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Abstract: A better understanding of population-level factors related to measles case fatality is needed
to estimate measles mortality burden and impact of interventions such as vaccination. This study
aimed to develop a conceptual framework of mechanisms associated with measles case fatality ratios
(CFRs) and assess the scope of evidence available for related indicators. Using expert consultation,
we developed a conceptual framework of mechanisms associated with measles CFR and identified
population-level indicators potentially associated with each mechanism. We conducted a litera-
ture review by searching PubMed on 31 October 2021 to determine the scope of evidence for the
expert-identified indicators. Studies were included if they contained evidence of an association
between an indicator and CFR and were excluded if they were from non-human studies or reported
non-original data. Included studies were assessed for study quality. Expert consultation identi-
fied five mechanisms in a conceptual framework of factors related to measles CFR. We identified
3772 studies for review and found 49 studies showing at least one significant association with CFR
for 15 indicators (average household size, educational attainment, first- and second-dose coverage of
measles-containing vaccine, human immunodeficiency virus prevalence, level of health care available,
stunting prevalence, surrounding conflict, travel time to major city or settlement, travel time to
nearest health care facility, under-five mortality rate, underweight prevalence, vitamin A deficiency
prevalence, vitamin A treatment, and general malnutrition) and only non-significant associations
for five indicators (antibiotic use for measles-related pneumonia, malaria prevalence, percent living
in urban settings, pneumococcal conjugate vaccination coverage, vitamin A supplementation). Our
study used expert consultation and a literature review to provide additional insights and a summary
of the available evidence of these underlying mechanisms and indicators that could inform future
measles CFR estimations.
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1. Introduction

While measles mortality has decreased over the last several decades, an estimated
60,700 people died from measles in 2020 [1]. However, in many settings, mortality is
difficult to estimate through traditional measles case surveillance approaches alone due to
challenges in cause-of-death attribution, weaknesses in vital registration systems, and vari-
ability in data completeness and quality in reporting cases and deaths [2]. Instead, global
stakeholders use models of measles mortality that require robust and dynamic estimates of
measles case fatality ratios (CFR, i.e., proportion of cases with fatal outcome) [3] to track
progress towards eliminating measles deaths [4] and to evaluate the impact of vaccination
programs [5]. Recently, an updated modeling approach has provided estimates of measles
CER by region, age group, and income level for the years 1990 through 2030 [6]. This
foundation for producing dynamic CFR estimates is a critical advancement in estimating
context- and intervention-specific measles mortality [7].

There is evidence that various plausible risk factors contribute to systematically higher
individual-level measles case fatality, such as nutritional or vaccination status, overcrowd-
ing at home, and overall health system access or quality [8-10]. However, current surveil-
lance systems do not systematically capture data on all possible risk factors for mortality. In
places where accurate vital registration systems are not available, an improved estimation
of measles mortality burden, including the previously mentioned modeling approach,
requires an understanding of case fatality risk factors. One approach is to evaluate evidence
on potential CFR risk factors for which population-level data are consistently available,
so that the most relevant population-level risk factors can be applied to estimates of
population-level CFR.

A clear framework of possible mechanisms related to CFR provides a means to orga-
nize the compiled evidence on risk factors associated with measles case fatality. Improved
CFR estimates could help to assess health gains achieved through vaccination and other in-
terventions such as nutrition supplementation, identify remaining gaps, understand likely
drivers behind increased CFR, and support targeted efforts to reduce the disease burden in
particularly vulnerable communities. Therefore, we used expert consultation to develop a
conceptual framework of mechanisms related to measles CFR and identify population-level
indicators related to these underlying mechanisms. We used expert consultation because
the underlying mechanisms related to measles case fatality are multifactorial, complex,
and challenging to establish casual pathways of to describe systematic changes in CFR.
Then, we conducted a literature review to assess the evidence of association between these
indicators and case fatality.

2. Methods
2.1. Expert Consultation

We consulted with a group of experts who are co-authors on this paper (Supplementary
Information Section S1) to determine associative pathways that lead to either systematic
increases or decreases in measles CFR. These pathways, referred to as “mechanisms’
represent possible ways in which specific risk factors could be associated with measles CFR.
We developed a conceptual framework relating each mechanism to measles case fatality.

To adequately represent these underlying mechanisms via population-level factors, we
identified a list of 58 indicators typically available at the population level (Supplementary
Information Section S2) that could be related to measles case fatality and together would
be representative of these mechanisms. Following discussion, the group determined 42
of these possible indicators (Supplementary Information Section S3) to be most plausibly
related to measles case fatality. From those, the group determined a list of indicators for
further investigation with at least one vote for their inclusion (Supplementary Information
Section 54); through this process, exclusive breastfeeding and sanitation quality indicators
were removed. Age, measles incidence/attack rate, and outbreak settings have complex
interactions with each other and other indicators as well, and as such, they were determined
to be fundamental in any consideration of measles mortality without requiring further
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investigation in the literature [6,10]. This yielded 37 indicators for additional investiga-
tion. Each indicator was then assigned to represent an underlying mechanism following
discussion of the expert group.

2.2. Literature Review

To assess the level of evidence of association between measles case fatality and
the final list of identified indicators, we conducted a review of the available literature
(Supplementary Information Section S5). We searched the PubMed database from 1 January
1980 to 31 October 2021 for any article with the following search terms:

(indicator-specific search terms)

AND “measles”

AND (“case fatality” OR “CFR” OR “fatality” OR “mortality” OR “morbid*” OR
“comorbid*” OR

“sever*” OR “complicat*” OR “risk” OR “secondary outcome” OR “death”)

A full list of indicator-specific search terms can be found in Supplementary Information
Section S6. A single investigator screened the Title and Abstract for each study for inclusion
and exclusion criteria; for passing studies, a single investigator reviewed the full text for
the same criteria. Articles were included if they contained information on an association
between our outcome (i.e., measles case fatality or acute mortality) and the indicator of
interest among any age or setting among our population of interest (i.e., persons with an
acute measles infection). Articles were excluded if they were from non-human studies or
reporting on non-original data.

Following the search, each indicator was assigned to one of the following categories:
indicator has at least one published randomized controlled trial supporting a significant
relationship with CFR, indicator has at least one published quantitative observational
study supporting a significant association with CFR, indicator has at least one published
qualitative study supporting an association with CFR, indicator has published evidence of
a non-significant relationship between indicator and CFR, and indicator had no published
evidence investigating the relationship with CFR, depending on the highest category of
evidence found.

For each study presenting any evidence of an association between an indicator and
CFR, we assessed the overall quality of evidence presented in each study using the GRADE
working group framework as a model [11]. Each study received a quality score from 1
to 5, with 5 representing studies of the highest quality. Each of the following attributes
contributed to a one-point deduction in quality score: having a sample size less than 100,
not being a randomized clinical trial or adjusting measures of association for confounding,
not indicating a laboratory confirmation of measles cases, and not providing a definition of
death being attributable to acute measles.

3. Results
3.1. Conceptual Framework

Five underlying mechanisms were identified by the expert group: health system
access and care-seeking behaviors, health system quality, measles control and epidemiology,
nutritional status, and risk of secondary infection. Each mechanism was hypothesized by
the expert group to have a direct association to either systematic increases or decreases in
measles CFR, as well as interdependently with one another (Figure 1). For example, the
risk of secondary infection would be directly associated with measles CFR, but would also
be associated with nutritional status, which would also be directly associated with measles
CFR. Each indicator outlined above was assigned a primary mechanism (Table 1) to ensure
each mechanism was adequately represented by the grouping of indicators assigned to
it (e.g., human immunodeficiency virus (HIV), prevalence was assigned to the “risk of
secondary infection” mechanism).
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Figure 1. Conceptual framework of mechanisms related to measles case fatality rates (CFRs). Each
mechanism is represented by a colored circle. Dark grey arrows show direct relationship with measles
CFR, and light grey arrows show relationships between the mechanisms.

Table 1. Mechanisms impacting measles CFR with related hypothesized indicators.

Mechanisms Indicators

Educational attainment

Percent living in urban settings
Surrounding conflict

Time to care seeking

Travel time to major city or settlement
Travel time to nearest health care facility

Health system access and care-seeking behaviors

Access to intensive care unit
Health expenditure per capita
Level of health care available
Under-five mortality rate

Health system quality

First-dose coverage of measles-containing vaccine (MCV1)
Maternal antibody dynamics

Maternal measles vaccination coverage

Second-dose coverage of measles-containing vaccine (MCV2)
Vaccine coverage equity

Vaccination efficacy

Vaccination schedule

Vitamin A treatment

Measles control and epidemiology
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Table 1. Cont.

Mechanisms Indicators
° Stunting prevalence
e  Underweight prevalence
Nutritional status e  Vitamin A deficiency prevalence
e  Vitamin A supplementation
e  Wasting prevalence

Risk of secondary infection

Ambient air pollution

Antibiotic use for measles-related pneumonia
Average household size

De-worming frequency

Diarrheal disease prevalence

HIV prevalence

HIV treatment/antiretroviral therapy (ART) prevalence
Malaria prevalence

Lower respiratory infection prevalence

Oral rehydration solution for measles-related diarrhea
Pneumococcal conjugate vaccination coverage
Population density

Pre-term birth prevalence

Total fertility rate

3.2. Literature Review

The search yielded 3772 articles; the full text was reviewed for 857 of these articles
meeting inclusion and exclusion criteria (Figure 2). Each indicator was classified depending
on availability of evidence (Table 2). There was 1 indicator with at least one published
randomized controlled trial supporting a significant relationship with CFR, 13 indicators
with at least one published quantitative observational study supporting a significant asso-
ciation with CFR, 1 indicator with at least one published qualitative study supporting an
association with CFR, 5 indicators with published evidence of a non-significant relationship
between indicator and CFR, and 17 indicators with no published evidence investigating a
relationship with CFR. For the 49 studies in which there was evidence of an association for
an indicator with measles case fatality, the findings are outlined below.

Among these 49 studies, the following 26 countries were represented: Afghanistan,
Bangladesh, Chad, Costa Rica, Democratic Republic of the Congo, Ethiopia, France, Ghana,
Guinea-Bissau, India, Indonesia, Kenya, Malawi, Mexico, Mongolia, Nepal, Niger, Nigeria,
Pakistan, Papua New Guinea, Senegal, South Africa, Sweden, Tanzania, Turkey, and
Zambia. There were 9 studies published in the period 1980-1989, 14 in the period 1990-1999,
14 in the period 2000-2009, 7 in the period 2010-2019, and 5 in the period 2020-2021.
All studies with significant and non-significant evidence of an association between an
indicator and measles CFR, along with their quality scores, are presented in Supplementary
Information Sections S7-59.



Vaccines 2023, 11, 1389 60f 17

[ Identification of studies via databases and registers J
)
= L
_g Records identified from: Records_ removed befare screenmg_
5 PubMed (n = 3772) Duplicate records re_moye_d (n=10) _
= . Records marked as ineligible by automation tools (n = 0)
£ - Records removed for other reasons (n = 0)
)
R
Records screened Records excluded
) —
(n=3772) (n=2915)
Reports sought for retrieval Reports not retrieved
= (n = 857) (n=0)
c
£
; }
7]
Reports assessed for eligibility Records excluded:
(n=2857) Did not contain any information on association between
measles CFR and any indicator (n = 786)
Only contained evidence of non-significant association
between measles CFR and an indicator (n = 22)
—

Studies included in review
(n = 49)

Figure 2. PRISMA diagram of the literature review sources. For the completed literature review, the
number of studies at each stage of the review is shown. Studies included in review were those to
have contained significant evidence of an association with an indicator and measles CFR.
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Table 2. Available evidence of relationship between indicators and measles CFR.

Published Literature Includes
Randomized Controlled Trial with

Published Literature Supports
Significant Observational Association

Published Literature
Supports Qualitative

Published Literature with
Non-Significant Evidence

No Evidence Found in Published Literature

Significant Relationship Association
° Average household size : iﬁgizr:?;ir;ter;ﬁzz gire unit
. Educational attainment 5 : pf
. First-dose coverage of . e-worming frequency
measles-containing vaccine (MCV1) : Eleailljﬁe;l( ;elie;iilel lzr;\éilf:pcﬁa
° Human immunodeficiency virus
(HIV) prevalence Y . Human immunodeficiency virus (HIV)
. Second-dose coverage of Antibiotic use for treatment/antiretroviral therapy
measles-containing vaccine (MCV2) measles-related pneumonia iART) previale?ce infecti 1
. Stunting prevalence Malaria prevalence ° ower respiratory infection prevalence
d Vitamin A treatment . Surrour%dling conflict Level of .tllesll th Percent living in urban settings * Maternal antibody dynamics
° Travel time to major city care avarable Pneumococcal conjugate o Maternal measles vaccination coverage
or settlement vaccination coverage . Oral rehydration §olution for
. Travel time to nearest health Vitamin A supplementation ?easieiTTdZtEd @tlarrhea
care facility . opulation density
- 1 *
e  Under-five mortality rate . ?_re term birth pll;gvalence
. Underweight prevalence . TH?? ;0 C.Te seeking
. Vitamin A deficiency prevalence 4 V0 al fertility rate
. General malnutrition (surrogate for i VaCC%netC'OVer;ge equity
ti 1 (] accination efficacy
wasting prevalence) . Vaccination schedule

Results from the literature review are summarized per indicator into one of five categories describing the level of evidence available from the published literature. * Evidence was found
for an association but excluded for only having one study with significant evidence which had a small sample size across the entire body of evidence for this indicator.



Vaccines 2023, 11, 1389

8 of 17

3.2.1. Health System Access and Care-Seeking Behaviors
Educational Attainment

In 1980, Bhuiya and colleagues [12] showed that Bangladeshi children with measles
whose mothers had no education had an increased odds of death (odds ratio (OR): 2.11
[95% confidence interval (CI): 1.06—4.19]) compared to those with mothers having “some”
education. In a case—control study among deaths and non-fatal cases in Bangladesh from
1982 to 1984, Clemens and colleagues [13] estimated the increased odds (OR: 1.32 [1.07-1.63])
of death when the head of household had no (versus any) education. Similarly, they found
an increased odds (OR: 1.72 [1.36-2.19]) of death when mothers had no (versus any) educa-
tion. Ndikuyeze and colleagues [14] noted there were higher CFRs among children living in
Chad from 1988 to 1992 with mothers who were “less well educated”; no data were shown.
In Zambia, from 1998 to 2003, Moss and colleagues [15] showed children hospitalized with
measles whose maternal education was less than or equal to eight years had an increased
relative risk of death (relative risk (RR): 2.15 [1.11-4.17]) compared to children whose
mothers had more than eight years of education. Murhekar and colleagues [16] showed
that children with measles with illiterate heads of households living in India in 2012 had an
increased relative risk (RR: 6.23 [1.48-26.21]) of death compared to those having a parent
with primary education or above.

Surrounding Conflict

Salama and colleagues [17] noted that in Ethiopia in 2000, famine, exacerbated by
conflict, was associated with many deaths related to measles, and without relief inter-
ventions, measles mortality would have been greater. Joshi and colleagues [18] showed
that in Nepal in 2004, children with measles living in locations with critical insecurity
levels had an increased odds of death (OR: 15.8 [3.4-73.4]) compared to children living
in locations with moderate insecurity levels. Additionally, Meteke and colleagues [19]
noted that conflict settings can lead to infectious disease outbreaks; no data were shown.
Moss and colleagues [20] noted that measles is a major cause of death among internally
displaced and refugee persons as well as very high rates of CFRs among various emergency
situations; no data were shown.

Travel Time to Nearest Health Facility /Major City or Settlement

In 2013, in the Democratic Republic of the Congo, Gignoux and colleagues [21] showed
children with measles who lived more than 30 km from a hospital had an increased relative
risk (RR: 2.2 [1.04.7]) of death compared to children with measles who lived 30 or fewer
kilometers away from a hospital. In Mongolia, from 2015 to 2016, Lee and colleagues [22]
noted that children with measles who lived outside of Ulaanbaatar City had an increased
relative risk (RR: 1.9 [1.3-2.8]) of death compared to children with measles who lived within
Ulaanbaatar City.

Indicators without Supporting Evidence

With regard to the percent living in urban settings, published evidence of a non-
significant relationship with CFR was found. There was no published evidence examining
the association between CFR and time to care seeking.

3.2.2. Health System Quality
Level of Health Care Available

Rey and colleagues [23] noted that among measles cases in France from 1970 to 1979,
there was a significant decrease in mortality throughout the study period, which the authors
suggested was most likely attributable to general improvements in health care availability;
no data were shown.
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Under-Five Mortality Rate

Multiple studies [17,24-27] noted the temporal correlation and overall trend between
decreasing under-five mortality and measles mortality in various years and settings.

Indicators without Supporting Evidence

There was no published evidence examining the association between CFR and access
to intensive care units or health expenditure per capita.

3.2.3. Nutritional Status
Malnutrition

Joshi and colleagues [18] showed that in Nepal in 2004, persons with measles who
were stunted had an increased relative risk (RR: 5.34 [2.31-12.36]) of death compared with
persons who were not stunted. Among persons hospitalized with measles in Pakistan from
2013 to 2017, Aurangzeb and colleagues [28] estimated that there was an increased odds
(OR: 6.8 [3.24-14.26]) of death among those who were stunted compared to those who were
not stunted.

Barclay and colleagues [29] showed that among persons with measles in Tanzania
from 1982 to 1983, there was an increased relative risk (RR: 3.94 [1.69-9.21]) of death
among persons with a weight for age less than 60%. In Ghana, from 1989 to 1991, Dol-
limore and colleagues [30] described an increased odds (OR: 2.5 [1.3-5.1], adjusted for
age, sex, vaccination status, paternal education, and wet versus dry season) of death
among children with measles who were two or more standard deviations below their
weight-for-age z-score compared to those that were not. Among patients hospitalized
with measles in Nigeria from 2000 to 2004, Lagunju and colleagues [31] showed that un-
derweight persons had an increased relative risk (RR: 2.23 [1.17-4.26]) of death compared
to those who were not underweight. Additionally, Ahmed and colleagues [32] estimated
that in Nigeria from 2002 to 2005, being underweight was associated with increased
measles case fatality (chi-squared p = 0.01). In South Africa from 2009 to 2010, le Roux
and colleagues [33] showed that there was an association between overall weight-for-age
and measles case fatality. Also, among persons hospitalized with measles in Pakistan
from 2013 to 2017, Aurangzeb and colleagues [28] noted that there was an increased
odds (OR: 2.93 [1.44-5.93]) of death among measles cases who were underweight com-
pared to those who were not underweight. Coetzee and colleagues [34] showed that
among pediatric hospitalized measles patients in an intensive care unit in South Africa
in 2014, underweight persons had an increased relative risk (RR: 2.77 [1.38-5.55]) of
death compared to persons who were not underweight.

In addition to the biometric indicators of stunting and underweight identified by the
expert group, multiple studies reported on the association between non-specific malnutri-
tion and measles case-fatality; as such, the evidence associating non-specific malnutrition
with measles case fatality are presented here. In Ghana, from 1973 to 1982, Commey and
colleagues [35] showed that among measles hospitalizations for malnourished children,
there was an increased relative risk (RR: 2.02 [1.63-2.51]) of death compared to measles
hospitalizations among children who were not malnourished. Avila-Figueroa and col-
leagues [36] showed that children hospitalized with measles in Mexico from 1976 to 1989
had an increased relative risk (RR: 2.47 [1.1-5.52]) of death if they were malnourished
compared to those who were not malnourished. Samsi and colleagues [37] showed that
hospitalized measles patients in Indonesia from 1982 to 1986 who were malnourished had
an increased relative risk of death (RR: 2.48 [1.4-4.39]) compared to hospitalized measles
patients who were not malnourished. Among hospitalized measles patients in Kenya
from 1982 to 1985, Alwar and colleagues [38] showed that those who were malnourished
had an increased relative risk (RR: 3.77 [1.85-7.66]) of death compared to those who were
not malnourished. Choudhry and colleagues [39] noted that in Afghanistan from 1983
to 1985, hospitalized measles cases with malnutrition had an increased relative risk (RR:
14.66 [5.46-39.36]) of death compared to patients without malnutrition. Madhulika and
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colleagues [40] noted that in India in 1991, measles cases that were malnourished experi-
enced increased case fatality compared to those that were not malnourished (Chi-squared
p = 0.0156). In hospitalized measles patients from 1994 to 2004 in Nigeria, Fetuga and
colleagues [41] estimated that cases who were malnourished had an increased relative risk
(RR:7.33 [1.62-33.16]) of death compared to patients who were not malnourished. Moss
and colleagues [20,42] also noted an association between malnutrition and case fatality; no
data were shown. The expert group identified wasting as a potential biometric indicator
related to CFR, However, no evidence directly examining this relationship was found.
However, because of the strong preponderance of evidence supporting an association
between general malnutrition and CFR, wasting was included having observational-level
associative evidence.

Vitamin A Deficiency Prevalence

Among hospitalized measles patients in Malawi from 1992 to 1993, Courtright and
colleagues [43] showed that there was an increased relative risk (RR: 4.00 [1.21-13.33]) of
death for patients with vitamin A abnormalities compared to patients without vitamin
A abnormalities. Moss and colleagues [20] noted that there is a high risk of measles case
fatality for those with underlying vitamin A deficiencies; no data were shown. Additionally,
Nojilana and colleagues [44] reported on the increased relative risk (RR: 1.86 [1.32-2.59]) of
vitamin A deficiency on measles case fatality.

Vitamin A Supplementation

While evidence was collected from various studies on vitamin A supplementation, a
recent meta-analysis [45] pooling data from 43 trials in 18 settings in the period 19762010
found no effect of vitamin A supplementation on measles case fatality. We, therefore, chose
to exclude this indicator.

3.2.4. Risk of Secondary Infection
Average Household Size

Burstrom and colleagues [46] showed that in Sweden from 1885 to 1910, there was
an increased relative risk of death among children with measles who had siblings (RR:
2.9 [1.6-5.4]) compared to those who did not, as well as for children with measles with
a household size of more than four persons (RR: 1.9 [1.3-2.8]) compared to those with
household sizes with three or less people; they also showed other significant univariate
associations. Aaby and colleagues [47] noted that among children in Guinea-Bissau in
1979 there was an association between increased case fatality among “other” types of
households relative to those that were monogamous (Chi-squared p < 0.01). Also, Aaby
and colleagues [48] showed that among children with measles in Guinea-Bissau in 1979,
those living in homes with more than four children had an increased relative risk (RR:
1.9 [1.2-3.0]) of death compared to those living in homes with four or fewer children. Nandy
and colleagues [49] noted that among persons with measles in Niger in 2003, those living in
a household with eight or more persons had an increased relative risk (RR: 1.82 [1.22-2.71])
of death compared to those living with fewer than eight persons.

HIV Prevalence

Among hospitalized measles patients in Zambia from 1993 to 1995, Oshitani and col-
leagues [50] found that patients with HIV had an increased relative risk (RR: 3.35 [1.95-5.76])
of death compared to patients without HIV. Jeena and colleagues [51] showed that hos-
pitalized measles patients in South Africa from 1994 to 1996 who were HIV positive had
a substantially increased relative risk (RR: 129.62 [40.12-412.64]) of death compared to
patients who were HIV negative. Moss and colleagues [15] demonstrated that in Zambia
during the period 1998-2003, hospitalized measles patients with HIV had an increased
relative risk (RR: 2.95 [1.83—4.74]) of death when compared to other hospitalized measles
patients without HIV. Also, in an outbreak with 552 cases in South Africa from 2009 to
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2010, le Roux and colleagues [33] estimated that after adjusting for age and weight for
age, persons with HIV had an increased odds (OR: 7.55 [2.27-25.12]) of death compared
to persons without HIV. Coetzee and colleagues [34] also showed that among pediatric
hospitalized measles patients in an intensive care unit in South Africa in 2014, persons
with HIV had an increased relative risk (RR: 2.29 [1.24-4.20]) of death compared to persons
without HIV.

Indicators without Supporting Evidence

Published evidence of non-significant relationships between each indicator and CFR
were found for the following indicators: antibiotic use for measles-related pneumonia,
malaria prevalence, and pneumococcal conjugate vaccination coverage. There was no
published evidence examining the association with CFR and the following indicators:
ambient air pollution, human immunodeficiency virus (HIV) treatment/antiretroviral
therapy (ART) prevalence, de-worming frequency, oral rehydration solution for measles-
related diarrhea, population density, and total fertility rate. For the association between
pre-term birth prevalence and increased measles case fatality, evidence of an association [52]
was found but excluded for only having one study with significant evidence which had a
small sample size (N = 57). Several studies suggested a significant relationship between
measles case fatality and diarrheal disease or lower respiratory infection. In these studies,
however, it was not possible to distinguish whether these data reflected secondary infections
or measles-virus related symptoms. After discussions with the expert group, we excluded
these studies and these indicators.

3.2.5. Measles Control and Epidemiology
First-Dose Coverage of Measles-Containing Vaccine (MCV1)

Nayir and colleagues [53] noted a temporal trend relating measles vaccination and
declining measles mortality rates in Turkey from 1970 to 2017. In Bangladesh from 1982 to
1985, Aaby and colleagues [54] showed a protective effect of measles vaccination on measles
deaths (vaccine efficacy against measles death: 95% [79-99%]). Samb and colleagues [55]
estimated that vaccinated measles cases in Senegal from 1983 to 1990 had lower case
fatality rates than unvaccinated cases (p = 0.038). Oshitani and colleagues [56] showed
that in Zambia from 1992 to 1993, children with measles who had at least one dose of any
measles-containing vaccine (MCV) had a decreased relative risk (RR: 0.4 [0.19-0.83]) of
death compared to unvaccinated children with measles. Fetuga and colleagues [41] noted
an association between measles vaccination and case fatality in Nigeria from 1994 to 2004
(Fisher’s exact p = 0.033). Dollimore and colleagues [30] noted that among measles cases in
Ghana from 1998 to 1999, those who were unvaccinated had an increased relative risk (RR:
1.72 [1.04-2.84]) of death compared to those who were previously vaccinated with at least
one dose of any MCV. Mgone and colleagues [57] noted an inverse association between
measles vaccination and case fatality in Papua New Guinea in 1999 (chi-squared p = 0.0423)
among patients hospitalized with measles.

Among hospitalized measles patients in Pakistan from 2003 to 2004, Aurangzeb and
colleagues [58] showed that there were increased odds (OR: 8.40 [1.00-71.84]) of death
among children who were previously unvaccinated compared to those with at least one
dose of MCV. Among persons with measles in Nepal in 2004, Joshi and colleagues [18]
showed that there was an increased relative risk (RR: 3.7 [2.0-6.7]) of death among
unvaccinated cases compared to those who had at least one dose of any MCV. In Ethiopia,
from 2007 to 2016, Gutu and colleagues [59] showed that unvaccinated measles cases
had an increased odds (OR: 1.55 [1.14-2.11]) of death compared to cases with a previous
vaccination history with at least one dose of any MCV. Gignoux and colleagues [21], in a
2013 outbreak in the Democratic Republic of the Congo, noted a decreased relative risk
(RR: 0.3 [0.1-0.9]) of death among children previously vaccinated with only one dose of
MCYV compared to those that were previously unvaccinated. Moss and colleagues [20,42]
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have also noted an association between measles vaccination status and case fatality; no
data were shown.

Second-Dose Coverage of Measles-Containing Vaccine (MCV?2)

During an outbreak in the Democratic Republic of the Congo in 2013, Gignoux and
colleagues [21] noted a decreased relative risk (RR: 0.2 [0.1-0.3]) of death among children
with measles who were previously vaccinated with at least two doses of MCV (compared
to those that were previously unvaccinated or had only received one dose). Aurangzeb
and colleagues [28] showed that in Pakistan from 2013 to 2017, children with measles
that were previously unvaccinated had an increased relative risk (RR: 7.0 [2.03-24.01]) of
death compared to those who had received at least two doses of any MCV; additionally,
children with measles that had previously only had one dose had an increased relative risk
(RR: 5.73 [1.49-22.07]) of death compared to those who had received at least two doses of
any MCV.

Vitamin A Treatment

In a randomized trial in South Africa in 1987, Hussey and colleagues [60] showed
there were decreased odds (OR: 0.21 [0.05-0.94]) of death among hospitalized measles
patients who had received vitamin A treatment compared to those who had not. In another
randomized trial in South Africa in the period 1989-1990, Hussey and colleagues [61]
concluded there were decreased odds (OR: 0.36 [0.18-0.70]) of death among hospitalized
measles patients who were treated with vitamin A therapy compared to those who were
not. Joshi and colleagues [18] showed that in Nepal in 2004, measles cases that did not
receive vitamin A treatment had an increased relative risk (RR: 3.09 [1.69-5.67]) of death
compared to cases that did receive vitamin A treatment. Murhekar and colleagues [16]
showed that in India in 2012, among measles cases who received vitamin A treatment, there
was a decreased relative risk (RR: 0.14 [0.03-0.61]) of death compared to those who did
not receive treatment. In a measles outbreak in 2017 in India, Dzeyie and colleagues [62]
showed vitamin A treatment was associated with decreased measles case fatality (chi-
squared p = 0.0351).

Indicators without Supporting Evidence

We did not find any studies examining the relationship between CFR and the fol-
lowing indicators: maternal measles vaccination coverage, maternal antibody dynamics,
vaccination efficacy, vaccination schedule, and vaccine coverage equity.

4. Discussion

Our conceptual framework of mechanisms related to measles CFR, based on expert
consultation, and a literature review of indicators associated with these mechanisms
strengthen the understanding of measles CFR and mortality estimation. We categorized
potential risk factors for measles CFR into five mechanisms related to either systematic
increases or decreases in measles CFR and searched for evidence of an association
with measles CFR across 37 population-level indicators that are representative of these
mechanisms. Among indicators included in our search, 15 indicators had evidence of an
association with measles CFR.

Overall, 26 countries were represented in 49 studies published from 1983 to 2021 that
included quantitative or qualitative evidence of an association with CFR. Most locations
were from low- or middle-income countries. Relative to other mechanisms, nutritional
status had the greatest number of studies available across its group indicators. Only one
indicator, vitamin A supplementation, had a previously conducted systematic review with
meta-analysis pooling results across studies. For multiple indicators, results of various
studies showed both statistically significant and non-significant associations with CFR. In
the absence of a meta-analysis, we considered indicators with studies presenting evidence
of a statistically significant association with CFR and studies presenting evidence of a
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non-significant association to be plausibly associated with CFR if there was at least one
study with significant evidence.

Most indicators could likely be classified under multiple underlying mechanisms. For
example, MCV1 coverage could be related to measles control and epidemiology, but also
to general health system access, health system quality, and risk of secondary infection.
However, because indicators were used to represent mechanisms at large, the assignment
of each indicator to a single mechanism for illustrative purposes did not influence the
determination as to whether an association with CFR existed. These classifications, though,
might have implications for future use cases of this work, such as for mathematical or
statistical modelling, and users will need to consider these assumptions in the specific
context in which they are working.

While they may be associated with measles CFR, we identified 17 indicators for which
no evidence had any significant association. For some indicators, the type of data available
did not allow us to reliably assess the association with CFR, despite the availability of
published evidence. For lower respiratory infection and diarrheal disease prevalence, high
rates of community prevalence of related pathogens may theoretically increase the risk of
secondary infection in measles cases and subsequently increase case fatality. There was
substantial evidence to suggest that the development of pneumonia or diarrhea following
acute measles infection was associated with increased case fatality. However, it was not
possible to distinguish whether the development of pneumonia or diarrhea represented
the progression of primary measles or reflected secondary infection with an additional
pathogen. Without routine specimen testing when additional clinical symptoms arise, we
are unable to distinguish whether these are population-level factors related to increased
measles CFR or markers of disease severity. Thus, it was not possible to determine the
nature of these specific associations.

Given the heterogeneity of underlying studies and their varying quality scores,
we were unable to perform any quantitative synthesis to combine the evidence found
in the published literature. Additionally, the objective of our review was to generate
supportive evidence for the conceptual framework and related indicators via identifying
any evidence suggesting an association with measles CFR rather than generating a single
effect size per indicator.

We assessed only associations with acute measles case fatality as our end point. How-
ever, it is known that since health facilities experience higher patient loads [63] and sec-
ondary measles cases present with increased severity compared to primary cases [48,64],
increases in measles incidence are associated with increased measles CFR (such as in an
outbreak setting [10]). If this association is causal, then anything that increases measles
incidence could also plausibly increase measles CFR, but we did not examine these rela-
tionships in this work.

We did not explicitly re-examine the relationship between age or measles incidence,
given their known importance regarding case fatality. It has been shown previously that as
age increases, CFR decreases [6,10]. These patterns likely reflect a variety of complex rela-
tionships between age, maturation of immune responses to infection, and age-dependencies
in other risk factors for CFR. In young infants, maternal antibodies are likely to provide
some protection both against infection and case fatality, though the presence and duration
of this protection depends on maternal immunity rates, gestational age, and underlying nu-
tritional status, among other additional factors [65]. As maternal immunity wanes, young
children may be particularly vulnerable to measles infection and case fatality, until they
receive measles vaccination (typically between 9 and 12 months). The complex interplay
between maternal immunity, measles epidemiology, and vaccination (as well as possi-
ble age-related confounders) complicates the interpretation of reported CFRs—especially
among age groups representing these youngest children—and warrants particular attention
when developing measles control strategies. Complex relationships between other risk
factors for measles CFR—such as those between MCV1 coverage and HIV prevalence—can
also contribute to differences in measles CFR by age and may vary from setting to setting.
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Children born to HIV-positive mothers are likely to have fewer maternal antibodies [66] as
well as a lower probability of sustained seroconversion following measles vaccination [67].
Persons living with HIV are more likely to both acquire and subsequently die from measles,
making them a particularly important community to consider when estimating measles
CFR [68]. More robust data needs to be collected to better understand and account for
these interdependent relationships between age, measles incidence, MCV coverage, and
HIV prevalence. Additionally, since the relationship between age and measles CFR is so
strong, modeling efforts to understand measles mortality should ideally account for the
underlying age pattern in both measles cases and CFRs.

This work has several limitations. First, the evidence presented in this study is
heterogeneous and includes both population-level and individual-level relationships.
Next, we did not identify the reasons for studies showing non-significant associations,
such as having an underpowered sample size to assess significance. We only used one
database during our literature search. Additionally, due to limitations in available data,
we were unable to assess causality of associations between indicators and CFR. For
example, as with nutritional status, few studies had information on anthropometry prior
to measles onset, and since measles infection commonly leads to weight loss, reverse
causality cannot always be excluded. Nonetheless, some large prospective studies
confirmed increased CFR in malnourished children. Additionally, we did not consider
evidence specific to populations that are at particularly high risk of measles infection
and mortality, such as refugees or internally displaced persons. While these subgroups
of the overall population are likely at higher risk of both measles infection and mortality
given underlying concerns related to access to health services and other increased risk
of infection, there is a scarcity of population-specific indicators and underlying data
regarding measles CFR. Although data in these populations are likely challenging to
collect, we support the investigation of these critical questions to better understand
how to assess burden among these high-risk groups. Additionally, we considered
only acute fatality from a measles case (i.e., within the first 28 days). Additional
consideration should be given to which indicators and mechanisms contribute to longer-
term impacts of measles on overall mortality [69]. Finally, several studies did not
provide information on either the proportion of cases with laboratory confirmation
or the underlying definition for a measles case, which reduces the overall quality of
evidence presented in these particular studies.

Overall, this study addresses some of the knowledge gaps around factors influencing
measles CFR and, moreover, may be valuable for decision making and programmatic
targeting among disease control programs. More work as well as primary data collection is
needed to continue expanding what is known about these associations, to close important
knowledge gaps, and to better estimate measles CFR across settings and populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines11081389/s1, Supplementary Section S1: Activities of
the Expert Working Group; Supplementary Section S2: Full list of identified indicators potentially
related to measles case fatality identified by Expert Working Group; Supplementary Section S3:
Post-discussion list of identified indicators related to measles case fatality; Supplementary Section S4:
Ranked list of indicators related to measles case fatality, with average rank; Supplementary Section S5:
PRISMA checklists; Supplementary Section S6: Full list of indicator-specific search terms for sys-
tematic review; Supplementary Section S7: Studies containing evidence of an association between
measles CFR and specified indicator; Supplementary Section S8: Studies containing non-significance
evidence of an association between measles CFR and specified indicator; Supplementary Section S9:
Indicators with significant evidence of an association with highest quality score from
contributing studies.
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