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Achieving the measles elimination goals included in the Measles and Rubella Strategic
Framework 2021-2030 requires understanding the key factors driving the continued transmission
of measles. Armed conflict is established as a factor in the continued delays in achieving polio
eradication. Here, we investigate if armed conflict also plays a role in the spread of measles. We
investigate evidence of changes to surveillance system quality during periods of conflict,
generate conflict-free counterfactual estimates of vaccine coverage, and produce conflict-free
counterfactual estimates of measles incidence in 106 countries from 2000 to 2019. To estimate
incidence, we used war and terrorism mortality rate as a predictor in a mixed-effects linear model
of measles incidence, controlling for our conflict-free counterfactual first- and second-dose
measles vaccine coverage estimates and estimates of the war-associated decrease in vaccine
coverage. We estimate that across all countries and years Syria has measles incidence most
affected by war and terrorism, with 78.0% (23.3-96.8) of incidence in 2012 associated with war
and terrorism. We cannot expect to eliminate measles without addressing armed conflict,
however, we also find notable data gaps, highlighting the need for improved data collection and

estimation methods in countries experiencing conflict.



Introduction

War and conflict disrupt systems essential to curbing the spread of measles, which
prolongs the endemic transmission of measles and delays measles elimination (Figure 1). War
harms health directly, through battlefield deaths, but most deaths resulting from conflict are
attributable to the myriad indirect effects. In countries experiencing conflict, after removing
battlefield deaths, increases in all-cause mortality rates remain, driven in large part by increases
in infectious causes of death.

Parties of armed conflict often disrupt agricultural and transit systems by destroying
crops and blocking roads, which interrupts the production and flow of food to the population.?
Combatants will also block the entry of humanitarian aid workers, which further exacerbates
malnutrition in the population.? Malnutrition weakens the immune system, making individuals
more susceptible to infectious diseases.®

War also harms health further upstream by damaging the health system and preventing
administration of routine childhood vaccinations, increasing susceptibility to vaccine-preventable
diseases. War often spurs health workers to migrate away, leaving an insufficient number of
healthcare workers or facilities willing or able to vaccinate children.* In Northwest Cameroon,
the number of facilities offering immunization declined by 53% because the facilities had to
close after healthcare workers fled from their stations in the face of rising insecurity.> Health
facilities able to remain open face challenges in getting vaccine product and with planning
immunization activities.> Even when campaigns are able to recruit vaccinators, they are often
unable to reach some children. There is a negative association between the accessibility of
children to vaccinators and the insecurity level of a region: for example, the number of children
inaccessible to vaccinators was 19.7% higher and vaccination rates were 5.3% lower in
campaigns conducted in highly insecure areas compared to campaigns conducted in secure areas
in northwest Pakistan.®
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Looting by armed groups decreases the number of available vaccine doses or supplies, so
fewer children can get vaccinated.* Children under five, the target age range for most routine
immunizations, suffer most directly since fewer gain immunity to the diseases for which
vaccinations are available.” Reduced vaccination capacity during wartime negatively affects the
entire population because progress toward herd immunity, from which the entire population
would benefit, slows or reverses when any subpopulation is not vaccinated. Large (50%) and/or
rapid (over the span of one year) drops in coverage of the final, third dose of the vaccine for
diphtheria, tetanus, and pertussis (DTP3) can occur during periods of conflict, as have been
observed in Syria, Yemen, and South Sudan.’®

Beyond the low vaccine coverage associated with conflict, other disruptions caused by
war contribute to the perfect storm for a disease outbreak. People displaced by war often live in
high-density, low-quality housing, which increases opportunities for person-to-person
transmission of disease.® Moreover, many vaccines must be kept cold to maintain their efficacy.
War-induced disruptions to infrastructure can interrupt the cold chain such that the delivered
vaccines are less effective.®

Together with reduced ability to vaccinate, the reduced number of health personnel,
smaller number of functional health facilities, and war-associated reductions in health spending
decrease the quality of the disease surveillance system.*® Surveillance systems capture a smaller
proportion of the cases during conflict events.

Periods of conflict are associated with subsequent high levels of vaccine preventable
diseases (VPDs). Between 2007 and 2009, when US troops surged in Irag, the incidence rate of
infectious diseases increased significantly. Most diseases decreased again after the troops
withdrew in 2011.1* After three years of civil war in Yemen, a diphtheria outbreak began.*? Prior
to the civil war, there had been no serious outbreaks of diphtheria, but in late 2017 and early
2018, 1294 cases were reported. The odds of an outbreak were 11 times higher in districts
actively experiencing conflict and three times higher in districts that had experienced conflict in
the last year.*? Conflict is widely accepted as a contributing factor in the reemergence of polio in
some countries and to why polio has not yet achieved eradication.®813-1°

Here, we assess if conflict has played a similar role in delaying achievement of measles
elimination in countries as it has for polio. WHO initially set measles elimination as a goal in the
Global Vaccine Action Plan and it is now included as part of the Measles and Rubella Strategic
Framework 2021-2030, under the umbrella of the Immunization Agenda 2030.1° Because
measles is so infectious, very high proportions of the population need to be immune (either from
past infection or vaccination) to achieve herd immunity. High vaccine coverage is essential:
global organizations often aim for 95% coverage with two doses of the measles vaccine.*” Thus,
it is plausible that war-induced decreases in vaccine coverage would spark increases in measles
incidence like seen with polio, and quickly, because of measles’ high degree of infectiousness.

In case studies, observed measles cases have increased during or after periods of conflict.
Incidence increased in Syria to more than 7000 cases and spread to neighboring countries,
including some with high vaccine coverage.'* Somalia saw a surge in measles cases from 145 to
1542 cases per 1 million population during the 2010-2011 war, and continued to rise despite
initiation of outbreak response vaccination campaigns.*® While in some countries measles
outbreaks have followed the start of conflict, to our knowledge there has been no systematic
analysis that quantifies the association between measles incidence and conflict, like those for



polio. This paper aims to fill that gap in knowledge by evaluating the incidence of measles
associated with mortality due to war and terrorism from 2000 to 2019 in 106 high policy priority
low- and middle-income countries.

Methods

Overview

This analysis involved three main steps. First, we examined evidence of changes to
measles surveillance system quality associated with war and conflict, as measured by the war
and terrorism mortality rate. Second, we developed estimates of the change in vaccine coverage
associated with war and conflict for each country-year. Then, we quantified the relationship
between measles incidence and war and terrorism mortality, which we used to estimate the
incidence of measles associated with war and terrorism.

Data Sources

All input data were secondary data, extracted from the Institute for Health Metrics and
Evaluation (IHME) and the World Health Organization (WHO). These groups rely on reports
from countries or other primary data sources when generating their estimates.

To evaluate measles surveillance system quality, the number of measles laboratory tests
administered and the number of positive measles laboratory tests were obtained from WHO.
WHO has collected these data since 2004. Location-years that only reported either the number of
tests administered or the number of positive tests were excluded. These data were used to
calculate the rate of non-measles febrile rash illness (NMFRI), the number of negative measles
tests per 100,000 population, which serves as an indicator of measles surveillance system quality,
akin to non-polio acute flaccid paralysis and polio surveillance.®® In this analysis, IHME’s
healthcare access and quality index, which approximates access to care in countries using
amenable mortality, served as a covariate.?

Annual case reports of measles are reported to WHO and UNICEF through the Joint
Reporting Form (JRF).2! This dataset includes the number of cases of measles each year, as
reported by ministries of health and similar nationally representative bodies from each of the
WHO’s 194 member nations. IHME’s age- and sex-specific population estimates were used to
convert the reported case counts to incidence rates.?

To estimate the presence and intensity of conflict, we used IHME’s war and terrorism
mortality rates estimates.” These estimates are for all ages and both sexes combined and reflect
deaths directly due to war and terrorism. They are produced by bringing together and
standardizing primary estimates from several other groups. IHME’s two primary source for these
estimates are Uppsala Conflict Data Program (UCDP) and Armed Conflict Location and Event
Database (ACLED). UCDP estimates deaths from three types of conflict: state-based armed
conflict, non-state conflict, and one-sided violence while ACLED includes estimates of war
related deaths for a broader set of types of conflict.*

Along with the war and terrorism mortality rate estimates, measles vaccine coverage
estimates from IHME were used to estimate conflict-free vaccine coverage. IHME’s first- and
second-dose vaccine coverage estimates (MCV1 and MCV2) include doses delivered through
routine immunization (RI1) or supplemental immunization activity (SIA) by combining results
from several models. These estimates reflect true coverage better than those generated using only
RI data because they account for immunity derived from campaigns that may be carried out in



response to outbreaks or to fill gaps in coverage associated with war or other disruptions to
vaccine delivery. Under the assumption that young children are most susceptible to measles, we
used estimates of vaccine coverage in children under five from an age-specific cohort model.
IHME’s routine immunization vaccine coverage estimation methods have been described
elsewhere.? Briefly, the routine-immunization estimates are modeled using spatio-temporal
Gaussian process regression (ST-GPR), utilizing survey, country reported, and literature data on
vaccine coverage over time and space, while accounting for biases in country reporting, vaccine
stock-outs, and war induced disruptions to vaccine delivery.?®

NMFRI Analysis

The rate of negative tests in a surveillance system is an indicator of surveillance system
quality. Rarely does an entire population have a disease: if all tests are positive, the surveillance
system is likely not testing enough people. NMFRI is a measure of the negative measles test rate
(Equation 1). WHO has set the target for surveillance performance as NMFRI > 2 per 100000
population.?® With decreased funding and fewer healthcare workers in conflict years, the
proportion of true disease cases that are not reported to surveillance systems may be
systematically higher than in years without conflict. Any systematic difference in surveillance
system quality during war would need to be adjusted for before analyzing the relationship
between war and reported measles incidence.

Equation 1. Non-measles febrile rash illness rate, | and y represent country and year.

o discarded cases (measles IgM negative) with lab testing, ,,
NMFRI incidence;, = ,

population;,,

To evaluate evidence of war-associated changes to the underlying quality of the
surveillance system in a country, we tested mortality rate due to war and terrorism as a
continuous predictor or a binary predictor of NMFRI. In continuous space, we fit a linear mixed
effects regression model with log(NMFRI) as the independent variable and mortality rate due to
war and terrorism and healthcare access and quality index as predictors (Equation 2).2° We
included a random intercept on country to control for baseline differences in surveillance system
quality. We also tested war and terrorism mortality rate as a binary predictor. To evaluate if there
is a war and terrorism mortality rate threshold above which countries are more likely to meet the
WHO standard, we constructed an ROC curve with the binary outcome of whether the country
meets WHO’s goal NMFRI and different values of war and terrorism mortality as the varying
threshold.

Equation 2. Association between NMFRI reporting and war.

log(NMFRI incidence;,) = B, + pywar mort;, + f,HAQ + 1|country + g,



Counterfactual vaccine coverage estimation

We estimated the change in vaccine coverage associated with war and terrorism mortality
using a counterfactual approach. First, we estimated MCV1 and MCV2 coverage in the absence
of war and terrorism. Then, we subtracted existing conflict-inclusive estimates of coverage from
IHME’s Global Burden of Disease (GBD) study from the conflict-free estimates. Conflict-free
MCV1 and MCV2 coverage were estimated by adjusting the RI and SIA portions of each dose’s
coverage estimate separately. ST-GPR models, as used for routine immunization estimates,
include a “stage 1” linear model. The MCV 1 routine immunization ST-GPR “stage 1”” model
includes mortality rate due to war and terrorism as a predictor (Equation 3). We apply an offset
of 0.0001 to the war and terrorism mortality rate to allow for log transformation in countries with
estimated war and terrorism mortality rate of zero. Since the model does not include a random
slope term on war and terrorism mortality, this model assumes that the effect of war and
terrorism mortality on MCV1 RI coverage does not vary across space and time. From the fitted
model, we calculated conflict-free MCV1 RI coverage by predicting from the model with war
and terrorism mortality rate set to 0 (Equation 4). MCV2 RI coverage is modeled in ST-GPR as
the ratio of MCV2 coverage to MCV1 coverage and includes MCV1 RI coverage as a predictor
in the stage 1 model (Equation 5). To estimate conflict-free MCV2 RI coverage, we predicted the
MCV2/MCV1 ratio with conflict-free MCV1 RI coverage and multiplied the resultant ratio by
conflict-free MCV1 RI coverage (Equation 6). That is, the counterfactual MCV2 estimates
reflect the impact of war and terrorism mortality via its effects on MCV1. We assumed the
efficiency of SIA at reaching children who were not already immunized through routine
immunization was constant in the conflict-inclusive and conflict-free scenarios. The outputs of
this process were a set of conflict-free counterfactual estimates of vaccine coverage and a set of
estimates of the drop in coverage associated with war and terrorism mortality for each country-
year.

In all equations, subscripts y and | indicate the year of interest and the country,
respectively. The covariate haq is the healthcare access and quality index, stockout reflects the
magnitude of country-reported or model-detected stockouts, and introyears is the number of
years since introduction of the vaccine in the national immunization schedule for the country in
year y. War rate is the war and terrorism mortality rate per 100,000, super region|region|country
are random effects by geography, and ¢ is the random error. MCV1 Rl is the GBD conflict-
inclusive MCV1 RI estimate, MCV1 Rl is the conflict-free MCV1 RI estimate, MCV2 Rl; is the
GBD conflict-inclusive MCV2 RI estimate, MCV2 Rl is the conflict-free MCV2 RI estimate.

Equation 3. GBD stage 1 ST-GPR model for MCV1 RI coverage.

logit(MCV1RI,,)
= Bo + p1haq, + Bystockout;, + B3 log(war rate;, + 0.0001)
+ (1|super region|region|country) + €



Equation 4. Conflict-free MCV1 RI coverage, estimated by country and year.

MCV1RI.r, = invlogit|logit( MCV1RI,, |)— B3log(war rate;, + 0.0001) + B510g(0.0001)
fl,y g g Ly g )y g

Equation 5. GBD stage 1 ST-GPR model for the ratio of MCV2 RI to MCV1 RI coverage.

ooig (MCV2RI
09\ Mcv1RI,,

= Bo + B1haq,,, + B,stockout;,, + Psintroyears;, + f4MCV1RI;,
+ ﬁs(introyearsl,y *MCV1 Rll,y) + (1|super region|region|country) + €

Equation 6. Conflict-free MCV2 RI coverage, estimated by country and year.

MCV2 RI

MCV?2 Rlcfl,y = invlogit lOgit (WRlcily

) + B4 ( MCV1 Rl — MCVLRI,;, )

+ Bs (MCV1 Rlcs, —MCV1 Rlcil,y) * MCV1RI,y,

Measles incidence rate in the absence of war and terrorism

We fit a linear mixed effects model to log-transformed measles incidence rate per
100,000 population. WHO measles case reports were converted to incidence rates for each
location-year to control for differences in the population size. As in the current measles model
for IHME’s GBD the population of the birth cohort at the average age of notification (3 years
old) is the denominator of incidence rate. Conflict-free MCV1 and MCV?2 coverage, mortality
rate due to war and terrorism per 100,000 (standardized using the mean and standard deviation),
and the absolute change in MCV1 and MCV2 coverage associated with war and terrorism were
included as covariates (Equation 7). Random effects on GBD super-region, region, and location
were used to allow for differences in the baseline disease incidence between locations because
differences in climate between regions have substantial effects on the seasonality, spread, and
endemicity of measles.?’

Equation 7. MCV1 and MCV2 are country- and year-specific conflict-free coverage estimates,
AMCV1 and AMCV2 are the country- and year-specific estimates of change in coverage
associated with war and terrorism mortality. War is the war and terrorism mortality rate. In years
where war is 0, by definition AMCV1 and AMCV2 must also be 0. Subscripts y, I, sr, and r
represent year, country, GBD super-region, and GBD region, respectively.

log(inc rate) = By + f1MCV1,, + f;MCV2,, + 3AMCV 1, ,, + B, AMCV 2, + Bswar
T Usry T Uy T UL, +E

WHO verification of measles elimination in a country includes verifying the surveillance
system meets certain quality metrics.?® When predicting from the model, to adjust for



underreporting in countries that do not have verified measles elimination, we used a standard
random effect of the average of the three highest net random effects (location+super-
region+region RE for each country). After producing conflict-inclusive incidence estimates,
conflict-free estimates were produced by setting AMCV1 and AMCV2 and war to 0. A variance-
covariance approach was used to generate 95% confidence intervals. The output of this model
was a set of conflict-free and a set of conflict-inclusive estimates of cases for all 106 countries
from 2000 to 2019.

To evaluate if war and terrorism mortality exerts effects on measles incidence after the
conflict ends, we tested a model that included additional covariates of the war rate lagged by one
and two years. We compared RMSE values for the models with and without the lagged
covariates to evaluate whether these additional covariates improved the model fit.

Results

NMFRI

We found war and terrorism mortality rate was a poor predictor of NMFRI incidence. As
a continuous predictor, the sign coefficient on mortality due to war and terrorism was sensitive to
log transformation of NMFRI incidence, indicating a poor model fit. From our ROC curve, war
and terrorism mortality rate performed no better than chance at predicting if a country met the
WHO standard (Figure 2). There was no optimal threshold value by which to dichotomize
mortality rate due to war and terrorism that allows war and terrorism mortality rate to best
determine whether countries are meeting the WHO standard. Of note, available NMFRI data are
noisy and variably reported, which may affect the results of this analysis (Figure 3). Some
countries with strong surveillance systems have not reported in all years. In some countries
experiencing conflict reporting drops off during years with particularly high war and terrorism
mortality rates.

Drops in vaccine coverage are positively associated with war and terrorism mortality rate

The mortality rate due to war and terrorism is negatively associated with MCV1
coverage, that is, conflict-free estimates of coverage are higher than conflict-inclusive estimates
for all country-years with non-zero rates of mortality due to war and terrorism. For individual
countries, the war and terrorism associated drops in coverage can be large. The largest absolute
estimated war and terrorism associated decreases in MCV1 coverage were in Burundi and Syria.
In 2000, during the Burundian civil war, we estimate a decline of 13.8 percentage points in
Burundi’s MCV1 coverage was associated with war and terrorism. Syria’s estimated fall of 12.4
percentage points in 2012 aligns with a period of escalation in the Syrian civil war. Unlike
Burundi in 2000, where MCV2 was not yet included as part of the routine immunization
program, Syria was administering MCV2 through routine immunization in 2012 and coverage
with the second dose of the vaccine also fell dramatically. In addition to the decrease in MCV1,
in 2012 Syria also experienced the largest estimated absolute drop in MCV2 coverage of any
country-year: coverage fell by 13.9 percentage points. This large decrease was not an isolated
occurrence in the country as Syria also experienced the second largest absolute war and terrorism
associated reduction in MCV2 coverage. In 2014, Syria’s MCV2 coverage fell by an estimated
13.8 percentage points. Although Syria has large decreases in multiple years, other countries



have more sustained reductions, as defined by the highest average drop in coverage across all
years. Afghanistan and Irag were most persistently affected by conflict, for MCV1 and MCV?2,
respectively, with estimated war-associated decreases of 4.4 and 4.9 percentage points on
average from 2000-2019. Across all country-years that have MCV2 administered through RI, the
drops were, on average, larger for MCV2 than for MCV1 (Figure 4).

Trends and patterns in incidence

Supplementary table S1 includes the fitted beta values on each covariate in the incidence
model. We find that, as hypothesized, war and terrorism mortality rate and drops in coverage of
each dose are positively associated with measles incidence rate. The effect sizes for changes in
coverage were larger than for the war and terrorism mortality rate. Although reductions in
vaccination account for a large portion of the increase in measles incidence during wartime,
some of the increases in incidence are not explained by vaccination.

In total, across all modeled countries, war and terrorism was associated with 4.66% of
incident cases in 2000 and 2.75% of incident cases in 2000. However, summing across countries
masks national-level variation. While the proportion of cases associated with war and terrorism
had decreased over time at the aggregate level, for individual countries the same pattern does not
hold. We find that at the country-level the range of proportions and the highest proportion, are
larger in 2019 than in 2000 (Figure 5). This disparity between the overall and country-specific
values occurs because countries with the most cases, like India, tend to have low rates of war and
terrorism mortality and thus small proportions of incidence associated with conflict. At the
aggregate level, this masks the higher proportional contributions from countries with smaller
case counts.

In the subset of countries experiencing war and terrorism mortality the model suggests
that, on average, in 2019, 5.5% of cases were associated with war and terrorism. Although values
ranged from <0.01% to 52.2%, the maximum is in Afghanistan, where we estimate that the
incidence rate would have been 52.2% (-0.4 — 79.1) lower had there been no conflict. In 2000,
Burundi had the highest percentage of incidence associated with war and terrorism mortality at
51.9% (-76.2 — 93.3). Across all countries and years, Syria’s 78.0% (23.3 — 96.8) of cases
associated with war and terrorism in 2012 was the highest. While a single conflict event may
contribute substantially to incidence in a single year, sustained lower levels on conflict might
lead to persistently high levels of cases, which require different strategies to contain. Afghanistan
IS most persistently affected, with an average of 40.0% of cases associated with mortality due to
war and terrorism over the 20 years included in modeling. Moreover, conflict-associated
increases in incidence can reverse many years of progress towards elimination. In Syria in 2012
during conflict, we estimate incidence increased to levels not seen since before 2000 (Figure 6).

We did not find evidence of lingering effects of war and terrorism mortality rate across
years: adding war and terrorism mortality rate lagged by one and two years as covariates in the
model did not decrease the RMSE of the model (Table S2).



Discussion

Similarly to polio, we find that conflict is associated with the continued spread of
measles, in part through changes in vaccine coverage. The positive association between conflict-
associated drops in vaccine coverage and measles incidence underscore the need to minimize
barriers to administering vaccines during periods of conflict to prevent associated increases in
cases. Polio vaccine delivery during conflict has been more extensively studied than measles
vaccine delivery and has yielded lessons about how to improve coverage during confict.81013.15
Differences in vaccination schedule, funding, and vaccine storage requirements between the two
antigens will likely require development measles-specific strategies for delivering doses in
conflict-afflicted areas.

However, even when controlling for vaccine coverage, war and terrorism mortality rate is
positively associated with measles incidence, suggesting that pathways beyond decreases in
vaccine coverage drive increases in measles cases during conflict. Therefore, focusing on
vaccine coverage alone is not enough. Moreover, periods of conflict can diminish vaccine
quality, likely because of disruptions to the cold chain, such that the administered doses are less
effective.® That is, the proportion of those who acquire immunity after being vaccinated can be
lower during periods of conflict than during peaceful times.

In order to achieve the ambitious goals of measles elimination set in the MSRF 2021-
2030, addressing the effects of war and terrorism mortality on measles incidence, both through
vaccination and other pathways, will be important. Countries with high proportions of incidence
associated with war and terrorism will face particular challenges, however, even countries with
lower proportions of incidence associated with conflict cannot ignore its contribution. In order to
achieve measles elimination, even small factors contributing to increased transmission must be
considered. The MSRF briefly mentions conflict-afflicted areas specifically, focusing on the
importance of vaccination, outbreak response, and financing for health in the countries.*® It will
be important to ensure these areas are not neglected as the strategic framework is enacted.

Beyond achieving the WHO goal of measles elimination, addressing the impact of
conflict on measles vaccination and incidence is a matter of health equity — disease and
vaccination early in life are important determinants of public health outcomes.?® In order to
design programs that can mitigate the effects of war on the spread of disease, it is essential to
understand the most important factors contributing to this spread. Despite an established
understanding of some of these pathways, such as those outlined in Figure 1, challenges in
collecting data in conflict settings result in sparse data. Further quantitative investigation of these
pathways, perhaps through quasi-experimental studies of measles incidence during well-
documented conflict events, is an important step to achieving health equity for those living in
conflict-afflicted areas. Some of these pathways, such as the effect of conflict on trust of the
medical system, are likely to be highly context-dependent while others may be more
universal. 303!

In particular, the influence of conflict on surveillance system quality merits further
investigation. Strong surveillance systems are integral to tracking, responding early to, and
controlling outbreaks to minimize lives lost. We found no statistical evidence of association



between mortality due to war and terrorism and surveillance system quality, as measured by the
NMFRI rate. However, our finding should not be taken as evidence that conflict does not harm
the quality of the disease surveillance system. In our dataset, discontinuous reporting by some
countries in years with high levels of conflict suggests that the missing years in the data may not
be random which could prevent detection of any association. Indeed, single country case studies
have reported significant breakdowns in surveillance, especially early in conflict periods,
indicative of decreased surveillance quality during periods of conflict.%3!

Other measures of surveillance system quality that were not available for this study, such
as the number of sites reporting testing results, may be better situated to measure the impact of
conflict on surveillance quality. When conflict is concentrated in certain regions of a country,
testing in conflict-afflicted regions may halt entirely or not be reported while sites in peaceful
regions continue to report testing data. This could lead to an unchanged national negative test
rate in the data examined for this study but would be reflected in data on the number of sites that
report testing results. Surveillance data is the foundation of measles burden estimation and new
data and approaches to quantify more accurately the effect of conflict on surveillance will be
essential to improving estimates of the effect of conflict on measles epidemiology.

This model is subject to several important limitations. First, the conflict-free
counterfactual vaccine coverage estimates assume a location- and time-invariant effect of
mortality due to war and terrorism. In reality, the effects may vary from country to country and
depend on the geographic distribution of conflict in the country and the strength of the health
system in the country, among other factors. Also, while we tested lagged effects in the incidence
model, these coverage estimates do not allow for any carryover effects of conflict to years after
the mortality occurred. Second, we assume the schedule and effectiveness of campaigns at
reaching children not already vaccinated through routine immunization in a given country-year is
the same in the conflict-inclusive and conflict-free scenarios. In reality, conflict may change
whether a campaign occurs. But, the unpredictable schedule of campaigns even in non-conflict
periods makes it hard to estimate what would have happened in the absence of conflict, so we
assumed campaigns follow the same schedule in the conflict-inclusive and conflict-free
scenarios. Moreover, conflict may change the effectiveness of a campaign itself at reaching
unvaccinated children, especially if they are concentrated in areas of the country with active
conflict but face similar challenges in estimating conflict-free effectiveness so assume constant
effectiveness, which is subject to limitations. A third limitation of this study, that might explain
the weak association we found between war mortality rate and measles incidence, is that of
collinearity between drops in vaccine coverage and the mortality rate due to war and terrorism.
To address this limitation, future work could explore using a two-stage modeling approach in
which vaccine coverage and any other covariates of interest are included in the first stage model
and mortality due to war and terrorism enters in the second stage. Fourth, the current modeling
approach cannot account for any underreporting of measles cases associated with conflict events
nor does the use of a standard random effect fully account for underreporting during peaceful
times. Looking at drops in coverage and percent of incidence associated with war and terrorism
ignores the baseline coverage and incidence values, which are also important to achieving
elimination. Fifth, the model does not examine the effects of war and terrorism mortality rate on



measles incidence at geographic scales other than the national-level. Conflict is often
concentrated in specific regions of a country and the effects on incidence may likewise be
concentrated in that region: during a diphtheria outbreak in Yemen, the odds of an outbreak were
11 times higher in districts actively experiencing conflict.!> Examining the association across
countries at the national level, as we have done here, may result in under-estimation of the
effects of conflict on measles incidence. Similarly, there may be multi-national effects of conflict
on measles incidence that the current model cannot account because it operates at the country
level. If refugees migrate to other countries, the relatively more peaceful country might
experience the outbreak, as has occurred between Somalia and Kenya and Ethiopia.323 The
current modeling framework would not associate this outbreak with war and terrorism mortality
in the refugees’ home country. Lastly, we have fit a statistical model to measles incidence data
but dynamic modeling approaches that account for different patterns of interaction between
different populations likely have additional advantages.

Our main predictor variable, the war and terrorism mortality rate estimates, is subject to
limitations as well. Challenges in collecting data in conflict settings may lead to over- or under-
estimation of mortality rate. IHME triangulates from a number of sources to estimate war and
terrorism mortality rate but there are likely under- or un-reported events, particularly among
marginalized groups.

Our work finds war and terrorism mortality is a contributing factor in the continued
spread of measles and must be addressed in order to achieve measles elimination. There is a need
for context- and antigen-specific systems for vaccine delivery during conflict. However, that
alone will not be enough, and we must work to understand the other pathways through which
conflict increases measles incidence. Notably, data gaps affected this analysis. As countries work
toward elimination, incidence and vaccine coverage monitoring systems that are robust to
conflict events should be developed and implemented. These could help track and identify
outbreaks to help to avoid significant setbacks in progress that we estimate occur during conflict
periods. These data can serve a dual purpose; beyond disease and vaccine coverage monitoring,
they are important to documentation and understanding of the toll war takes on health.
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Figure 2 ROC curve of war and terrorism mortality rate as a predictor of whether a country meets the WHO NMFRI standard.
The colors represent different threshold values of war and terrorism mortality rate and the shape of the curve indicates that war
and terrorism mortality rate is as good as a random guess at predicting whether a country meets the WHO standard.
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Figure 3 Measles testing data are noisy and variably reported. Some countries discontinue reporting when experiencing high
levels of war and terrorism mortality.
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Figure 4 Conflict-associated drops in MCV2 coverage tend to be larger than drops in MCV1. Each point represents a county-year
in which MCV2 is included in the routine immunization schedule.
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Figure 5 The proportion of incidence rate that is associated with war and terrorism mortality in each modeled country in (a) 2000
and (b) 2019. There are more countries in the greater than -70% category in 2019 than in 2000, indicating that conflict continues
to be associated with measles incidence.
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Figure 6 Conflict-free and conflict-inclusive measles incidnece estimates in Syria. Conflict is associated with a large increase in
incidence in 2012 to levels not seen since before 2000, a notable loss of progress toward measles elimination.

Table S1 Measles incidence model fitted beta coefficients

Beta SE
Intercept 7.22 0.81
MCV1 -3.05 0.86
MCV2 -3.16 0.37
MCV1 drop 7.79 6.88
MCV2 drop 5.85 7.17
war 0.004 0.08




Table S2 RMSE in measles incidence models with and without lagged war and terrorism mortality rate covariates

Model 1 Model 2

RMSE 1.959 1.971

Where model 1 is:

log(inc rate) = By + p1MCV1,, + [MCV2,,, + [3AMCV,,, + B, AMCV 2, + fswar
T Usry T Uy T Uy T E

And model 2 is;

log(inc rate) = By + p1MCV1,, + fMCV2,, + f3AMCV,,, + B, AMCV 2, + fswar
+ ,B6wan,y_1 + /37wan,y_2 + Uy Uy U, FE
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