfactual projections calibrated to pre-pandemic WHO/UN MMEIG trends. These
deviations should be interpreted as excess relative to a modeled no-pandemic baseline, not as directly observed
deaths or causal effects attributable solely to COVID-19.

The primary objective of this study is to estimate global and country-level deviations in maternal deaths
and MMR during 2020-2023 relative to counterfactual projections calibrated to pre-pandemic WHO/UN
MMEIG trends and applied consistently across countries. By identifying where and to what extent maternal
mortality exceeded expected levels, this analysis informs the Ending Preventable Maternal Mortality agenda
and highlights the importance of strengthening health-system resilience and maternal mortality surveil-
lance [44L/46]. These findings underscore the need for policies that explicitly protect essential maternal and
newborn health services during future global health emergencies and address persistent inequalities in access
to quality care across countries and regions.
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2 Data

2.1 Data source and definitions

This study used publicly available country-level estimates from |Trends in Maternal Mortality 2000-2023:
FEstimates by WHO, UNICEF, UNFPA, World Bank Group, and UN DESA/Population Division| |51].
Throughout this study, we refer to these data as WHO/UN Maternal Mortality Estimation Inter-Agency
Group (MMEIG) estimates. The source report provides internationally comparable global, regional, and
country-level estimates of maternal mortality for 195 countries and territories. The associated country-level
data include annual model-based estimates of the number of maternal deaths and the maternal mortality
ratio (MMR).

A maternal death was defined according to the WHO/UN MMEIG definition as the death of a Womarﬂ
while pregnant or within 42 days of termination of pregnancy, irrespective of the duration and site of
pregnancy, from any cause related to or aggravated by pregnancy or its management, but not from accidental
or incidental causes [51]. The MMR was defined as the number of maternal deaths per 100,000 live births in
a given year [51]. Maternal deaths and MMR were analyzed as complementary outcomes: maternal deaths
measure the absolute mortality burden, whereas MMR measures the risk of maternal death relative to the
number of live births.

2.2 WHO/UN MMEIG estimation process

The WHO/UN MMEIG estimates are derived through a harmonized estimation process that integrates
data from multiple sources, including civil registration and vital statistics (CRVS) systems, population-
based surveys, censuses, and specialized maternal mortality studies [51]. Because data completeness and
cause-of-death classification vary substantially across countries, statistical modeling is used to adjust for
underreporting, misclassification, and data-source differences, and to generate internationally comparable
estimates across settings and over time [7[34,/51]. The Bayesian maternal mortality estimation model used
by WHO/UN MMEIG incorporates data-driven country trends while accounting for variation in data quality
and source-specific reporting issues [7]. Official country consultations are conducted as part of the estima-
tion process to review preliminary estimates and incorporate additional country-specific information when
available [51]. As a result, WHO/UN MMEIG estimates may differ from nationally reported figures but are
designed to support cross-country comparability.

2.3 Pandemic-period estimates and analysis window

For the pandemic period, the WHO/UN MMEIG estimates should be interpreted as model-based estimates
rather than raw observed maternal death counts. In the 2025 WHO/UN MMEIG report, 2020-2022 were
treated as COVID years and estimated using a modified COVID BMat model setup, whereas 2023 was not
treated as a COVID year and was estimated using the default BMat framework [51]. We therefore define
2020-2023 as the pandemic-period analysis window for this study, while recognizing that 2023 was handled
differently in the WHO/UN MMEIG estimation process.

Pre-pandemic WHO/UN MMEIG estimates from 2000 to 2019 were used for model calibration, and
WHO/UN MMEIG estimates from 2020 to 2023 were used for comparison with counterfactual projections.
The 2000-2019 calibration window was selected to focus on contemporary pre-pandemic maternal mor-
tality trends and to avoid using pandemic-period information in model fitting. Excess maternal deaths
and excess MMR were derived by comparing WHO/UN MMEIG estimates for 2020-2023 with model-
based forecasts generated from pre-pandemic trends. Thus, our analysis compares model-based WHO/UN
MMEIG pandemic-period estimates with model-based counterfactual projections calibrated to pre-pandemic
WHO/UN MMEIG trends, rather than comparing forecasts with raw surveillance counts.

IWe retain the terminology used in the WHO/UN MMEIG definition of maternal death. We recognize that not all people
who become pregnant identify as women; throughout this study, the term is used to maintain consistency with the source data
and official definition.
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2.4 Study population and country groupings

This analysis included all countries and territories in the WHO/UN MMEIG source dataset with available
maternal death and MMR estimates for the study period. Countries were grouped by WHO region, including
the African Region, the Region of the Americas, the Eastern Mediterranean Region, the European Region,
the South-East Asia Region, and the Western Pacific Region. Results were generated for all countries
included in the analytic dataset, with country-level outputs provided in the Supplementary Material.

Because the analysis relied exclusively on publicly available, aggregated country-level estimates and did
not involve individual-level human participant data, ethical approval was not required.

2.5 [Illustrative high-burden settings

For descriptive line-graph visualizations, we selected eight illustrative high-burden settings: Afghanistan,
South Sudan, Chad, Nigeria, Guinea-Bissau, Liberia, Somalia, and Lesotho. Seven of these countries were
among the nine countries classified by the WHO/UN MMEIG report as having “very high” MMR in 2023 [51],
while Lesotho was included as an additional high-burden setting to illustrate heterogeneity in pandemic-
period maternal mortality trajectories. This selection was made for visualization only and did not affect the
global analysis, model fitting, or country inclusion criteria.

Descriptive maternal death and MMR trajectories in the eight illustrative high-burden settings showed
that pre-pandemic trajectories were heterogeneous across countries, with some settings exhibiting long-run
declines and others showing non-monotonic patterns before 2020. These descriptive patterns motivate the use
of flexible country-specific counterfactual models while emphasizing that all countries in the analytic dataset
were modeled using the same procedure. Formal counterfactual forecasts and excess mortality estimates are
reported in Section

3 Methodology

In this section, we present our modeling framework and approach for estimating excess maternal mortality
and excess MMR during the COVID-19 pandemic-period analysis window. Our analysis builds on a series of
recent counterfactual forecasting studies that estimated pandemic-period excess burden by calibrating models
to pre-pandemic trends, projecting expected outcomes under a no-pandemic scenario, and comparing those
projections with observed or reported pandemic-period estimates. Closely related applications include global
excess tuberculosis mortality, U.S. excess tuberculosis incidence, excess mortality among people living with
HIV/AIDS, and excess drug overdose mortality during the COVID-19 pandemic [5,20424}25].

In this study, we define the pandemic-period analysis window as 2020-2023. These are the years for
which WHO/UN MMEIG maternal mortality estimates were compared with counterfactual no-pandemic
projections generated from pre-pandemic trends. As noted in the Data section, the WHO/UN MMEIG
report treats 2020-2022 as COVID years in its modified COVID BMat model setup, whereas 2023 was
estimated using the default BMat framework [51].

We used two separate datasets: one containing annual maternal death estimates and another containing
annual MMR estimates. To focus on contemporary pre-pandemic maternal mortality trends and avoid
using pandemic-period information in model fitting, we calibrated our models using WHO/UN MMEIG
estimates from 2000 to 2019 [7,51]. We then forecast both maternal deaths and MMR for 2020-2023 under
a counterfactual no-pandemic scenario. By comparing these forecasts with WHO/UN MMEIG estimates
for 2020-2023, we estimated excess maternal deaths and excess MMR during the pandemic-period analysis
window.

To capture the multi-phase nature of maternal mortality trends, we model each country’s maternal
mortality trajectory as a sum of up to n sub-epidemic components, each governed by a generalized logistic
growth curve. This approach provides a flexible yet parsimonious representation of nonlinear temporal trends
in maternal mortality, allowing the model to adapt to changes in trajectory while avoiding overfitting,
particularly given the relatively short annual time series. This method is applied independently to the
maternal deaths estimates and the MMR estimates. The dynamics of the ith latent sub-epidemic component
are described by
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dCy(t)
dt

= A;(t)r;CY (t) (16;((15))’ i=1,...,n, (1)
0i

where C;(t) represents the ith latent component of the fitted maternal mortality trajectory, r; denotes the

growth rate, p; is the scaling-of-growth parameter, and Ky; is the saturation level of the ith component,

enabling flexible approximation of temporal patterns in the WHO/UN MMEIG estimates. The onset timing

of the ith sub-epidemic is controlled by an indicator function A; which is given by:

) , 1=2,...,n, (2)
0 otherwise

Az(t) _ {1 if Ci_1(t) > Cipr

where A;(t) = 1 for the first sub-epidemic and Cyp, is the threshold. Therefore, sub-epidemic i triggers as
soon as C;_1 > Cyp,.The initial value is given by C1(0), which is initialized using the first value of the fitted
WHO/UN MMEIG time series. The values of Cip, are obtained by equally discretizing the cumulative sum
of the smoothed signal into as many levels as there are data points.

We use the corrected Akaike Information Criterion (AICc) to select the top-ranked sub-epidemic models:

2m(m + 1)

AICc = —2log(likelihood) + 2m + ,
ng—m—1

(3)
where m is the total number of model parameters, and ng is the number of data points.

In this study, we utilize the SubEpiPredict toolbox for fitting and forecasting both maternal mortality and
MMR trajectories using the ensemble n-sub-epidemic modeling framework. For each value of the threshold
parameter Cip,., we consider two model structures: one with n = 1 sub-epidemic (i.e., m = 3 parameters)
and another with n = 2 sub-epidemics (i.e., m = 6 parameters). Model parameters are estimated using the
nonlinear least squares (NLS) method. During the modeling process, we select the top-ranked model within
the n-sub-epidemic framework based on the AICc values.

For parameter estimation, we employ the MultiStart optimization method with 30 different initial guesses
to ensure robustness. We perform 300 bootstrap resampling iterations to assess the accuracy of the 95%
PI and provide uncertainty quantification. We generate forecasts using both normal and Poisson error
structures, with final selection based on the model that yields the 95% PI that best captures the data during
the calibration phase.

The counterfactual projections generated from pre-pandemic WHO/UN MMEIG estimates from 2000
2019 are intended to characterize deviations from recent historical maternal mortality trends under a no-
pandemic scenario, rather than to support causal attribution of excess maternal mortality to COVID-19.

3.1 Excess Maternal Deaths

Let Y = {y2020, Y2021, Y2022, Y2023 } denote the WHO/UN MMEIG maternal death estimates for the pandemic
period. The forecasted maternal deaths for each year are denoted by Yy = {92020, U2021, §2022, Y2023 }, with
lower and upper bounds denoted by L; and U;, where j = {2020,2021, 2022,2023}. We estimate the number
of excess maternal deaths, Ey/p, with lower Eyrp, 5, and upper bounds Enp,, 5, 88 follows:

EMDj :maX{O,yj —z?j}, EMDLBj :maX{O,yj —Uj}, EJWDUBJ» :max{O,yj —Lj}. (4)

In this study, excess mortality is defined as the positive deviation between the WHO/UN MMEIG esti-
mate and the expected counterfactual value, max(0,y; — §;). Negative differences are set to zero because
the aim of this analysis is to quantify the additional mortality burden during the pandemic rather than net
deviations around the baseline trend. Allowing both positive and negative excess values would create greater
ambiguity in interpretation, since each could reflect either a true change in maternal mortality or an artifact
of model uncertainty and data limitations. In settings with incomplete vital registration systems, lower
WHO/UN MMEIG estimates may also reflect underreporting, misclassification, delays in death registration,
or uncertainty in the underlying estimation process rather than true reductions in maternal mortality. There-
fore, restricting excess mortality to positive deviations provides a more cautious and interpretable measure
of pandemic-related burden. This definition is also consistent with our previous modeling study on excess
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tuberculosis mortality during the COVID-19 pandemic period, where the same approach produced estimates
aligned with independent WHO assessments [24].
The total number of excess maternal deaths is calculated as:

2023 2023 2023
EMDyrar = E Evp;, EmDrg,,,, = E Evprs,s Empys,,, = E Enpy s, - (5)
j=2020 j=2020 j=2020

Although prediction intervals are not strictly additive across years due to potential temporal correlations,
we sum the yearly excess maternal deaths and their corresponding bounds to approximate the total excess
burden over the pandemic period. If pandemic-related disruptions were positively correlated across years,
cumulative uncertainty could be larger than suggested by year-specific intervals, particularly in settings where
early health-system strain led to persistent workforce shortages, delayed care-seeking, or reduced service
capacity in subsequent years. At the same time, each year of the COVID-19 pandemic was characterized by
distinct health-system disruptions, service availability, and population-level responses, resulting in differing
maternal mortality dynamics across years. Summation therefore provides a practical and interpretable
descriptive measure of cumulative excess maternal mortality during the pandemic period. Thus, the summed
bounds should be interpreted as an approximate descriptive uncertainty range for cumulative excess burden
rather than as a formal prediction interval for the total.

3.2 Excess MMR

Similarly, let R = {ra020, 72021, 2022, 2023 } denote the WHO/UN MMEIG MMR estimates for the pandemic
period. The forecasted MMR for each year is denoted by R = {fa20, #2021, 72022, 72023 }, with lower and upper
bounds denoted by L;‘/[ ME 414 UJM ME We estimate the excess MMR, Ej/s g, with corresponding bounds
as:

Eyvur, = max{0,r; — 5}, Emumr, s, = max{0,r; — UMY Eyg,, = max{0,r; — L} (6)

The total excess MMR over the pandemic period is:

2023 2023
EyvMRes,,, = E EymRip,s  EMMRys,,,, = E EynvRys,
j=2020 j=2020 )
2023
EMMR, o1 = E Enmr;-
j=2020

Although MMR is a rate, we summarize excess MMR across years as the sum of annual deviations to
provide a cumulative measure of departure from the expected annual maternal mortality risk during 2020-
2023. This quantity should be interpreted as an aggregate excess MMR over the pandemic period, rather
than as a rate for a single calendar year.

4 Results

Unless otherwise stated, pandemic-period maternal deaths and MMR values refer to WHO/UN MMEIG
model-based estimates, as described in Section We generated country-level counterfactual projections
for maternal deaths and MMR for 2020-2023 and compared these projections with WHO/UN MMEIG
estimates for the same period. Results are presented first for eight illustrative high-burden countries and
then for global and regional patterns. We defined statistically detectable excess as an estimate for which the
lower 95% uncertainty bound was greater than zero.
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4.1 Counterfactual trajectories in illustrative high-burden countries

Figure [1| compares counterfactual no-pandemic MMR, projections with WHO/UN MMEIG MMR estimates
during 2020-2023 across the eight illustrative high-burden countries. The trajectories show substantial
heterogeneity in pandemic-period deviations from expected maternal mortality trends. In Afghanistan,
Somalia, Guinea-Bissau, and Lesotho, WHO/UN MMEIG MMR estimates were generally above the median
counterfactual projections during at least part of the pandemic-period analysis window. In Somalia and
Guinea-Bissau, these deviations were most apparent in the early pandemic years before converging toward
projected trends, whereas Lesotho showed persistent elevation across the period. For Lesotho, this persistent
elevation should be interpreted cautiously, as it may partly reflect the country’s high HIV burden and
the established association between HIV and pregnancy-related mortality, rather than pandemic-period
disruption alone [11}/41]. By contrast, WHO/UN MMEIG MMR estimates in Nigeria, Liberia, South Sudan,
and Chad were close to or below the median projected trajectories during much of 2020-2023.

Supplementary Figure 75 shows corresponding counterfactual projections for annual maternal deaths.
Afghanistan and Somalia showed the clearest positive deviations from projected maternal death trajectories,
particularly in 2020 and 2021. Guinea-Bissau, Liberia, and Lesotho also showed positive median deviations in
some pandemic years, although uncertainty was substantial. In Nigeria, Chad, and South Sudan, WHO/UN
MMEIG maternal death estimates were generally at or below median counterfactual projections during the
pandemic-period analysis window. Overall, the trajectory plots indicate that excess patterns for maternal
deaths and MMR were broadly related but not identical, reflecting differences in birth volume, population
size, baseline mortality levels, and changes in the denominator for MMR.

Guinea-Bissau

800

549 949 399 0
2000 2011 2023 2000 2011 2023 2000 2011 2023 2000 2011 2023

Figure 1: Calibration and forecasting of annual maternal mortality ratio (MMR) from 2000 to 2023 for
eight illustrative high-burden countries—Afghanistan, South Sudan, Chad, Nigeria, Guinea-Bissau, Liberia,
Somalia, and Lesotho—using an ensemble n-sub-epidemic modeling framework. The model was fitted to
pre-pandemic WHO/UN MMEIG estimates from 2000-2019 and used to forecast MMR during 2020-2023
under a counterfactual no-pandemic scenario. Red lines show median model predictions, black dashed lines
indicate 95% prediction intervals, hollow black circles represent WHO/UN MMEIG estimates during the
calibration period, and green filled circles denote WHO/UN MMEIG estimates during the forecast period.

4.2 Excess MMR in illustrative high-burden countries

Table [I] summarizes estimated annual and cumulative excess MMR from 2020 to 2023 for the eight illus-
trative high-burden countries. Lesotho had the largest cumulative excess MMR, with an estimated total of
437 deaths per 100,000 live births above the counterfactual trajectory over 2020-2023 (95% UI 14-1192).
Afghanistan had the next highest cumulative excess MMR, 192 (111-284), followed by Somalia, 149 (46-412).
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These three countries had statistically detectable cumulative excess MMR because their lower uncertainty
bounds were greater than zero.

Guinea-Bissau had a positive median cumulative excess MMR, of 77, but the uncertainty interval included
zero (0-357), indicating that excess MMR, was not statistically detectable. Chad, South Sudan, Liberia, and
Nigeria had median cumulative excess MMR estimates of zero, although the upper uncertainty bounds were
positive for all four countries. South Sudan and Chad had particularly wide upper bounds, 977 and 761,
respectively, indicating that nonzero excess MMR could not be ruled out despite median estimates of zero.
These findings underscore the importance of distinguishing between a median estimate of zero and evidence
that excess can be excluded.

In terms of timing, Afghanistan showed statistically detectable annual excess MMR in 2020 and 2021,
followed by smaller estimates with intervals including zero in 2022 and 2023. Somalia showed its largest
statistically detectable annual excess MMR in 2021. Lesotho had positive annual median excess MMR,
across all four years, with the strongest evidence in 2021. Overall, the MMR results suggest that excess risk
was heterogeneous in magnitude and timing across high-burden settings.

Country 2020 2021 2022 2023 Total
Afghanistan 54 (30, 76) 105 (82, 129) 20 (0, 43) 13 (0, 36) 192 (111, 284)
Chad 0 (0, 168) 0(0,218)  0(0,175) 0 (0, 199) 0 (0, 761)
Guinea-Bissau 26 (0,94) 51 (0,129)  0(0,72) 0 (0, 62) 77 (0, 357)
Lesotho 112 (0, 270) 171 (14, 349) 75 (0, 272) 78 (0, 301) 437 (14, 1192)
Liberia 0 (0, 52) 0 (0, 59) 0(0,24) 0 (0, 21) 0 (0, 155)
Nigeria 0 (0, 10) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 10)
Somalia 10 (0, 76) 108 (46, 172) 31 (0,98) 0 (0,66) 149 (46, 412)

South Sudan  0(0,227) 0 (0,260)  0(0,241) 0(0,249) 0 (0, 977)

Table 1: Estimated annual and cumulative excess maternal mortality ratio (MMR) from 2020 to 2023 in eight illustrative
high-burden countries. Values are shown as median estimates with 95% uncertainty intervals. Cumulative excess MMR is the
sum of annual excess MMR deviations across 2020-2023 and should not be interpreted as a single-year rate.

4.3 Excess maternal deaths in illustrative high-burden countries

Table 2] summarizes estimated annual and cumulative excess maternal deaths from 2020 to 2023 for the
eight illustrative high-burden countries. Afghanistan and Somalia accounted for the largest estimated excess
maternal death burdens among these countries. Afghanistan had an estimated cumulative excess of 2,335
maternal deaths (95% UI 1,148-4,350), and Somalia had an estimated cumulative excess of 1,815 maternal
deaths (639-3,401). Both countries had statistically detectable cumulative excess maternal deaths.

Liberia had a positive median cumulative excess estimate of 265 maternal deaths, but its uncertainty
interval included zero (0-990). Guinea-Bissau and Lesotho also had positive median cumulative estimates,
101 (0-316) and 58 (0-295), respectively, but neither was statistically detectable. Nigeria had a cumulative
median estimate of zero with an uncertainty interval of 0-0. Chad and South Sudan also had median
cumulative estimates of zero, but positive upper bounds indicated that nonzero excess could not be excluded.
South Sudan had a particularly wide interval, 0-4,062, reflecting substantial uncertainty.

Annual patterns differed across countries. Afghanistan showed statistically detectable excess maternal
deaths in 2020 and 2021, followed by smaller estimates with uncertainty intervals including zero in later
years. Somalia showed statistically detectable annual excess maternal deaths in 2021 and 2022. Liberia
showed positive median excess deaths in every pandemic year, but each annual interval included zero. These
findings show that countries can have positive median excess estimates without meeting the threshold for
statistically detectable excess.
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Country 2020 2021 2022 2023 Total
Afghanistan 719 (199, 1227) 1469 (949, 1996) 147 (0, 665) 0 (0, 463) 2335 (1148, 4350)
Chad 0 (0, 0) 0 (0, 185) 0 (0, 0) 0 (0, 0) 0 (0, 185)
Guinea-Bissau 30 (0, 74) 53 (0, 101) 14 (0, 71) 4 (0, 70) 101 (0, 316)
Lesotho 18 (0, 85) 40 (0, 109) 0 (0, 50) 0 (0, 51) 58 (0, 295)
Liberia 27 (0, 167) 74 (0, 233) 63 (0,258) 101 (0,332) 265 (0, 990)
Nigeria 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0)
Somalia 227 (0, 613) 1004 (609, 1410) 442 (30, 832) 142 (0, 545) 1815 (639, 3401)
South Sudan 0 (0, 833) 0 (0, 1110) 0 (0, 1009) 0 (0, 1110) 0 (0, 4062)

Table 2: Estimated annual and cumulative excess maternal deaths from 2020 to 2023 in eight illustrative high-burden countries.
Values are shown as median estimates with 95% uncertainty intervals. Statistically detectable excess was defined as a lower
uncertainty bound greater than zero.

4.4 Global and regional excess maternal mortality

Across all modeled countries and territories, cumulative excess maternal deaths during 2020-2023 were
estimated at 68,489 (95% UT 34,706-147,118). The corresponding aggregate excess MMR, calculated as
the sum of annual excess MMR deviations across 2020-2023, was 10,154 (95% UI 4,568-23,744). By WHO
region, the largest excess maternal death burdens were observed in the South-East Asia Region, Eastern
Mediterranean Region, and African Region, whereas the largest aggregate excess MMR values were observed
in the African Region, Region of the Americas, and Western Pacific Region. These estimates are summarized
in Table|3] Overall, 113 of 195 countries had statistically detectable cumulative excess maternal deaths, and
133 countries had statistically detectable aggregate excess MMR, defined as a lower 95% uncertainty bound
greater than zero.

Countries Cumulative excess Aggregate Countries with Countries with
Region included maternal deaths excess MMR excess deaths  excess MMR
Global 195 68,489 (34,706-147,118) 10,154 (4,568-23,744) 113 133
African Region 47 13,789 (2,920-58,232) 3,547 (608-13,308) 15 16
Region of the Americas 36 9,583 (7,334-13,538) 2,658 (1,668-3,858) 23 30
Eastern Mediterranean Region 22 13,886 (5,216-25,751) 1,130 (653-2,129) 19 21
European Region 53 1,210 (606-2,022) 977 (724-1,321) 33 40
South-East Asia Region 11 28,030 (17,669-43,597) 643 (447-1,079) 7 8
Western Pacific Region 26 1,991 (961-3,978) 1,199 (468-2,049) 16 18

Table 3: Global and WHO-region cumulative excess maternal deaths and aggregate excess maternal mortality ratio (MMR)
during 2020-2023. Aggregate excess MMR was calculated as the sum of country-level annual excess MMR deviations across
2020-2023 and should not be interpreted as a single-year or population-weighted regional MMR. The columns “Countries with
excess deaths” and “Countries with excess MMR” report the number of countries with statistically detectable excess, defined
as a lower 95% uncertainty bound greater than zero.

Figure 2] compares the geographic distribution of aggregate excess MMR and cumulative excess maternal
deaths during 2020-2023. Higher aggregate excess MMR values were concentrated across parts of sub-
Saharan Africa and several countries in Latin America, indicating larger departures from expected maternal
mortality risk relative to live births. In contrast, higher cumulative excess maternal death counts were
concentrated across much of sub-Saharan Africa and South Asia, reflecting both elevated maternal mortality
risk and larger birth cohorts. The two maps are related but not identical: excess MMR reflects risk relative
to live births, whereas excess maternal deaths reflect absolute mortality burden.
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Aggregate Excess MMR, 2020-2023 Cumulative Excess Maternal Deaths, 2020-2023

.

(a) Aggregate excess MMR (b) Cumulative excess maternal deaths

Figure 2: Global maps of excess maternal mortality during 2020-2023. Panel (a) shows aggregate excess
maternal mortality ratio (MMR), calculated as the sum of annual excess MMR deviations across 2020
2023. Panel (b) shows cumulative excess maternal deaths over the same period. Country-level estimates
were derived using an ensemble n-sub-epidemic modeling framework calibrated to pre-pandemic WHO/UN
MMEIG estimates from 2000-2019 and projected through 2020-2023 under a counterfactual no-pandemic
scenario. Darker shades indicate higher values. Countries not included in the analytic dataset or not mapped
are shown in gray. The maps were generated using Datawrapper.

5 Discussion

This study estimated country-level deviations in maternal deaths and maternal mortality ratios (MMR)
during the 2020-2023 pandemic-period analysis window relative to counterfactual projections calibrated to
pre-pandemic WHO/UN MMEIG trends. The findings show substantial geographic heterogeneity in excess
maternal mortality, with positive deviations often concentrated in settings that already had high baseline
maternal mortality and structural health-system vulnerabilities. These patterns are consistent with broader
evidence that global maternal mortality progress has been uneven and that high-burden countries remain
furthest from the SDG 3.1 target . However, the spatial patterns also suggest that excess burden
cannot be explained by income level or region alone. Differences across countries may reflect variation
in maternal-care systems, the balance between home and facility-based delivery, baseline mortality levels,
fertility patterns, data quality, conflict, climate-related shocks, and the extent to which pandemic-related
disruptions affected access to timely obstetric care. In fragile health systems, these factors are unlikely
to operate independently: conflict and displacement can reduce service availability, climate shocks can
disrupt transport and food security, and policy and funding shocks, including donor-policy restrictions and
disruptions to externally supported reproductive-health services, can constrain reproductive and maternal
health services . Such overlapping pressures may amplify pandemic-related disruptions and make it
difficult to isolate the specific contribution of the COVID-19 pandemic from other contemporaneous drivers
of maternal mortality.

At the national level, the illustrative high-burden country trajectories show that several settings experi-
enced slowed improvement or temporary reversals during the pandemic years. In some countries, positive
deviations were concentrated in 2020 and 2021, suggesting that disruptions to maternal health services may
have been most acute during the initial phase of the pandemic. These patterns are plausibly consistent with
documented disruptions to essential health services, reduced facility-based care, interruptions to referral
pathways, delays in care-seeking due to fear of infection, transport restrictions, shortages of blood and es-
sential medicines, and the reallocation of health-system resources toward COVID-19 response @
They are also consistent with evidence that maternal and perinatal outcomes worsened during the pandemic
and that SARS-CoV-2 infection posed direct clinical risks during pregnancy . Nevertheless, our
framework does not assign causal attribution. The estimated deviations should be interpreted as signals
of departure from expected pre-pandemic trends, not as deaths directly caused by COVID-19. This caveat
is particularly important for the illustrative high-burden settings, where pandemic-period deviations may
have been shaped by overlapping shocks, including conflict, displacement, other infectious disease outbreaks,
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fragile health systems, disruptions to reproductive health services, and policy shocks affecting access to ma-
ternal and reproductive care. These factors may have compounded pandemic-related disruptions and make
it difficult to isolate a COVID-19-specific effect.

Several countries did not exhibit statistically detectable excess maternal mortality during the pandemic-
period analysis window. In this study, “statistically detectable” refers to excess estimates for which the
lower uncertainty bound was greater than zero. The absence of statistically detectable excess should not
be interpreted as evidence of no pandemic-related disruption or true improvement in maternal outcomes,
particularly in countries with persistently high baseline maternal mortality. In some settings, median excess
estimates were zero, whereas in others, such as Liberia in the maternal deaths analysis, the median estimate
was positive but the uncertainty interval included zero. These results should therefore be interpreted as
uncertain rather than null. Limited civil registration and vital statistics (CRVS) coverage, underreporting,
misclassification of maternal deaths, delays in death registration, and pandemic-related disruption to report-
ing systems may all obscure true deviations from expected maternal mortality |1,221,/34]. Death-certificate
ascertainment and pregnancy-status reporting can also affect maternal mortality measurement, particularly
where cause-of-death data are incomplete or inconsistently coded [|1223]. In countries where WHO/UN
MMEIG estimates fell below projected counterfactual trends, these patterns may reflect real continuation
of pre-pandemic improvement, model uncertainty, or reporting limitations. This underscores the need for
stronger maternal mortality surveillance systems to interpret excess-mortality signals with confidence. How-
ever, even strengthened routine surveillance may not fully capture stigmatized or less-visible contributors to
maternal mortality, including unsafe abortion, self-harm, and pregnancy-related violence [39}/52].

Interpreting the results also requires attention to the distinct meanings of MMR and absolute maternal
deaths. MMR captures maternal mortality risk relative to live births, whereas absolute maternal deaths
reflect the total burden on families, communities, and health systems [51]. Because MMR depends on the
number of live births, changes in fertility during the pandemic may affect its interpretation differently from
absolute maternal deaths. For example, a decline in live births could increase MMR even if the number of
maternal deaths remained stable, whereas absolute deaths more directly reflect the total mortality burden.
Conversely, countries with large birth cohorts may have high excess maternal death counts even when excess
MMR is modest. Considered jointly, these two outcomes provide a more complete picture of pandemic-period
maternal mortality than either metric alone.

A key strength of this study is the use of a consistent country-level counterfactual framework to estimate
deviations in both maternal deaths and MMR. By applying the same ensemble n-sub-epidemic modeling
approach across countries, the analysis provides a comparable set of estimates that complements country-
specific studies and broader global maternal mortality assessments [16,[18]. The study also contributes to
the wider excess-mortality literature by applying a framework commonly used to assess direct and indirect
pandemic mortality burden to a maternal-health outcome [33/43]. This approach is useful because it accounts
for pre-existing downward or non-linear maternal mortality trends, rather than relying on simple comparisons
between pandemic and immediately preceding years.

Several limitations merit emphasis. First, this analysis relies on WHO/UN MMEIG model-based es-
timates rather than raw observed maternal death counts. Therefore, the analysis compares one set of
model-based pandemic-period estimates with counterfactual forecasts calibrated to pre-pandemic model-
based estimates. The results should be interpreted as deviations between WHO/UN MMEIG estimates and
modeled no-pandemic projections, not as deviations in directly observed surveillance counts [7,/51]. Second,
the estimates inherit uncertainty from the WHO/UN MMEIG estimation process, including uncertainty re-
lated to incomplete CRVS coverage, underreporting and misclassification of maternal deaths, source-specific
adjustments, and the Bayesian modeling framework used to generate comparable country-year estimates,
as described in Section 2:2] They also inherit uncertainty from the counterfactual forecasting model. Un-
less uncertainty in the WHO/UN MMEIG estimates is fully propagated into the forecasting procedure,
the reported intervals may underrepresent the total uncertainty around excess maternal mortality. Third,
the counterfactual forecasts assume that pre-pandemic trends would have continued in the absence of the
pandemic. This assumption may be less plausible in countries affected by conflict, climate shocks, major
health-system reforms,; or other contemporaneous disruptions. This limitation is especially relevant for the il-
lustrative high-burden settings emphasized in this study, several of which experienced conflict, displacement,
outbreaks of other infectious diseases, or policy and funding shocks during the analysis window. Findings for
these countries should therefore be interpreted as hypothesis-generating signals of departure from expected
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trends, rather than as country-specific estimates of COVID-19-specific effects.

Fourth, the positive-only definition of excess mortality, max (0, observed —expected), was used to quantify
additional burden during the pandemic period. This definition is useful for summarizing excess burden, but
it does not capture signed deviations below the counterfactual baseline. Negative deviations could reflect true
continued improvement, changes in fertility, data-quality limitations, or model uncertainty. Future analyses
should therefore present signed-deviation sensitivity analyses alongside positive-only excess estimates. Fifth,
this study could not distinguish deaths directly attributable to SARS-CoV-2 infection from deaths indirectly
associated with health-system disruption, delays in care, or reduced service utilization. Cause-of-death
attribution practices also varied across countries, and COVID-19 deaths among pregnant or postpartum
individuals may not have been classified consistently as maternal deaths. As with other excess-mortality
approaches, the estimates reflect temporal deviations from expected trends and should not be interpreted as
causal effects attributable solely to COVID-19 [33].

From a policy perspective, the findings highlight the importance of explicitly protecting essential ma-
ternal and newborn health services within emergency preparedness and response plans. Preparedness plans
should also include risk communication and community engagement (RCCE) components that provide clear,
trusted, and locally adapted information, engage communities in service planning, and address fear, misin-
formation, stigma, transport challenges, and other obstacles that may prevent timely care-seeking during
emergencies [37,47]. Continuity of antenatal care, skilled birth attendance, emergency obstetric care, refer-
ral systems, blood supply, essential medicines, and postnatal care should be treated as core health-system
functions during crises, not as services that can be safely deferred [17,[46]. Health-system resilience requires
not only surge capacity for emerging threats, but also the ability to maintain routine and emergency care for
high-risk populations during periods of disruption [19,{29/44]. Countries may also benefit from early-warning
indicators for maternal service disruption, including declines in antenatal care attendance, institutional de-
liveries, skilled birth attendance, emergency obstetric referrals, caesarean-section capacity, referral transport
capacity, and maternal death notification, as well as shortages of blood and essential medicines [45/48].

The results also underscore the importance of strengthening maternal death surveillance and response
systems. Improved CRVS systems, maternal death notification, confidential enquiry, and routine maternal
and perinatal death surveillance and response can help identify preventable deaths, distinguish direct from
indirect causes, and guide timely corrective action [1/2,[45]. Such systems are especially important in settings
where model-based international estimates remain necessary because routine data are incomplete or delayed.
Investments in surveillance should therefore be viewed not only as measurement improvements, but also as
part of health-system preparedness and accountability. At the same time, routine surveillance should be
complemented by confidential enquiries, maternal death reviews, and community-informed mechanisms that
can better identify neglected or stigmatized contributors to maternal mortality.

In conclusion, the COVID-19 pandemic period was associated with heterogeneous country-level devia-
tions in maternal deaths and MMR relative to modeled pre-pandemic WHO/UN MMEIG trends. Positive
excess estimates were most evident in settings with high baseline maternal mortality and pre-existing health-
system vulnerabilities, although uncertainty and data limitations remain substantial. These findings should
be interpreted as modeled excess relative to a no-pandemic counterfactual baseline, not as directly observed
deaths or causal effects attributable solely to COVID-19. Strengthening maternal health services, protect-
ing emergency obstetric care during crises, and improving maternal mortality surveillance are critical to
sustaining progress toward SDG 3.1 and preventing avoidable maternal deaths during future public-health
emergencies.

Data availability statement

Input data are publicly available from the WHO/UN MMEIG maternal mortality estimates. Derived outputs
supporting the main tables and figures are provided in the Supplementary Material.

Code availability

The analysis code and generated outputs supporting this manuscript are available in the repository: https:
//github.com/hkarami-GSU/Maternal_Mortality.

13


https://github.com/hkarami-GSU/Maternal_Mortality
https://github.com/hkarami-GSU/Maternal_Mortality
https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.06.30.26356947; this version posted July 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Ethics approval

This study used publicly available, aggregate country-level estimates and did not involve human participants
or identifiable private information; institutional review board approval was not required.

Contributors

JHG, HK, and GC conceived and designed the study. HK and JHG curated and analysed the data. HK
implemented the modelling and prepared the tables and figures. JHG, HK, and GC drafted the manuscript.
HK, HAH, MAD, GMM, and GC contributed to the interpretation of the findings and critically revised the
manuscript for important intellectual content. GC supervised the study. All authors reviewed and approved
the final manuscript.

Al-use disclosure

Generative Al tools were used to assist with language editing and organization of revision comments. The
authors reviewed, verified, and take full responsibility for all manuscript content.

Funding

This study was partially supported by NSF ACED #2435886. The funder had no role in study design, data
analysis, interpretation, manuscript preparation, or the decision to submit for publication.

Competing interests

The authors declare no competing interests.

Patient and public involvement

Patients and the public were not involved in the design, conduct, reporting, or dissemination planning of
this modelling study using publicly available aggregate data.

Patient consent for publication

Not required.

References

[1] Carla AbouZahr, Matthew W. Bratschi, Erica Cercone, Don de Savigny, Irina Dincu, Lina Helsingen,
others, and Lene Mikkelsen. The covid-19 pandemic: Effects on civil registration of births and deaths
and on availability and utility of vital events data. American Journal of Public Health, 111(S2):5253—
5264, 2021.

[2] S.M. A. Ahmed, Kenneth Hill, and Maternal Mortality Measurement Collaborators. Incompleteness and
misclassification of maternal death reporting: A systematic review and meta-analysis. BMC Pregnancy
and Childbirth, 23:711, 2023.

[3] Tashrik Ahmed, Timothy Roberton, Petra Vergeer, Peter M. Hansen, Michael A. Peters, Anthony Adofo
Ofosu, et al. Healthcare utilization and maternal and child mortality during the covid-19 pandemic in
18 low- and middle-income countries: An interrupted time-series analysis with mathematical modeling
of administrative data. PLOS Medicine, 19(8):¢1004070, 2022.

14


https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.06.30.26356947; this version posted July 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

[4] Tazeen Ahmed, Abu E. Rahman, Tinuola G. Amole, et al. The effect of covid-19 on maternal, newborn
and child health (mnch) services in bangladesh, nigeria and south africa: call for a contextualised
pandemic response in lmics. International Journal for Equity in Health, 20:77, 2021.

[5] Faharudeen Alhassan, Hamed Karami, Evangeline Cheng, Sunmi Lee, Isaac Chun-Hai Fung, Robert M
Bohler Jr, and Gerardo Chowell. State-level excess drug overdose mortality by race/ethnicity in the us,
2020-2023: A population-scaling analysis during the covid-19 pandemic. medRziv, pages 2026-01, 2026.

[6] Leontine Alkema, Doris Chou, Daniel Hogan, Shiyuan Zhang, Ann-Beth Moller, and Alison Gemmill.
Global, regional, and national levels and trends in maternal mortality between 1990 and 2015, with
scenario-based projections to 2030. The Lancet, 387(10017):462-474, 2016.

[7] Leontine Alkema, Sanqgian Zhang, Doris Chou, Alison Gemmill, Ann-Beth Moller, Doris Ma Fat, Lale
Say, Colin D. Mathers, and Daniel Hogan. A bayesian approach to the global estimation of maternal
mortality. The Annals of Applied Statistics, 11(3):1245-1274, 2017.

[8] John Allotey, Emily Stallings, Mercedes Bonet, Mark Yap, Sohinee Chatterjee, Toby Kew, and Shakila
Thangaratinam. Clinical manifestations, risk factors, and maternal and perinatal outcomes of coro-
navirus disease 2019 (COVID-19) in pregnancy: Living systematic review and meta-analysis. BMJ,
372:1583, 2021.

[9] Z. Aranda, T. Binde, K. Tashman, J. Dzangare, T. De Hoop, S. Wunnava, K. Rademacher, C. Belfield,
F. Ngabo, J. Price, M. Faye, A. Dingle, S. Mehta, and R. Ratnayake. Disruptions in maternal health
service use during the covid-19 pandemic in 2020: experiences from 37 health facilities in low-income
and middle-income countries. BM.J Global Health, 7(1):e007247, 2022.

[10] Catherine Arsenault, Anna Gage, Min Kyung Kim, Neena R. Kapoor, Patrick Akweongo, Fredrick
Amponsah, Ashish Aryal, Daniel Asai, John Koku Awoonor-Williams, Wondwossen Ayele, et al. Covid-
19 and resilience of healthcare systems in ten countries. Nature Medicine, 28(6):1314-1324, 2022.

[11] Clara Calvert and Carine Ronsmans. The contribution of hiv to pregnancy-related mortality: a sys-
tematic review and meta-analysis. AIDS, 27(10):1631-1639, 2013.

[12] Michael A. Catalano et al. Validity of the pregnancy checkbox on death certificates. Obstetrics &
Gynecology, 133(3):505-512, 2019.

[13] Barbara Chmielewska, India Barratt, Rosemary Townsend, Erkan Kalafat, Jan van der Meulen, Ipek
Gurol-Urganci, Pat O’Brien, Edward Morris, Tim Draycott, Shakila Thangaratinam, Kirsty Le Doare,
Shamez Ladhani, Peter von Dadelszen, Laura Magee, and Asma Khalil. Effects of the covid-19 pandemic
on maternal and perinatal outcomes: a systematic review and meta-analysis. The Lancet Global Health,
9(6):e759-e772, 2021.

[14] G. Chowell, A. Tariq, and J. M. Hyman. A generalized model for the outbreak of ebola in west africa.
BMC Medicine, 17:1-18, 2019.

[15] Gerardo Chowell. SubEpiPredict: A Toolbox for Sub-epidemic Modeling and Forecasting. GitHub, 2022.
Version 1.0.0.

[16] Gerardo Chowell, Sushmita Dahal, Atif Tariq, Kevin Roosa, James M. Hyman, and Rui Luo. An
ensemble n-sub-epidemic modeling framework for short-term forecasting epidemic trajectories. PLOS
Computational Biology, 18(10):€1010602, 2022.

[17] Jennifer A. Cresswell, Monica Alexander, Michelle Y. C. Chong, Hannah M. Link, Mila Pejchinovska,
Usher Gazeley, Saifuddin M. A. Ahmed, Doris Chou, Ann-Beth Moller, Debra Simpson, Leontine
Alkema, Gerard Villanueva, et al. Global and regional causes of maternal deaths 2009-20: a who
systematic analysis. The Lancet Global Health, 13(4):e626-634, 2025.

15


https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.06.30.26356947; this version posted July 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

[18] GBD 2023 Maternal Mortality Collaborators. Global, regional, and national levels and trends in mater-
nal mortality, progress towards the sustainable development goals, and mortality from covid-19 infection
in pregnant women, 1990-2023: a systematic analysis for the global burden of disease study 2023. The
Lancet Obstetrics, Gynaecology € Women’s Health, 2026.

[19] Victoria Haldane, Chuan De Foo, Salma M. Abdalla, Anne-Sophie Jung, Melisa Tan, Shishi Wu, Alice
Chua, Madhukar Verma, Pratik Shrestha, Sudhvir Singh, et al. Health systems resilience in managing
the covid-19 pandemic: lessons from 28 countries. Nature Medicine, 27(6):964-980, 2021.

[20] Lindsay M Hall, Hamed Karami, and Gerardo Chowell. Estimating excess mortality among people
living with hiv/aids during the covid-19 pandemic in the usa. medRxiv, pages 2025-06, 2025.

[21] Ingrid L. Horon. Underreporting of maternal deaths on death certificates and the magnitude of the
problem of maternal mortality. American Journal of Public Health, 95(3):478-482, 2005.

[22] Jennifer Jardine, Sophie Relph, Laura A Magee, Peter von Dadelszen, Edward Morris, Mary Ross-
Davie, Tim Draycott, and Asma Khalil. Maternity services in the uk during the coronavirus disease
2019 pandemic: a national survey of modifications to standard care. BJOG: An International Journal
of Obstetrics & Gynaecology, 128(5):880-889, 2021.

[23] K. S. Joseph et al. Maternal mortality in the united states: Are the high and rising rates due to
measurement issues? American Journal of Obstetrics & Gynecology, 2024.

[24] Hamed Karami, Svenn-Erik Mamelund, Alexandra Smirnova, and Gerardo Chowell. Global excess
tuberculosis mortality during COVID-19: A country-level modeling study of policy and development
correlates. BMC' Public Health, 25(1):3723, 2025.

[25] Hamed Karami, Varun Rajaram, Sunmi Lee, Svenn-Erik Mamelund, and Gerardo Chowell. Excess
Tuberculosis Incidence in the United States During COVID-19: A State, Age, and Race/Ethnicity
Analysis and Structural Drivers of Variation (2020-2023). Manuscript submitted for publication, 2026.

[26] Zemenu Yohannes Kassa, Vanessa Scarf, Sara Turkmani, and Deborah Fox. Impact of covid-19 on
maternal health service uptake and perinatal outcomes in sub-saharan africa: A systematic review.
International Journal of Environmental Research and Public Health, 21(9):1188, 2024.

[27] Nicholas J. Kassebaum, Ryan M. Barber, Zulfiqar A. Bhutta, Lalit Dandona, Peter W. Gething, Si-
mon I. Hay, others, and Christopher J. L. Murray. Global, regional, and national levels of maternal
mortality, 1990-2015: A systematic analysis for the global burden of disease study 2015. The Lancet,
388(10053):1775-1812, 2016.

[28] Margaret E. Kruk, Anna D. Gage, Catherine Arsenault, Keely Jordan, Hannah H. Leslie, Sanam Roder-
DeWan, Olusoji Adeyi, Pierre Barker, Bernadette Daelmans, Svetlana V. Doubova, et al. High-quality
health systems in the sustainable development goals era: time for a revolution. The Lancet Global
Health, 6(11):e1196-e1252, 2018.

[29] Margaret E. Kruk, Matthew Myers, Samuel T. Varpilah, and Bernice T. Dahn. What is a resilient
health system? lessons from ebola. The Lancet, 385(9980):1910-1912, 2015.

[30] A. (Sabitova) Kuandyk, Miguel-Angel Ortega, Marie Jeanne Ntegwa, and Antonio Sarria-Santamera.
Impact of the covid-19 pandemic on access to and delivery of maternal and child healthcare services in
low- and middle-income countries: A systematic review. Frontiers in Public Health, 12:1346268, 2024.

[31] Suzie Lane, Sonja Ayeb-Karlsson, and Arianne Shahvisi. Impacts of the global gag rule on sexual and
reproductive health and rights in the global south: A scoping review. Global Public Health, 16(12):1804—
1819, 2021.

[32] Elizabeth M. McClure et al. Impact of covid-19 on maternal and child health. The Lancet Global Health,
8(10):e1281-e1282, 2020.

16


https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.06.30.26356947; this version posted July 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

[33] William Msemburi, Ariel Karlinsky, Victoria Knutson, Sebastien Aleshin-Guendel, Somnath Chatterji,
and Jon Wakefield. The who estimates of excess mortality associated with the covid-19 pandemic.
Nature, 613:130-137, 2023.

[34] Emily Peterson, Doris Chou, Ann-Beth Moller, Alison Gemmill, Lale Say, and Leontine Alkema. Esti-
mating misclassification errors in the reporting of maternal mortality in national civil registration vital
statistics systems: A bayesian hierarchical bivariate random walk model to estimate sensitivity and
specificity for multiple countries and years with missing data. Statistics in Medicine, 41(14):2483-2496,
2022.

[35] Sarah Pugh, Sapna Desai, Laura Ferguson, Heidi Stockl, and Shirin Heidari. Not without a fight:
standing up against the global gag rule, 2017.

[36] Timothy Roberton, Elizabeth D. Carter, Vivian B. Chou, Amanda R. Stegmuller, Benjamin D. Jackson,
Yvonne Tam, others, and Neff Walker. Early estimates of the indirect effects of the covid-19 pandemic
on maternal and child mortality in low- and middle-income countries: A modelling study. The Lancet
Global Health, 8(7):901-e908, 2020.

[37] Diana Sagastume, Aloma Serra, Nina Gerlach, Anayda Portela, and Lenka Benov’a. Interventions to
maintain essential services for maternal, newborn, child, and adolescent health during the covid-19
pandemic: A scoping review of evidence from low- and middle-income countries. Journal of Global
Health, 14:05024, 2024.

[38] Sergio A Silverio, Kaat De Backer, Abigail Easter, Peter von Dadelszen, Laura A Magee, and Jane
Sandall. Women’s experiences of maternity service reconfiguration during the covid-19 pandemic: a
qualitative investigation. Midwifery, 102:103116, 2021.

[39] Susheela Singh and Isaac Maddow-Zimet. Facility-based treatment for medical complications resulting
from unsafe pregnancy termination in the developing world, 2012: a review of evidence from 26 countries.
BJOG: An International Journal of Obstetrics & Gynaecology, 123(9):1489-1498, 2016.

[40] Rosemary Townsend, Barbara Chmielewska, Imogen Barratt, Erkan Kalafat, Jan van der Meulen, Ipek
Gurol-Urganci, Pat O’Brien, Edward Morris, Tim Draycott, Shakila Thangaratinam, et al. Global
changes in maternity care provision during the covid-19 pandemic: a systematic review and meta-
analysis. EClinicalMedicine, 37, 2021.

[41] UNAIDS. Lesotho. https://www.unaids.org/en/regionscountries/countries/lesotho, 2026. Ac-
cessed June 13, 2026.

[42] Jose Villar, Shabina Ariff, Robert B. Gunier, Ramachandran Thiruvengadam, Stephen Rauch, Anatoly
Kholin, Paola Roggero, Federico Prefumo, Marina S. Vale, Jorge A. Cardona-Perez, et al. Maternal and
neonatal morbidity and mortality among pregnant women with and without covid-19 infection: The
intercovid multinational cohort study. JAMA Pediatrics, 175(8):817-826, 2021.

[43] Haidong Wang et al. Estimating excess mortality due to the covid-19 pandemic. The Lancet,
399(10334):1513-1536, 2022.

[44] Sophie Witter et al. Health system resilience: A critical review and agenda for future research. The
Lancet Global Health, 11(11):¢1695-e1706, 2023.

[45] World Health Organization. Maternal death surveillance and response: technical guidance. information
for action to prevent maternal death. Technical report, World Health Organization, Geneva, 2013.

[46] World Health Organization. Strategies toward ending preventable maternal mortality (EPMM). Tech-
nical report, World Health Organization, 2015.

[47) World Health Organization. Covid-19 global risk communication and community engagement strat-
egy: Interim guidance, december 2020-may 2021. https://www.who.int/publications/i/item/
covid-19-global-risk-communication-and-community-engagement-strategy, 2020. Accessed

June 13, 2026.

17


https://www.unaids.org/en/regionscountries/countries/lesotho
https://www.who.int/publications/i/item/covid-19-global-risk-communication-and-community-engagement-strategy
https://www.who.int/publications/i/item/covid-19-global-risk-communication-and-community-engagement-strategy
https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.06.30.26356947; this version posted July 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

[48] World Health Organization. Second round of the national pulse survey on continuity of essential health
services during the covid-19 pandemic: January—march 2021. Technical report, World Health Organi-
zation, Geneva, 2021.

[49] World Health Organization. Social determinants of health and maternal, newborn, and child health.
Geneva, 2023.

[50] World Health Organization. Maternal mortality fact sheet. https://www.who.int/news-room/
fact-sheets/detail/maternal-mortality, 2025.

[51] World Health Organization, UNICEF, UNFPA, World Bank Group, and United Nations Department of
Economic and Social Affairs. Trends in maternal mortality 2000 to 2023: Estimates by WHO, UNICEF,
UNFPA, World Bank Group and UNDESA /population division. Report, World Health Organization,
2025.

[52] World Health Organization Regional Office for Africa. Maternal health. https://www.afro.who.int/
health-topics/maternal-healthl Accessed: 2026-06-07.

[53] Eleonor Zavala, Carleigh B. Krubiner, Elana F. Jaffe, Andrew Nicklin, Rachel Gur-Arie, Chizoba
Wonodi, Ruth R. Faden, and Ruth A. Karron. Global disparities in public health guidance for the
use of covid-19 vaccines in pregnancy. BMJ Global Health, 7(2):e007730, 2022.

18


https://www.who.int/news-room/fact-sheets/detail/maternal-mortality
https://www.who.int/news-room/fact-sheets/detail/maternal-mortality
https://www.afro.who.int/health-topics/maternal-health
https://www.afro.who.int/health-topics/maternal-health
https://doi.org/10.64898/2026.06.30.26356947
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Introduction
	Data
	Data source and definitions
	WHO/UN MMEIG estimation process
	Pandemic-period estimates and analysis window
	Study population and country groupings
	Illustrative high-burden settings

	Methodology
	Excess Maternal Deaths
	Excess MMR

	Results
	Counterfactual trajectories in illustrative high-burden countries
	Excess MMR in illustrative high-burden countries
	Excess maternal deaths in illustrative high-burden countries
	Global and regional excess maternal mortality

	Discussion

