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Background: Estimating vaccination coverage is challenging in resource-poor settings where
accurate records are sparse. Household surveys, a key source of coverage information, typically
capture data from child health cards and rely on maternal recall when cards are unavailable. Little is
known about the accuracy of these sources in low- and middle-income countries. Moreover, such
metrics provide estimates of crude coverage (vaccination), but do not capture the gap between crude
and effective coverage (seroconversion). In this thesis, I harness data from the baseline evaluation of
Salud Mesoamérica 2015 to compare survey-based estimates of measles immunization coverage to
the seroprevalence of anti-measles antibodies in dried blood spots (DBS) collected from children in
poor areas of Mexico and Nicaragua. This thesis addresses gaps in knowledge regarding the
feasibility and validity of using DBS methods in low-resource settings, the accuracy of survey-based

measures of vaccination coverage, and the prevalence of biological protection against measles

(effective coverage) in the study areas.



Methods: Data for this study were collected as part of the baseline evaluation of Salud Mesoamérica
2015. Among the poorest 20% of the population in Mexico and Nicaragua, probability samples of
5,428 and 2,071 households (respectively) with resident women of reproductive age (15 to 49 years)
or children under 5 years of age were selected for interviews. Surveys addressed maternal and child
health topics such as antenatal and delivery care, immunization, child nutrition, and recent illness.
During home-based interviews, consent was obtained to collect DBS, from children aged 12 to 23
months. ELISA methods for measuring the seroprevalence of measles immunoglobulin G (IgG)
antibodies in dried blood spots were validated by comparing test results for matched serum and
DBS samples. After establishing the validity of the method, I compare the levels and characteristics
of measles vaccination coverage estimates based on maternal recall, health card documentation, and
antibody presence. I assess how survey-based estimates of measles immunization coverage differ
from serology-based estimates, and identify individual, maternal, household, community and health
facility characteristics of children that have health card documentation of receiving measles
immunization but who lack antibodies.

Findings: In both countries, survey-based sources of measles vaccination coverage were
significantly higher (83% in Mexico and 85% in Nicaragua) than the seroprevalence of protective
antibodies (68% in Mexico and 50% in Nicaragua). A large proportion of children in both settings
(19% in Mexico and 43% in Nicaragua) had health card documentation of having received measles
vaccine, but lacked antibodies. These discrepancies were geographically concentrated in several
specific areas, particularly the North Atlantic Region of Nicaragua, suggesting that these differences
are driven by variations in health service delivery rather than individual or household characteristics.
In multivariate regression analysis, few factors aside from geography significantly increased the
likelihood that a health card-positive child would lack antibodies. Clear and consistent geographic
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patterns in both crude and effective coverage highlight that some surveyed areas are very high-
performing while others are experiencing substantial challenges.

Conclusions: This study shows that using health cards and/or categiver recall to estimate
population protection against measles is unwise, because these sources overestimate effective
coverage of measles immunization. Results from this study are of great importance as they point the
areas and groups where protection against measles may have been wrongly assumed. These findings
will enable the health authorities in Chiapas and Mexico to examine and address the reasons for the

differences between crude and effective coverage.
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Chapter 1: Introduction

Estimating vaccination coverage is challenging in resource-poor settings where accurate
records are sparse. Household surveys, a key source of coverage information, typically capture data
from child health cards and rely on caregiver recall when cards are unavailable. Little is known about
the accuracy of health cards and caregiver recall in low- and middle-income countries (LMIC), how
accuracy may vary across demographics and settings in LMIC, or how crude coverage of vaccination
compares to effective coverage (seroconversion) across populations and geographies. Errors may
arise when caregiver recall is incorrect, health cards are lost, damaged or incomplete, errors are made
during data entry, or confusion arises surround vaccination campaigns.' A recent review identified
studies that compared vaccination information from health cards and caregiver recall to health
provider sources (medical records, registries, direct observation) and found poor concordance, with
median differences in coverage estimates ranging from -40 to +56 percentage points °. Furthermore,
of the 45 studies meeting inclusion criteria, only 5 came from LMIC. Population-based surveys,
particularly the USAID-funded Demographic and Health Surveys (DHS) and the UNICEF-funded
Multiple Indicator Cluster Surveys (MICS), provide critical information on many public health
indicators including vaccination, but are still reliant on health cards and caregiver recall." There is a
critical need to evaluate the accuracy of these sources, particularly in LMIC.

In addition to concerns about the accuracy of vaccination coverage estimates based on
health cards and caregiver recall, such metrics provide estimates of crude coverage (vaccination), but
do not capture the gap between crude and effective coverage (seroconversion). Effective coverage
addresses the quality and health benefit of the service delivered, and only effective coverage captures
biological protection to vaccine-preventable disease. In addition, immunity to vaccine-preventable

diseases may wane in the years following vaccination,” and only serological studies can identify when
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this is the case, and if additional doses are needed. Measurement of effective coverage of
immunization is extremely important for evaluating immunization programs and preventing
outbreaks.

Because of the limitations of survey-based estimates of vaccination coverage and because of
the value of effective coverage estimates, there is increasing interest in serological assays that
measure immunity to vaccine-preventable diseases. Dried blood spots (DBS)—drops of blood
collected from a finger stick and dried on filter paper—offer a promising, minimally invasive
method for collecting blood samples for the measurement of biomarkers in low-resource settings.
DBS are easy to transport and store, can be combined with other point-of-service tests such as
hemoglobin measurement, do not require a centrifuge or immediate freezing, have less stringent
regulations on shipment, and can be frozen for long periods of time.* Driven by recent
advancements in methodology and sample collection in nonclinical arenas, a growing number of
population surveys in developed and developing country settings are collecting DBS for the
measurement of biomarkers including antibodies to infectious agents, HIV viral load and drug
resistance, cholesterol, c-reactive protein, hormone levels, and metabolic and immune system
indicators.””’

In settings with a high burden vaccine-preventable illness, results from serosurveys can be
used to track infections and herd immunity. In settings with low burden, serosurveys can be used to
measure effective coverage of immunization, to assess the effectiveness of vaccination programs,
and to evaluate the accuracy of other survey-based measures of vaccination coverage. For example,
in Mexico and Nicaragua only three total measles cases have been confirmed in the past seven years,

and therefore the vast majority of children with anti-measles antibodies will have acquired them
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through vaccination. Hence, the seroprevalence of protective antibodies to measles serves as a good
indicator of vaccination program success.

In this thesis, I harness data from the baseline evaluation of Salud Mesoamérica 2015 to
compare survey-based estimates of measles immunization coverage to the seroprevalence of anti-
measles antibodies assessed using DBS methods, among children in poor areas of Mexico and
Nicaragua. This thesis addresses gaps in knowledge regarding the feasibility and validity of using
DBS methods in low-resource settings, the accuracy of survey-based measures of vaccination
coverage, and the prevalence of biological protection against measles (effective coverage) in the
study areas.

In Chapter 2, I describe the motivation, methods, and results of a study to validate a method for
measuring the seroprevalence of measles immunoglobulin G (IgG) antibodies using dried blood
spots collected in field surveys. After establishing the validity of the method, in Chapter 3, 1
compare the levels and characteristics of measles vaccination coverage estimates based on maternal
recall, health card documentation, and antibody presence. In this section, I seek to answer the
following questions:

1. Can the seroprevalence of measles antibodies be measured accurately using dried blood spot

samples collected in remote field conditions?

2. How do survey-based estimates of measles immunization coverage differ from serology-

based estimates?

3. What are the individual, maternal, household, community and health facility characteristics

of children that have health card documentation of receiving measles immunization but who

lack antibodies?

Finally, in Chapter 4, I interpret the findings from the applied studies, discuss the larger implications

of the studies, and draw conclusions.
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Chapter 2: Validation Study
Background

Measles is a highly infectious viral disease that causes more than 125,000 deaths around the
world each year, most in children under five years of age.® Although measles was eliminated from
the Americas in 2002,” the region remains vulnerable to imported cases and outbreaks, particularly in
population clusters with low vaccination coverage. There are many poor, remote areas in
Mesoamerica where little is known about population immunity to measles. Existing data is
commonly derived from household surveys and public health records of immunization and disease,
sources which are subject to bias and do not capture the gap between coverage (vaccination) and
effective coverage (seroconversion)."” This data can be significantly enhanced by measuring anti-
measles antibody titers. Titer is typically determined by laboratory analysis of venipuncture blood
serum, a standard practice in seroepidemiological monitoring. However, due to expense and
logistical challenges, venipuncture blood is seldom collected in field surveys.”'"'* An alternative is to
collect dried blood spots (DBS), drops of capillary blood obtained from finger or heel stick and
dried on filter paper. DBS collection is an affordable, minimally invasive method of obtaining blood
in non-clinical settings. DBS are simple to handle, and unlike conventional blood samples, do not
require immediate centrifugation or freezing, are less biologically hazardous (resulting in non-
stringent shipping regulations), and can be stored for long periods.” These advantages as well as
ongoing improvements in assay methodology have led an increasing number of population surveys
in both developed and developing countries to collect DBS. Biomarkers measured in DBS include
HIV load and drug resistance, cholesterol, c-reactive protein, levels of hormones, and indicators of

metabolic and immune system function, and antibodies to infectious agents.” There is, however, a
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need to develop additional methods of analyses; this led to this study’s evaluation of a novel method
of measuring anti-measles virus antibodies in DBS.
Previous DBS-based studies measuring measles immunity have evaluated methods for

13-17

quantifying immunoglobulin M (IgM), ™" a biomarker of recent exposure to the virus, and

14,17-23

immunoglobulin G (IgG), a biomarker of past exposure to the virus or vaccine. IgG is most
relevant for evaluating the effectiveness of immunization programs. The methods employed in the
IgG-based studies included hemagglutination inhibition,”** dot immunobinding,” RNA

- 13-1627.28
detection,

and enzyme immunoassays (EIA)."*'"*** The EIA-related enzyme-linked
immunosorbent assay (ELISA) is an attractive method given the commercial availability of a variety
of kits and hence suitability for use in cross-study and cross-laboratory comparisons. In DBS,
ELISA-based measurements of measles-specific IgG has been limited to studies using the Dade

A,'%** there is therefore a need to evaluate additional ELISA kits to avoid

Behring Enzygnost ELIS
dependence upon a single source. Further, since the DBS analyzed in one of these studies™ was
from venous blood, there is a need for additional evaluation of commonly-collected capillary DBS. 1
thus chose to validate an alternate commercial ELISA for measuring measles-specific IgG in
capillary DBS, performing determinations of accuracy, precision, reliability, and feasibility, and
comparing results from matched DBS and serum samples. The method was then applied to DBS

collected during a large field study of one-year-old children targeted by immunization programs and

living in low-resource settings in Mexico and Nicaragua.

Methods
Sample collection
DBS were collected by El Colegio de la Frontera Sur-Mexico (ECOSUR) and El Centro de

Investigacion y Estudios en Salud at the National Autonomous University of Nicaragua (CIES-
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UNAN) as part of the baseline evaluation of Salud Mesoamérica 2015 (SM2015). SM2015 is a
results-based financing initiative aimed at improving child and maternal health in the poorest
populations in eight Mesoamerican countries, and uses the seroprevalence of measles antibodies as a
primary indicator of health system performance. In designated municipalities in Nicaragua and in the
Mexican state of Chiapas, localities (villages or towns) were selected with probability proportional to
size. In selected localities, a complete census of housing and population was conducted to identify
the most accurate and up-to-date sampling frame. Following the census, 30 households with resident
women of reproductive age (15 to 49 years) or with children under 5 years of age were selected for
interviews regarding maternal and child health topics such as antenatal and delivery care,
immunization, child nutrition, and recent illness Surveys were conducted using computer-assisted
personal interview (CAPI) programmed on DatStat Illume installed on Netbooks. The use of CAPI
allowed instantaneous data transfer via a secure EMBED to the Institute for Health Metrics and
Evaluation IHME) where was continuously monitored for quality. During home-based interviews,
consent was obtained to measure the height, weight, hemoglobin concentration, and to collect DBS,
from children aged 12 to 23 months (nominally one year old); DBS were obtained from 71.9%
(n=1134) and 86.2% (n=3706) of the eligible children in Chiapas and Nicaragua, respectively. The
final samples are summarized in Table 1.

Table 1: Summary of study areas and sample

Mexico Nicaragua

Designated SM2015 municipalities 56 23

Total SM2015 segments 8,163 1,455

Total segments in sample 181 90
Households censused 24,349 8,864
Households interviewed 5,428 2,071
Women interviewed 6,988 2,823
Children (aged 0 to 59) captured 6,499 2,236

DBS collected 1,134 454
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Standard DBS collection procedures have been described elsewhere.* Briefly, the heel or
finger was cleaned with alcohol and then punctured with a disposable lancet. Resulting blood drops
were allowed to fall onto demarked circles on Whatman 903 filter paper. The DBS card was dried at
room temperature for two hours and then inserted into a plastic bag with a desiccant, stored at 10-
12°C in refrigeration for 15 to 20 days, and then shipped refrigerated to the National Institute of
Public Health (INSP) Laboratory in Cuernavaca, Mexico.

For method validation analyses, venous blood samples and matched capillary DBS were
collected from fifty children aged 8-22 months attending a pediatric hospital in Tuxtla Gutiérrez.
Serum was isolated from the blood and stored frozen, and DBS were handled as above, by the same
tield workers, before shipment to INSP.

Permission to implement this research project was obtained from the Ministry of Health of
Mexico. Ethical approval for this study was obtained from the institutional review boards of the
University of Washington, the Mexico National Institute of Public Health (INSP), and the data
collection agency El Colegio de la Frontera Sur-Mexico (ECOSUR). Participants in household
surveys provided written informed consent. The study was done in compliance with national
regulatory and ethics guidelines.

Laboratory procedures

INSP stored serum and DBS at -20°C until processed 0 to 12 months after collection. Samples
were assayed for the presence of measles-specific IgG antibodies using the HUMAN Worldwide
Diagnostics Measles IgG ELISA kit (Wiesbaden, Germany) consisting of buffers, reagents, and a 96-
well microtiter plate pre-coated with measles antigen. A single blank substrate and duplicate positive
and negative controls (calibrated against the International World Health Organization (WHO)
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Preparation for Anti-Measles Serum) were assayed on each plate alongside study samples. The plates
were processed through a series of incubation, wash, and reaction steps, ultimately resulting in a
color change. The degree of color development of each well, which is directly proportional to the
measles IgG antibody concentration in the specimen, was measured spectrophotometrically
(Instrument Labsystems TEMS Multiskan MS, Helsinki, Finland). The optical density (OD) of the
positive and negative controls was used to evaluate assay acceptability as well as to establish plate-
specific positive and negative cutoff values. An assay was considered acceptable if the OD of the
blank substrate was less than 0-150, the mean of the negative controls (MNC) was less than 0-250,
the mean of the positive controls (MPC) was greater than 0-750, and the MPC to MNC ratio was
greater than 5. Each assay conducted met these criteria.

In accordance with HUMAN’s instructions, venous blood serum was diluted 1:100 with kit-
supplied buffer. DBS samples were eluted based on the procedure described by Hogrefe et al.”’ To
reconstitute DBS as hemolyzed liquid whole blood suitable for analysis, a 6mm diameter punch was
eluted with 400ul phosphate buffered saline (PBS) for 14-18 hours at 6-8°C (500ul and 600pl PBS
were found to reduce assay sensitivity). 100pl diluted serum or DBS eluate was pipetted into
microtiter plate wells and the plate then processed as above. Equivocal results were retested and the
second result was recorded as final. Technicians were blinded to the correspondence between DBS
and serum samples.

Analysis

The blank substrate OD was subtracted from the OD of each well to correct for superfluous

reactivity. Each well OD was then divided by the plate-specific cutoff value, MNC + (0.1*MPC), to

standardize values across assays. A serum sample was considered measles-specific IgG positive if the
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standardized value was greater than 1.15, negative if less than 0.85, and equivocal if between these
values.”!

The efficacy of the DBS elution and assay procedures were assessed by comparing the results
from analyses of the validation samples (Fig. 1). On the basis of previous work, data from these
matched serum and DBS samples were expected to be linearly correlated.*” The sensitivity,
specificity, positive predictive value, and negative predictive value of the DBS assay were calculated
using varying cutoff values and equivocal bandwidths established from the analyses of the serum
samples (Table 2). Agreement of categorical (positive, negative, or equivocal) and quantitative results
were determined using Cohen’s kappa and Pearson’s correlation coefficient, respectively (Table 3).
The graphical association between DBS and serum values was also inspected for linearity.

The relationship between DBS and serum values was quantified using ordinary linear regression
(OLS). Out-of-sample predictive performance was assessed by repeatedly withholding a random
20% of the data, fitting the linear model, and calculating the degree of agreement (kappa) between
the serum and DBS categorical results. Models with the intercept suppressed and log-transformed
independent and dependent variables were also evaluated. A linear model with intercept suppressed
and untransformed inputs was selected based on superior in-sample (adjusted R?) and out-of-sample
predictive performance. This equation was used to convert the standardized values of the validation
set DBS into serum-equivalent values, permitting direct comparisons between the DBS and serum.
The equation was also used to convert the standardized values of the field-collected DBS, permitting
calculation of measles-specific IgG seroprevalence.

Variations in the mean values of the SM2015 DBS versus the time between collection and

analysis, child’s altitude of residence, and hemoglobin concentration were examined. Multiple
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sensitivity tests were conducted to estimate the effect of various cutoffs and equivocal windows on
overall seroprevalence.

Analyses involved 23 assay runs, comprising 1439 single DBS, 149 duplicate DBS (i.e., result
from first run equivocal), 23 duplicate positive and duplicate negative controls, and 18 replicates of a
known positive DBS. Data from the repeatedly analyzed samples generated coefficients of variation
(%0CV) used to assess assay reliability and precision (Table 4). The lower limit of detection was
defined as two standard deviations above the mean of the negative controls across all assays.*
Results
Validation

The donors of the validation set of samples (n=50) were 54% male with a mean age of 13.1
months (standard deviation: 4.5). No child had a reported history of measles infection, and 52% had
a reported history of measles vaccination. Standardized values ranged from -0.11 to 6.69 for serum,
and from -0.09 to 7.84 for DBS. Values from paired serum and DBS samples showed a high level of
agreement and near direct equality (Fig. 1). Pearson’s correlation coefficient was 0.92 (95%
confidence interval (CI): 0.84 — 1.00). The intercept-suppressed conversion equation had an adjusted

R? of 0.89 and a slope that was statistically indistinguishable from 1 (3=1.02, 95% CI: 0.92 — 1.12).

20



Figure 1: Linear relation between standardized OD values representing anti-measles IgG
titers of matched DBS and serum samples

o0 -

6
1

Standardized DBS OD value
2 4

Standardized serum OD value

Dashed lines indicate the positive and negative cutoff values for measles-specific IgG seropositivity.
The shaded area is the 95% confidence interval around predictions from the validation regression.
Maximal sensitivity and specificity were achieved with a cutoff between 1.00 and 1.20 with
no equivocal window (Table 2). The width of the window had little effect except at very high or low
cutoffs. For parsimony and consistency with HUMAN’s instructions and the validation equation
(Fig. 1), and because additional gains in sensitivity and specificity were negligible, a 1.02 cutoff and
0.15 equivocal window were selected. Using these parameters, the positive predictive value of the

test was 87.5% and the negative predictive value was 93.8%.
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Table 2: DBS seropositivity sensitivity and specificity

Cutoff Equivocal Sensitivity  Specificity Positive Negative
(Standardized window (%) (%) predictive predictive
OD) (+/- from value (%) value (%)
cutoff)

0.5 0 100 87.1 63.6 96.4
0.5 0.15 100 71 73.7 95.7
0.5 0.25 100 48.4 77.8 93.8
0.8 0 100 96.8 77.8 93.8
0.8 0.15 100 96.8 82.4 96.8
0.8 0.25 100 90.3 87.5 96.6
1 0 100 96.8 82.4 90.9
1 0.15 100 96.8 87.5 93.8
1 0.25 100 96.8 87.5 93.8
1.02 0 100 96.8 87.5 88.2
1.02 0.15 100 96.8 87.5 93.8
1.02 0.25 92.9 96.8 86.7 93.8
1.2 0 100 96.8 87.5 88.2
1.2 0.15 92.9 96.8 86.7 88.2
1.2 0.25 85.7 96.8 85.7 90.9
1.5 0 85.7 96.8 85.7 83.3
1.5 0.15 85.7 96.8 85.7 85.7
1.5 0.25 78.6 96.8 91.7 88.2
N =50

There was a high level of agreement between results from analyses of the validation set DBS
and DBS-matched serum (Table 3). The kappa was 0.85 (95% CI: 0.75 — 0.95) and the average
misclassification from predictive simulations of the validation equation was 3.9% (not shown),
indicating high concordance. Categorical results of measles-specific IgG in the serum samples were
62% negative, 10% equivocal, and 28% positive; the latter was significantly lower than the self-
reported immunization coverage of 48%. This discrepancy between seroconversion and reported
immunization may have been influenced by etrors in self-report and/or from sample collection too

soon after vaccination for development of a detectable IgG antibody titer.”
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Table 3: Summary of measles-specific IgG titers in DBS and DBS-matched serum

DBS samples Serum samples

IgG positive IgG negative  IgG equivocal — Tozal
IgG positive 14 1 1 16
IgG negative 0 30 2 32
IgG equivocal 0 0 2 2
Total 14 31 5 50
Assay Parameters (95% CI)
Kappa 0.85 (0.75, 0.95)
% agreement 92.0 (84.5, 99.5)
% sensitivity * 100 (99.7, 100)
% specificity * 96.8 (91.9, 100)

* Excluding equivocal results. 95% CI: 95% confidence interval.

Although the intra-assay %0CV was low, the inter-assay %CVs were moderately high (Table
4). It is important to note that regardless of the elevated %CVs, sample categorization did not
change with repeated measurements, and therefore the ELISA performed well within expectations
for a semi-quantitative assay. Using the values of the standardized negative controls (mean 0.21 and
standard deviation 0.14), the assay had a lower limit of detection of 0.47, which was well below the
negative cutoff value of 0.85.

Table 4: Assay precision and reliability

Control type Mean + SD* % CV Sample size
Known positive DBS, inter-assay  3.50 + 1.01 46.5% 18 runs
Kit positive control, inter-assay ~ 1.90 + 0.47 24.8% 23 runs
Equivocal DBS, inter-assay - Mean: 30.7% 149 samples
Median: 25.8% 2 runs per sample
Kit positive control, intra-assay - Mean: 8.4% 23 runs,
Median: 3.0% 2 samples per run

* Units are OD values (non-standardized for kit-provided controls; standardized non-kit-provided
controls)

Field-study
Table 5 shows the characteristics and DBS results for participants in the SM2015 study. The

seroprotection of measles-specific IgG was 63.4% in Chiapas and 50.7% in Nicaragua. Although
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there was a large range of values across samples and assay runs, there was a clear distinction between
the presence and absence of seroprotection (Fig. 2 and 3). The mean DBS serum-equivalent value is
lower in Nicaragua, likely because immunization coverage is lower. In both countries, the sample
represents poor, indigenous children aged 12 to 23 months living primarily in rural areas.
Participants in Chiapas tended to live at higher elevations and to have lower rates of anemia than
participants in Nicaragua. These two factors may have affected hematocrit (the proportion of whole
blood that is erythrocytes rather than plasma) and thereby further increased the variation in the
quantitative results. In the initial assays, there were 149 equivocal results (9.4%). After re-assaying
these samples, 106 were clearly resolved and 43 remained indeterminate; there remains, however, a
distinct divide between positive and negative samples (Fig. 2 and 3). Variations in the cutoff or the
equivocal window (Table 2) had minimal effects (less than two percentage points) on the estimated
prevalence of measles antibodies in the SM2015 population (not shown). The mean DBS serum-
equivalent value did not statistically significantly differ nor systematically vary by time between
sample collection and processing (Fig. 4), altitude of residence (Fig. 5), or hemoglobin concentration

(Fig. 6).
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Table 5: Characteristics of field study participants

Characteristic Chiapas Nicaragua

Age (months, mean + SE) 17.5+0.19 17.7+0.23

Urban residence (%) 36.6 344

Altitude (meters, mean + SE) 1184 + 21 632 + 17

Household size (mean + SE) 5.9 + 0.07 6.0 +0.13

Measles IgG positive (%0) 63.4 50.7

Measles IgG indeterminate (%0) 2.0 4.4

SD = standard deviation
* Child lives in household with indigenous language speakers
" Altitude-adjusted hemoglobin < 11.0 g/dI
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Figure 2: Distribution of DBS serum-equivalent values across microtiter plates
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Figure 3: Distribution of 0 — 2.0 DBS serum-equivalent values across microtiter plates
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Figure 4: Mean DBS serum-equivalent values by time between collection and processing
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Figure 5: Mean DBS serum-equivalent values by altitude of sample collection
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Figure 6: Mean DBS serum-equivalent values by hemoglobin concentration
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Discussion

This study establishes that the applied commercial ELISA test can be used to categorize
individuals as having measles-specific IgG seroprotection through analyses of DBS. In support of
this contention, I found that measles-specific IgG values in DBS and matched serum samples were
strongly linearly related, highly correlated, and nearly directly equal. The capability of the HUMAN
semi-quantitative ELISA to accurately categorize the level of measles-specific IgG in serum samples
has been previously demonstrated (99-100% sensitivity and 91-100% specificity).” Here I similarly
found that the HUMAN ELISA was suitable for evaluating DBS samples. Treating serum values as
the standard, DBS results were shown to be 100% sensitive and 96.8% specific, and agreed in 46 of

50 (92%) cases. Thus the seroprotection categorization of the donors, which is of greatest clinical
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and policy relevance, from this study were highly consistent between serum and serum-matched
DBS samples.
We demonstrated that it is feasible to conduct serosurveys using DBS samples collected in

remote, low-resource settings. Similar to previous findings, *'***°

survey teams and participants
found the DBS collection procedures to be feasible and acceptable. In the laboratory, use of a
commercial ELISA was found to be practical and advantageous as all necessary supplies were
provided, reducing time spent on validation and optimization. The regression equation generated
from the validation study was applied to convert the measles-specific IgG values of the field study
DBS samples into serum-equivalent measles-specific IgG values. Using this data, I observed a
distinct division between protected and unprotected children. The results from the DBS were robust
to the assay’s lower limit of detection as well as to variations in cutoffs and equivocal windows. Re-
assaying DBS with initially equivocal results enhanced the interpretability of the field findings.

This study had a few limitations. The results from DBS analyses using the HUMAN ELISA
would be strengthened by validation against a second assay, particularly against the commonly used

1101819222 Although the high correlation I observed between serum and DBS indicates

Enzygnost.
that the HUMAN ELISA was equally capable of recognizing measles-specific IgG in these sample
types, additional research could substantiate that cellular material present in re-liquefied blood did
not interfere with the detection of IgG in DBS. Serum collected and dried on separator cards* could
help in that evaluation. While the HUMAN ELISA has been demonstrated to have minimal cross-
reactivity with mononucleosis and to be unaffected by increasing anti-nuclear antibody titers,’ and

the use of negative controls adjusted for non-specific binding, the potential for cross-reactivity with

other viruses or microbes cannot be fully discounted until further analyses are conducted.
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Using a number of assumptions,**”” I expected 1.40 to 1.88pl serum to be present in a DBS
sample well versus 1pl serum in a serum sample well. The observed 1.02 slope of the DBS versus
serum comparison was then less than the expected 1.25 to 2.01, i.e., less DBS measles-specific IgG
was recovered than anticipated. However, the high concordance between the results from DBS and
DBS-matched serum suggests that the percentage of measles-specific IgG eluted from a DBS did
not vary with concentration, and hence that any incomplete recovery did not affect the proficiency
of the assay. The possible lack of full recovery may have stemmed from the use of potentially not
fully optimized elution conditions; although these were similar to previous studies,” DBS elution has
not yet been standardized. It is also possible that some loss of measles-specific IgG in DBS samples
arose from sample degradation during collection, transportation, or storage. The lack of systematic
variation in the mean values by duration of sample storage does, however, suggest that any sample
degradation was minimal. In accord with this suggestion, previous studies have indicated that DBS

14,20
can be frozen and stored for at least several months'*

and for as long as 2 years.'** Additional
research on sample stability in tropical low-resource settings where multiple cycles of freezing and
thawing may occur would be beneficial.*

Immunization coverage in the Mesoamerican region is generally high, but this study
highlights the importance of studying not only coverage, but also effective coverage (when
assuming all seropositivity is due to vaccination, not disease exposure).” While studies of population

: : : 39,40
measles serology in Mesoamerica have existed for more than 40 years,”

and while the importance
of serosurveys in tracking progress towards elimination is well established,”*' there has been little
expansion or incorporation of serosurveys in routine monitoring. The procedures described herein

can be incorporated into existing data collection protocols in resource-limited settings to monitor

measles exposures, herd immunity, and effectiveness of immunization programs. These analyses
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provide a means of obtaining objective measures of health status and health system performance
that overcome many challenges associated with using survey and administrative data alone. The use
of DBS analyses will enhance future epidemiological studies and produce information that is

particularly actionable by decision-makers in health.
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Chapter 3: Applied Studies: Mexico and Nicaragua
Introduction

Measles is a highly infectious vaccine-preventable disease that causes more than 125,000
deaths around the world each year, most in children under five years of age.” Although endemic
measles transmission was first interrupted in Mexico in 1997 and there have been no confirmed
cases in Nicaragua since 1995, both countries remains vulnerable to imported cases and outbreaks,
particularly in population clusters with low vaccination coverage.” Timely and accurate monitoring
of vaccination coverage is critical for program planning and evaluation, resource allocation and
prevention of future outbreaks. Indeed, in Mexico, lapses in coverage in poor, rural areas led to a
devastating pandemic in 1989 and to reintroduction of endemic transmission in April 2000.* In
both countries, existing data on vaccination coverage comes from national health surveys”"48 which
typically capture data from child health cards and rely on caregiver recall when cards are unavailable.
These survey sources are subject to several sources of bias including sampling, misclassification, and
measurement error.” Differences between survey-based estimates and other validating sources such
as medical records range from -40 to +56 percentage points, a worrisome degree of inaccuracy.
Administrative estimates are subject to error and bias from both numerator data (number of doses
distributed) and denominator data (the number of persons who should have received the vaccine).
Most importantly, these sources provide estimates of crude coverage (vaccination), but do not
capture the gap between crude and effective coverage (seroconversion) .

There is growing interest in the use of seroepidemiological monitoring to monitor the
effective coverage of immunizations including measles. '"'****" Dried blood spots (DBS), drops of
capillary blood dried on filter paper, are an affordable, minimally invasive method of obtaining

blood in non-clinical settings and are being used in an increasing number of population surveys in
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both developed and developing countries to measure biomarkers such as antibodies to infectious

57 : f 1829
agents.” Two previous studies ™

, as well as the study presented in Chapter 2, have validated
methods for analyzing DBS for the presence of measles-specific immunoglobulin G (IgG) explicitly
for this purpose. While these methods cannot distinguish between naturally occurring and vaccine-
induced antibodies, in settings such as Mexico where measles incidence is low,” the vast majority of
positive cases can be attributed to immunization. Hence, in low-measles settings, DBS are a valuable
means of evaluating the accuracy of survey-based estimates of immunization coverage and the
effectiveness of immunization programs.

To my knowledge, no previous studies have quantified the prevalence of protective
antibodies against measles in a representative sample of children in poor regions of Nicaragua. In
Mexico, several national health surveys*** have collected DBS or blood samples, but to my
knowledge, only one previous study™ has quantified the prevalence of protective antibodies against
measles in a representative sample of Mexican children. In this study, the proportion of seropositive
samples from 1-4 year old children was 98.3%, and the authors concluded that vaccination coverage
was adequate. While this result signals the success of the national immunization program, there is
substantial evidence that national averages in health service delivery in Mexico mask significant
subnational variation, with the poorest regions performing significantly worse than the wealthiest.”
* Indeed, the authors of the serological study suggested that 417,000 children are still susceptible,
and it is likely that they are concentrated in poor, rural areas such as Chiapas.

In both countries, very little is known about the accuracy of crude immunization coverage
estimates or the effectiveness of immunization programs in these areas. Moreover, little is known
about why disparities between crude and effective coverage may exist, and in what populations these

gaps may be concentrated. This lack of knowledge is particularly worrisome given that the
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communities most likely to experience outbreaks are also the populations for whom the least is
known about population protection against measles.

To address this dearth of evidence, I aimed to quantify the difference between crude
coverage and effective coverage of measles immunization among children aged 12 to 23 months in
poor areas of Nicaragua and Chiapas, Mexico, and to identify individual, maternal, household,
community and health facility characteristics that identify gaps between crude coverage and effective
coverage. The study’s findings provide new evidence to guide decision-making and to strengthen

immunization programs for the underserved.

Methods
Study design and participants

Data for this study, including household and health facility surveys, were collected as part of
the baseline evaluation of Salud Mesoamérica 2015 (SM2015). SM2015 is a results-based financing
initiative aimed at improving child and maternal health in the poorest populations in eight
Mesoamerican countries.

In designated SM2015 municipalities in the state of Chiapas in Mexico and the states of
Jinotega, Matagalpa, Region Atlantico Norte (RAAN), Madriz, and Regién Atlantico Sur (RAAS) in
Nicaragua, localities were randomly selected for the evaluation with probability proportional to size
using the most recent national census. A complete population census was conducted in selected
localities and interviews were conducted with 30 randomly selected households with women of
reproductive age (15-49 years) or children under 5 years old. Standardized multi-lingual household
surveys were implemented using computer-assisted personal interview (CAPI) programmed on

DatStat Illume installed on Netbooks. The use of CAPI allowed instantaneous data transfer via a
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secure EMBED to the Institute for Health Metrics and Evaluation (IHME) where was continuously
monitored for quality.

The survey measured household characteristics and expenditure, access to health facilities,
perceived barriers to care, exposure to social programs, women’s educational and occupational
backgrounds, current health status, recent illnesses and care received, pregnancy, reproduction,
contraception, exposure to health interventions, antenatal, delivery and postnatal care, child
nutrition, and immunization. Following home-based interviews with women and caregivers,
professional nurses measured the height, weight and hemoglobin level of children less than 5 years
old, and DBS samples from children aged 12 to 23 months. Methods employed for the collection
and analysis of DBS have been described in detail elsewhere (reference methods paper). I
determined that interviews with 4,734 and 2,464 households in Mexico and Nicaragua, respectively,
were necessary to attain 80% power with alpha of 0.05 to detect targeted changes in key indicators
for the initiative.

We identified health facilities operated by the Ministry of Health that serve populations in
SM2015 municipalities using government-provided referral network data. In each country, ninety
facilities were selected for interview, consisting of all facilities providing comprehensive and basic
essential obstetric care services (31 in Mexico and 29 in Nicaragua) and a random sample of
ambulatory facilities (with priority given to facilities nearest to surveyed households). In Mexico,
facilities operated privately or by the Mexican Social Security Administration were not included
because no SM2015 interventions occurred in these facilities. To assess facility policies, staffing and
infrastructure, service provision and utilization, and supplies and functioning of key equipment and
drugs, interviews with facility managers, an observation checklist, and administrative and medical

records review were conducted. In particular, the survey recorded vaccination procedures and
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supplies, functioning of equipment used to store vaccines, temperature monitoring records for
vaccine storage equipment, and temperature of all refrigerators at the time of the survey, obtained
either from a thermometer outside the refrigerator, or from the monitoring charts for cases in which
the thermometer was located inside the refrigerator.

Due to safety concerns in the department of Jinotega and RAAN in Nicaragua, data
collection was halted before all selected localities and health facilities could be surveyed. Therefore,
surveys were completed with 2,052 households (83% coverage) and 64 health facilities (71%
coverage). To confirm that no bias was introduced, I compared socioeconomic, health services and
demographic characteristics of surveyed and non-surveyed areas and found no differences between
them.

Permission to implement this research project was obtained from the Ministries of Health of
Mexico and Nicaragua. Ethical approval for this study was obtained from the institutional review
boards of the University of Washington, the Mexico National Institute of Public Health (INSP), the
data collection agency El Colegio de la Frontera Sur-Mexico (ECOSUR), and Nicaragua Center for
Research and Health Studies (CIES) and the National Autonomous University of Nicaragua
(UNAN). Participants in household and health facility surveys provided written informed consent.
The study was done in compliance with national regulatory and ethics guidelines.

Outcomes

We defined crude coverage of measles immunization as the proportion of children who had

at least one documented measles immunization on their health card. I defined crude coverage of

complete immunization as the proportion of children immunization records for all nationally
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recommended vaccines for children 12-23 months old.' I captured self-reported immunization
histories from caregiver recall for all children regardless of health card availability, so it was possible
to compare recall with card documentation for the same children. I defined hypothetical maximum
coverage as the proportion of children who either received measles immunization according to
health card/categiver recall, or who have not received measles immunization but whose health cards
indicate that they received other immunizations at a time when they were eligible for measles
immunization, and hence, represent missed opportunities for measles immunization. I defined
effective coverage of measles immunization as the proportion of children with a positive DBS assay
for measles-specific immunoglobulin G (IgG) antibodies. Assay methods employed in this study
have been described and described in detail in Chapter 2. Although IgG is biomarker of both
vaccination and natural exposure to measles virus, the latter is unlikely because there were no
confirmed cases of measles in Mexico or Nicaragua in 2012 or 2013.”" Although measles case
reporting in these regions may be incomplete, natural exposure to measles is also unlikely because
only 14 caregivers in Mexico and 4 in Nicaragua reported that their child had been diagnosed with
measles at some point in their lives, and our survey teams saw no reports or cases of measles during
data collection.
Statistical Analyses

We compared estimates of measles immunization coverage based on caregiver recall, child
health cards, the combination of health card and recall, and seroprevalence of anti-measles

antibodies. I examined concordance between sources for the same children, and calculated kappa,

"In Nicaragua: 1xBCG, 3xOPV, 3xPentavalent, 3xRotavirus, 3xPnemococcal conjugate, IxMMR,
and if older than 18 months, 1xDPT; in Mexico: 1xBCG, 3xPentavalent or if older than 18 months,
4xPentavalent, 3xHepB, 1xMMR, 3xPneumoccocal conjugate, and 2xRotavirus.
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sensitivity, specificity, and positive and negative predictive values (PPV and NPV) of health card
documentation in predicting serostatus.

Of particular interest are children with health card documentation of measles immunization
who lack antibodies. To identify potential drivers of this discrepancy, I restricted the analysis to
health card-positive children and used logistic regression to identify characteristics that increase the
likelihood that a card-positive child will lack antibodies. I tested a wide variety of individual,
maternal, household, community and health facility factors, and report crude and adjusted odds
ratios.

In analyses of Mexico data, eighteen household characteristics and five health facility
characteristics were included in the final regression models. These characteristics were the child
age’s (dichotomous: 18 months and older versus younger), child gender, whether the child had
diarrhea in the two weeks preceding the survey, whether the child had a fever in the two weeks
preceding the survey, childhood anemia, childhood underweight, maternal age (3 age groups: 15-19,
20-34, or 35-49), maternal age at first birth (dichotomous: before 20 years or after), maternal marital
status (married, single, open union, or others), maternal literacy (full ability to read a written sentence
in Spanish), maternal exposure to mass media (newspaper, television, or radio) in the week
preceding the survey, whether the mother speaks an indigenous language, household asset score
(proportion of assets inquired about that were owned by the household), travel time to usual health
facility (in categories of 15 or 30 minutes), whether the household is a beneficiary of the social
welfare program Oportunidades, whether the community is in an urban area, altitude of the segment
(categories of 500 meters), the health jurisdiction of the segment, the number of doctors at the
health facility attended for immunization, whether the health facility has sufficient electrical power

to run all of its equipment at all hours, number of functional refrigerators owned by the facility,
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facility has one or more broken cold storage units (refrigerators or cold boxes), and whether any
refrigerator storing vaccines was out of the appropriate temperature range on the day of the survey
(2-8°C). In Nicaragua, the set of covariates was used similar, except I also included availability of an
improved water source at the household, maternal exposure to community health promoters (any
face-to-face meetings in the last month), the Local Integrated Healthcare System geographic regions
(SILAIS) of the locality, health facility has routine administrative meetings, and facility has doctor on
staff, and I did not include household enrollment in Oportunidades, the number of doctors at the
health facility attended for immunization or the number of functional refrigerators owned by the
facility. Each of these factors was expected to have a potential relationship, direct or indirect, with
the likelihood that a card-positive child would lack anti-measles antibodies.

We considered two methods for linking household and health facility data. First, by means
of caregiver self-reported names and locations of the health facility usually attended for vaccinations,
and second, by assigning facility characteristics of municipalities (Mexico) or SILAIS (Nicaragua) to
the children living in that geographic unit. The first method is preferable, as the second likely
involves some degree of contamination (households in one region attend facilities in another), which
may weaken true associations between immunization and health facility characteristics in the data.
For regression analyses, I linked as many children as possible via the first method, then linked the
remaining children via the second method, and conducted regression analyses with the combined
dataset.

In all analyses, I excluded 64 children (46 in Mexico and 18 in Nicaragua) whose health cards
indicated that DBS collection occurred too soon (within 28 days) after vaccination for development
of a detectable IgG antibody titer . I retained 81 children (61 in Mexico and 20 in Nicaragua) with
DBS samples whose health cards indicated previous measles vaccination, but no date was recorded,
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because among children with measles immunization dates recorded, the vast majority (94%)
provided DBS more than 28 days after vaccination.

We generated survey weights prior to analysis and all coverage estimates, statistical tests and
regressions took into account the household survey’s multistage sampling design. Statistical analyses
were conducted with Stata (version 13.1) and R (version 3.0.2). For all analyses, associations with a p
value of less than 0.05 were regarded as significant.

We also conducted several sensitivity analyses. First, I tested the variability of the results
when excluding children vaccinated between 7 and 35 days before DBS collection. Second, I
specified regression model among card-positive and recall-positive children rather than card-positive
children only. Third, I restricted the regression analysis to the subsample of children matching to
health facilities by name.

Results: Mexico

Between July 25, 2012 and May 18, 2013 we surveyed 5,428 households with 6,988 women
of reproductive and 6,465 children under five and collected DBS from 1134 children aged 12-23
months old. Table 6 shows the characteristics of DBS participants. The sample was 51% female with
median age 17 months and high levels of recent illness and anemia. A majority of mothers were
married or partnered homemakers in their twenties with primary education and an average of 3.3
children. Participants were mainly from poor, indigenous households in rural areas.

Characteristics of surveyed health facilities are presented in Table 7. A majority of facilities
were ambulatory clinics. They tended to be heavily statfed but infrastructure issues such as lack of
running water, electricity at all hours, insufficient electrical power, and broken equipment were not
uncommon. While 89% offer vaccination, only 49% routine store vaccines. Importantly, only 23%

had working, fueled emergency generators, 16% had at least one non-functional cold storage device
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(refrigerator, cold box), and among facilities storing vaccines, 20% had vaccine storage equipment

that was observed to be outside the appropriate temperature range (2-8°C) on the day of the survey.
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Table 6: Household characteristics of the study sample in Chiapas

Univariate characteristic

Value
(95% CI)

Age <18 months

473 (4.2, 50.4)

Female

51.0 (47.6, 54.3)

Health: Excellent

11.4 (9.1, 14.2)

Very good 152 (12.9,17.8)
Good 51.8 (48.4, 55.1)
= Moderate 19.3 (16.7, 22.1)
5 Poor 2.3 (1.4,3.7)
Diarrhea last 2 weeks | 17.6 (15.4, 20.0)
Fever last 2 weeks 21.7 (18.8, 24.9)
Anemic 33.5 (29.3, 38.1)
Underweight 8.7 (6.7,11.2)
Wasted 2.0 (1.3, 3.3)
Age (years): 15-19 11.5 (9.3, 14.1)
20-24 28.3 (25.5, 31.2)
25-29 27.3 (24.3, 30.6)
30-34 17.5 (15.2, 20.0)
35-39 10.4 (8.6, 12.6)
40-44 4.2 (3.0, 5.8)
45-49 0.8 (0.4, 1.6)
Age at first birth <20
years 65.9 (62.3, 69.3)
Parity (mean) 33 (3.1,3.5)
Marital status:
_ | married 35.1 (30.7, 39.7)
S | single 1.7 (1.0, 2.8)
@ | open union 58.0 (53.3, 62.5)
< | others 5.3 (4.0, 6.9)
Literate 56.9 (52.5, 61.3)

Education: none

15.2 (12.6, 18.3)

literacy course

2.8 (1.6, 4.8)

primary 51.9 (47.8, 56)

secondary + 30.1 (26.3, 34.2)
Occupation:

paid employee 5.5(3.9,7.7)

homemaker 93.3 (91, 95.1)

other 1.2 (0.6, 2.2)

Media exposure

70.4 (65.7, 74.7)

Promotora meeting

19.1 (15.5, 23.4)

In good health

61.0 (56.4, 65.4)
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| Indigenous language

| 66.1 (58.5, 73)

Father in home

92.1 (90.3, 93.7)

Household size
(mean)

5.9 (5.7, 6.2)

Monthly expenditure:

0-499 10.5 (8.2, 13.4)
500 - 999 18.3 (15.4, 21.7)
1000 - 1999 33.0 (29.5, 36.7)
2000 - 4999 32.9 (29.0, 36.9)
5000 + 5.3 (3.8,7.2)
o= Asset score (mean) 0.2 (0.2,0.2)
S | Spanish interview 78.8 (72.8, 83.8)
§ Indigenous language | 69.4 (61.9, 75.9)
O | Travel time (min) to
T | HE: < 15 31.7 (26.4, 37.5)
15-29 23.3 (19.9, 27.0)
30 - 44 23.6 (19.8, 27.8)
45 - 59 2.2 (1.3, 3.0)
60 + 19.3 (14.1, 25.9)
Seguro Popular 80.2 (83.5, 88.5)
Oportunidades 64.7 (59.7, 69.4)
Improved water
source 87.6 (81.8, 91.8)
Improved sanitation | 64.1 (56.9, 70.7)
% indigenous 67.0 (62.2,71.7)
& | Urban 34.5 (27.1, 42.8)
§ Altitude: <500m 16.6 (11.1, 24.1)
g 500m — 999m 25.9 (19.0, 34.2)
g 1000m — 1499m | 22.1 (15.0, 31.4)
o 1500m — 1999m

12.4 (8.1,18.7)

2000m +

23.0 (16.6, 31.0)

N =1134

HF: Health facility. Values are percentages
unless otherwise noted. 95% CI: 95%
confidence interval. Estimates are survey
weighted.



Table 7: Health facility characteristics of the study sample in Chiapas

Univariate characteristic (9‘57;11151) N

% | Ambulatory facility 66.7 (55.9, 76.3) 90
;g Seguro Popular accredited 57.8 (46.9, 68.1) 90
8, | Offers child services 91.1 (83.2,96.1) 90
2 | Offers vaccination 88.9 (80.5, 94.5) 90
S | Stores vaccines 48.8 (37.4, 60.2) 80
% Routine administrative meetings 80.0 (70.2, 87.7) 90
& | Routine medical meetings 58.9 (48.0, 69.2) 90
Running water 76.7 (66.6, 84.9) 90
Internet access 21.1 (13.2, 31.0) 90
Electricity 93.3 (86.1, 97.5) 90
Sufficient electrical power for all equipment 73.8 (63.1, 82.8) 84
Electricity at all hours 83.1 (72.9, 90.7) 77
Electricity on all days 65.0 (53.5, 75.3) 80

£ | Generator 6.7 (2.5,13.9) 90
‘g Working, fueled generator 11.9 (5.9, 20.8) 84
£ National immunization scheme observed 84.0 (74.1,91.2) 81
& | Vaccination registry observed 87.7 (78.5, 93.9) 81
S | 1+ broken cold storage observed 15.6 (8.8, 24.7) 90
1+ broken thermometer observed 23.9 (12.6, 38.8) 46
Number of refrigerators (mean) 1.2 (0.1, 2.3) 38
Number of cold boxes observed (mean) 1.8 (0.8, 2.7) 80
Number of ice packs observed (mean) 1.7 (0.5, 2.8) 77

Any refrigerator out of temperature range 20.0 (8.4, 36.9) 35
Fridge temp recorded 2x/day in last 30 days 77.1 (59.9, 89.6) 35

Has doctor 82.2 (72.7, 89.5) 90

# of doctors (mean) 5.0 (-9.5,19.4) 90

T‘é # of nurses (mean) 7.1 (-30.9, 45.0) 90
g # of pediatricians (mean) 0.5 (-3.9,4.9) 90
g # of auxiliary nurses (mean) 1.6 (-4.8, 8.0) 90
& | # of lab technicians (mean) 1.1 (-7.5,9.7) 90
# of promotoras (mean) 1.5 (-4.4,7.4) 90
Total # of staff 20.0 (-45.1, 85.0) 90
Always receives number of vaccines ordered 51.3 (34.8, 67.6) 39
Shortage of measles vaccine in last 6 months 5.6 (1.8, 12.5) 90

2 | Days between vaccine order and receipt 2.5(-7.8,12.9) 37
& During shortage: makes special order 43.6 (27.8, 60.4) 39
5 borrows from other facility 28.2 (15.0, 44.9) 39
g does nothing 25.6 (13.0, 42.1) 39
S other 10.3 (2.9, 24.2) 39
» | Vaccine orders placed at fixed times (vs as needed) 82.5 (67.2,92.7) 40
Anticipated shortage in last 3 months 52.6 (35.8, 69.0) 38
MMR vaccine observed in stock 79.2 (65.9, 89.2) 53
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Values are percentages unless otherwise noted. 95% CI: 95% confidence interval. Estimates are not
survey weighted. MMR: measles, mumps and rubella.

Of 1262 eligible participants, 52% (n=654), 81% (n=1021) and 72% (n=1134) provided
measles immunization information from recall, health card and DBS, respectively. There were
considerable differences between coverage estimates depending on the source. Among 552 children
with all three sources, survey-based estimates ranged from 73% (95% confidence interval (CI): 68 —
78%) for health cards to 83% (95% CI: 80 — 87%) for the combination of recall and health card
(Figure 7). Effective coverage was substantially lower, at 68% (95% CI: 63 — 73%). Interestingly,
coverage based on recall alone and health card alone were nearly identical, but when combining the
two (the most commonly reported metric in developing countries) coverage was 10 percentage
points higher. This finding indicates that a substantial proportion of children lacked health card
documentation but receipt of immunization was recalled, or vice versa. Only 0.3% of children lacked
measles immunization, but had documentation of a recent vaccination visit in which they could have
received the vaccine. Hence, hypothetical maximum coverage was 84%.

Coverage classification according to health card versus DBS were in agreement for only 77%
(95% CI: 74 — 79) of 895 children with both sources. Concordance, sensitivity, specificity, and
positive and negative predictive values showed poor agreement (Table 8). Of particular concern,

19% of children with health card documentation of immunization did not have antibodies.
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Figure 7: Measles immunization coverage by source in Chiapas
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Hyp.: Hypothetical maximum coverage. Figure restricted to 552 children with all three sources,
excluding children with DBS collection within 28 days of vaccination. Lines indicate 95%
confidence intervals. Estimates are survey weighted.

Table 8: Relationship between crude and effective coverage of measles immunization in
Chiapas

Crude coverage* DBS effective coverage

Yes No Total
Yes 59.8% 14.2% 74.0%
No 9.3% 16.7% 26.0%
Total 69.1% 30.9% 100%
Parameters (95% confidence interval)
Sample size 895
Kappa 0.43 (0.39, 0.46)
% agreement 76.5 (73.7, 79.3)
% sensitivity 806.6 (84.4, 88.8)
% specificity 54.0 (50.8, 57.3)

Positive predictive value 80.8 (78.2, 83.4)
Negative predictive value 64.3 (61.2, 67.5)

Table restricted to 895 children with both health card and DBS sources; excluding children with
DBS collection within 28 days of vaccination. *Crude coverage: according to child health card.
Estimates are survey weighted.
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Comparisons of crude and effective coverage for each surveyed municipality are presented in
Figure 8. Crude coverage was highest (100%) in Jitotol, Bochil, Chanal, Soyald, Ixtapa, and Sabanilla,
and lowest (33%) in San Lucas and Coapilla. At the health jurisdiction level, crude coverage was
highest in jurisdiction XV (89%, 95% CI: 82 — 97%) and lowest in the jurisdiction of Valles Zoque
(69%, 95% CI: 57 — 82%). Effective coverage was highest (100%) in Jitotol and Bochil, and lowest
in Chalchihuitan (0%) and Mitontic (40%). Comparing jurisdictions, effective coverage was highest
in jurisdiction XV (85%, 95% CI: 72 — 98%) and lowest in the jurisdiction of De Los Llanos (53%,
95% CI: 28 — 79%). In general, effective coverage followed geographic patterns similar to those of
crude coverage, but overall levels were lower. Across municipalities, the proportion of card-positive
children lacking antibodies ranged between 0% and 100% (Figure 9). At the level of the health
jurisdiction, the highest proportion of card-positive lacking antibodies was in De Los Llanos (35%,
95% CI: 9 — 68%) and the lowest proportion was in Maya (9%, 95% CI: 0 — 28%). These
proportions were statistically significantly greater than 0 in all surveyed jurisdictions (Valles Zoque,
Mezcalapa, De Los Llanos, Altos Tsotsil Tseltal, De Los Bosques, Selva Lacandona, Maya, Tulija
Tseltal Chol, and Meseta Comiteca Tojolabal). Furthermore, there was substantial clustering of these
discrepancies; half of such cases were concentrated in 8 of the 47 surveyed municipalities (Chamula,
Chilén, Ocosingo, Simojobel, Tila, San Cristobal de las Casas, Salto de Agua, Huitiupan). These clear
and consistent geographic patterns highlight that some surveyed areas are very high-performing
while others are experiencing substantial challenges. This pattern also reinforces the validity and
accuracy of the findings—if there were errors in data collection or in the DBS ELISA procedure, we
would likely observe a large gap or problem across all municipalities. Instead, I found that in many

municipalities crude and effective coverage were identical, while in others, the gap was very large.

46



Figure 8: Crude and effective coverage of measles immunization by municipality in Chiapas

Crude coverage Effective coverage

The number in each municipality indicates sample size. Estimates are survey weighted.
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Figure 9: Proportion of card-positive children lacking antibodies in Chiapas

Percentage

0% 100%

The number in each municipality indicates sample size. Estimates are survey weighted.

Among 783 card-positive children, I linked 197 children to 25 surveyed facilities by facility
name and the remaining 586 by region. In regression analyses (Table 9), few factors increased the
likelihood that a card-positive child would lack antibodies. Card-positive with mothers who were

literate (could read aloud a written sentence presented to them) and single or in open unions (as
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opposed to married) were less likely to lack antibodies. Children from wealthier households were

also less likely to have invalid vaccines. Of particular interest, and contrary to expectations, children

from urban regions were far more likely to invalid vaccines that children from rural areas. These

findings were consistent in all four sensitivity analyses, except in regression analysis restricted to the

subsample of children matching to health facilities by name, in which no covariates were statistically

significant.

Table 9: Crude and adjusted odds ratios of likelihood that card-positive children lack
antibodies, Chiapas

Characteristic

Child

Age < 18 months
Female

Diarrhea in last 2 weeks
Fever in last 2 weeks
Anemic

Underweight

Maternal

Age (years): 15-19 (ref)
20-34
35-49
Age at first birth <20 years
Marital status: married (ref)
single
open union
others
Literate
Exposure to mass media

Speaks indigenous language

Household

Asset score (mean)

Time (min) to HF: < 15 (ref)
15-29
30 - 44
45-59
60 +

Oportunidades beneficiary

Crude Odds
Ratio
(95% CI)

1.01 (0.65, 1.58)
0.73 (0.50, 1.08)
1.05 (0.59, 1.87)
0.87 (0.50, 1.52)
1.12 (0.62, 2.02)
0.82 (0.37, 1.81)

1.51 (0.79, 2.86)
1.45 (0.78, 2.71)
0.73 (0.45, 1.2)

0.23 (0.03, 1.96)
0.61 (0.36, 1.03)
1.19 (0.47, 2.96)
0.62 (0.36, 1.05)
0.94 (0.58, 1.53)
0.82 (0.47, 1.43)
0.07 (0.00, 1.31)

1.39 (0.73, 2.67)
1.47 (0.70, 3.06)
0.34 (0.04, 2.92)
0.71 (0.27, 1.90)
0.70 (0.40, 1.21)

0.9539
0.1158
0.8588
0.6267
0.6989
0.6256

0.2115
0.2422
0.2168

0.1800
0.0657
0.7147
0.0763
0.8013
0.4892
0.0770

0.3179
0.3102
0.3244
0.5012
0.1989

Adjusted Odds
Ratio
(95% CI)

0.99 (0.60, 1.65)
0.74 (0.50, 1.10)
1.31 (0.72, 2.39)
0.83 (0.45, 1.53)
1.01 (0.57, 1.78)
0.90 (0.36, 2.24)

1.54 (0.69, 3.46)
1.28 (0.70, 2.32)
0.67 (0.38, 1.17)

0.12 (0.02, 0.70)
0.56 (0.31, 0.99)
1.08 (0.45, 2.61)
0.52 (0.29, 0.95)
0.99 (0.56, 1.76)
1.04 (0.52, 2.09)
0.04 (0.00, 0.68)

1.25 (0.63, 2.46)
1.33 (0.62, 2.83)
0.26 (0.04, 1.56)
0.51 (0.22, 1.19)
0.81 (0.46, 1.42)

p

0.9736
0.1432
0.3814
0.5562
0.9793
0.8138

0.2938
0.4242
0.1628

0.0205 *
0.0501
0.8675
0.0359 *
0.9794
0.9143
0.0288

0.5252
0.4634
0.1447
0.1236
0.4575
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Urban

Altitude (meters): <500 (ref)
500 - 999
1000 - 1499
1500 - 1999

2000 +
Jur: Tulija Tseltal Chol (ref)
Valles Zoque

Community

Mezcalapa

De Los Llanos
Altos Tsotsil Tseltal
De Los Bosques
Norte

Selva LLacandona
Maya

Meseta Comiteca Tojolabal

# of doctors
Sufficient electrical power

# of refrigerators

1+ broken cold storage
observed

Any refrigerator out of
temperature range

Health facility

2.29 (1.29, 4.08)

1.13 (0.49, 2.60)
1.06 (0.44, 2.56)
0.75 (0.2, 2.53)

1.17 (051, 2.71)

0.7 (0.1, 4.87)
1.21 (0.32, 4.56)
0.00 (0.00, 0.00)
0.56 (0.29, 1.08)
1.16 (0.49, 2.76)
0.54 (0.07, 4.29)
0.70 (0.20, 2.37)
0.26 (0.07, 0.89)
0.54 (0.22, 1.35)
1.02 (0.95, 1.09)
0.78 (0.21, 2.98)
1.11 (0.48, 2.53)

1.34 (0.67, 2.68)

1.22 (0.49, 3.02)

0.0055 *

0.7749
0.8962
0.6446

0.7096

0.7221
0.7797
<0.0001 *
0.0863
0.7376
0.5621
0.5634
0.0344
0.1918
0.5897
0.7224
0.8124

0.4100

0.6757

2.24 (1.10, 4.60)

1.07 (0.51, 2.26)
0.91 (0.36, 2.27)

0.42 (0.07, 2.47)
2.79 (0.43,
18.24)

0.99 (0.14, 6.74)
1.77 (0.38, 8.11)
0.00 (0.00, 0.00)
0.44 (0.08, 2.37)
1.41 (0.49, 4.07)
0.49 (0.08, 3.05)
0.65 (0.15, 2.86)
0.26 (0.06, 1.17)
0.94 (0.23, 3.80)
1.03 (0.94, 1.14)
0.33 (0.06, 1.71)
0.80 (0.21, 3.10)

1.20 (0.46, 3.12)

1.99 (0.67, 5.93)

0.0295 *

0.8513
0.8343
0.3397

0.2876

0.9908
0.4667
<0.0001 *
0.3400
0.5240
0.4501
0.5739
0.0821
0.9315
0.5043
0.1905
0.7515

0.7046

0.2216

N = 541 observations. Ref: reference category. Jur: Health jurisdiction. 95% CI: 95% confidence
interval. * p<0.05. Adjusted odds ratios correspond to coefficients from a multivariate survey-

weighted logistic regression including all listed covariates.

Results: Nicaragua

Between March 1, 2013 and September 3, 2013 we surveyed 2,052 households with 1,713

women of reproductive and 1,403 children under five and collected DBS from 454 children aged 12-

23 months old. Table 10 shows the characteristics of DBS participants. The sample was 51% female

with median age 18 months and high levels of recent illness (18%) and anemia (47%). A majority of

mothers were married or partnered homemakers in their twenties with primary education and an

average of 2.6 children. Participants were mainly from poort, indigenous households in rural areas.
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Characteristics of surveyed health facilities are presented in Table 11. A majority of facilities
were ambulatory clinics. Most (86%) were ambulatory clinics and less than half staffed a doctor. A
notable proportion lacked basic infrastructure such as running water (25%) and electricity (5%).
Most facilities (84%) routinely store vaccines, but some report challenges in vaccine supply. For
example, 28% of facilities reported not always receiving the number of vaccines ordered and 8% of
facilities did not have combined measles, mumps, and rubella (MMR) vaccine in stock on the day of
the survey. Challenges in cold chain management were also present: Only 57% of facilities displayed
temperature monitoring charts for every functional refrigerator and even fewer (29%) had recorded
temperatures twice daily on monitoring charts during the last 30 days. Of particular concern, 71% of
facilities had at least one broken refrigerator or cold box and 7% had at least one vaccine storage

unit outside of the appropriate temperature range (2-8°C) on the day of the survey.
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Table 10: Household characteristics of the study sample in Nicaragua

Univariate
characteristic

Value
(95% CI)

Child

Age < 18 months

Female

Child health:
Excellent
Very good
Good
Moderate
Poor

Recent diarrhea

Recent fever

Anemic

Underweight

Wasted

Stunted

Maternal

Age (years): 15-19
20-24
25-29
30-34
35-39
40-44
45-49
Age at first birth
<20 years
Parity (mean)
Marital status: single
married
open union
others
Literate
Education: none
primary
secondary
university +
Occupation:
paid employee
homemaker
other
Media exposure
Promotora meeting
In good health
Indigenous

34.0 (28.0, 40.6)
51.3 (44.8, 57.9)

16.9 (12.1, 22.9)

24.3 (19.7, 29.6)
29.6 (24.3, 35.5)
26.2 (20.7, 32.4)
3.1 (1.5, 6.0)
18.8 (14.0, 24.9)
18.1 (13.9, 23.3)
46.7 (40.9, 52.5)
1.9 (0.6, 5.6)
0.2 (0, 1.7)

11.1 (7.4, 16.5)
14.4 (10.6, 19.3)
31.4 (26.3, 36.9)
24.7 (20.4, 29.5)
14.3 (9.9, 20.1)
10.2 (7.1, 14.5)
44 (2.5,7.7)

0.6 (0.1, 2.3)

67.6 (61.7,73.1)

2.6 (2.3,2.8)
31.2 (25.5, 37.6)
18.0 (13.0, 24.5)
453 (39.9, 50.8)
5.4 (3.3,8.7)
71.8 (65.7,77.2)
11.4 (7.7, 16.6)
48.8 (41.7, 55.9)
28.2 (23.4, 33.5)
11.6 (6.8, 19.2)

12.5 (8.6, 17.9)

84.5 (78.9, 88.8)
3.0 (1.3, 6.5)
88.5 (83.0, 92.4)
1.4 (0.6, 3.5)
64.7 (59.2, 69.8)
12.1 (5.5, 24.4)
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Father lives in home
Household size

72.9 (65.9, 78.9)

(mcan) 5.9 (5.5,6.2)
Exp.: 0-499 2.8 (1.2,6.7)
500 - 999 5.7 (3.5, 9.0)
1000 - 1999 22.0 (16.7, 28.4)
2000 - 3499 26.4 (21.9,31.4)
3500 - 5499 20.3 (15.0, 26.9)
< 5500 - 8999 14.1 (10.1, 19.3)
5 9000+ 8.7 (5.5, 13.5)
§ Asset score (mean) 24.9 (23.4, 26.3)
T | Interview in Spanish | 97.9 (93.8, 99.3)
Indigenous 13.2 (6.1, 26.2)
Time to HF:< 15 min | 30.8 (22.8, 40.2)
15-29 | 21.7 (16.7, 27.6)
30-44 | 18.3 (13.5, 24.3)
45-59 1.4 (0.4,4.9)
60 + 27.8 (20.5, 36.4)
Improved water 82.6 (77.2, 86.9)
Improved sanitation 14.7 (9.7, 21.6)
Urban 34.9 (22.5, 49.8)
o Altitude: <500m 37.0 (24.1, 52.0)
- 500 —999m | 46.7 (33.3, 60.5)
=) 1000m + 16.4 (9.2, 27.5)
é SILAIS: Jinotega 37.8 (25.7, 51.6)
S Matagalpa 28.9 (18.1, 42.8)
RAAN 21.5 (11.1, 37.5)
Madriz 11.8 (6.2, 21.3)

N = 454. Values are percentages unless
otherwise noted. HF: Health facility. Exp:
monthly household expenditure in Cérdobas.
Min: minutes. m: meters. RAAN: Region
Atlantico Norte. 95% CI: 95% confidence
interval. Estimates are survey weighted.




Table 11: Health facility characteristics of the study sample in Nicaragua

Univariate characteristic (9‘5];11151) N

% | Ambulatory facility 85.9 (75, 93.4) 64
;g Secretaria de Salud accredited 92.2 (82.7,97.4) 64
8, | Offers child services 100 (94.4, 100) 64
2 | Offers vaccination 95.3 (86.9, 99.0) 64
S | Stores vaccines 78.1 (66.0, 87.5) 64
% Routine administrative meetings 81.2 (69.5, 89.9) 64
& | Routine medical meetings 73.4 (60.9, 83.7) 64
Running water 75.0 (62.6, 85.0) 04
Internet access 10.9 (4.5, 21.2) 64
Electricity 92.2 (82.7,97.4) 64
Sufficient electrical power for all equipment 76.6 (64.3, 86.2) 64
Electricity at all hours 72.6 (59.8, 83.1) 62

o | Electricity on all days 54.2 (40.8, 67.3) 59
2 | Generator 7.8 (2.6, 17.3) 04
§ Working, fueled generator 20.3 (11.0, 32.8) 59
? National immunization scheme observed 68.4 (54.8, 80.1) 57
% Vaccination registry observed 87.9 (76.7, 95.0) 58
= | 1+ broken cold storage observed 43.9 (30.7, 57.6) 57
1+ broken thermometer observed 6.5 (0.8, 21.4) 31
Number of refrigerators (mean) 1.3 (-0.6, 3.3) 50
Number of ice packs observed (mean) 1.8 (0.7, 2.8) 60

Any refrigerator out of temperature range 7.0 (1.5, 19.1) 43
Fridge temp recorded 2x/day in last 30 days 40.4 (27.0, 54.9) 52

Has doctor 48.4 (35.8, 61.3) 64

# of doctors (mean) 2.0 (-8.0, 12.0) 64

Té # of nurses (mean) 5.3 (-22.3, 32.9) 04
5 # of pediatricians (mean) 0.5 (-2.1, 3.0) 04
?3 # of auxiliary nurses (mean) 4.2 (-17.8, 26.2) 64
A& | # of lab technicians (mean) 0.8 (-4.0, 5.6) 04
# of promotoras (mean) 0.4 (-3.5,4.2) 64
Total # of staff 13.4 (-48.1, 74.8) 04
Always receives number of vaccines ordered 76.0 (61.8, 86.9) 50
Shortage of measles vaccine in last 6 months 0.0 (0.0, 26.5) 12

2 | Days between vaccine order and receipt 1.4 (-1.0, 3.8) 48
2 During shortage: makes special order 80.0 (66.3, 90.0) 50
5 borrows from other facility 10.0 (3.3, 21.8) 50
g does nothing 6.0 (1.3, 16.5) 50
S other 6.0 (1.3, 16.5) 50
» | Vaccine orders placed at fixed times (vs as needed) 69.4 (54.6, 81.7) 49
Anticipated shortage in last 3 months 32.0 (19.5, 46.7) 50
MMR vaccine observed in stock 91.3 (79.2, 97.6) 46
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Values are percentages unless otherwise noted. 95% CI: 95% confidence interval. Estimates are not
survey weighted.

Of 475 eligible participants, 85% (n=400), 80% (n=382) and 96% (n=458) provided measles
immunization information from recall, health card and DBS, respectively. Among 299 children with
all three sources, coverage according to health cards was 82% (95% confidence interval: 76 — 88%),
coverage according to caregiver recall was 81% (95% CI: 75 — 88%), and coverage according to the
combination of health cards and recall (the most commonly reported metric in developing countries)
was 85% (95% CI: 79 — 91%) (Figure 10), but these differences were not statistically significant.
Crude coverage of complete vaccination was only 53% (55 — 62%). Worrisomely, effective coverage
was substantially lower, at only 50% (95% CI: 40 — 61%). Only 2.3% of children lacked measles
immunization, but had documentation of a recent vaccination visit in which they could have
received the vaccine. Hence, hypothetical maximum coverage was 87%.

Coverage classification according to health card versus DBS were in agreement for only 61%
(95% CI: 55 — 66) of 329 children with both sources. Concordance, sensitivity, specificity, and
positive and negative predictive values showed poor agreement (Table 12). Of particular concern,

43% of children with health card documentation of immunization did not have antibodies.
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Figure 10: Measles immunization coverage by source in Nicaragua
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Hyp.: Hypothetical maximum coverage. Figure restricted to 299 children with all three sources,
excluding children with DBS collection within 28 days of vaccination. Lines indicate 95%
confidence intervals. Estimates are survey weighted.

Table 12: Relationship between crude and effective coverage of measles immunization in
Nicaragua

Crude coverage* DBS effective coverage

Yes No Total
Yes 46.7% 35.4% 82.2%
No 3.7% 14.2% 17.8%
Total 50.7% 49.6% 100%
Parameters (95% confidence interval)
Sample size 299
Kappa 0.21 (0.10, 0.33)
% agreement 60.9 (55.4, 66.4)
% sensitivity 92.8 (88.8, 96.7)
% specificity 28.6 (20.8, 36.3)

Positive predictive value 56.9 (50.8, 63.0)
Negative predictive value 79.5 (68.0, 91.1)

Figure restricted to 329 children with both health card and DBS sources; excluding children with
DBS collection within 28 days of vaccination. *Crude coverage: according to child health card.
Estimates are survey weighted.
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Comparisons of crude and effective coverage for each surveyed municipality are presented in
Figure 12. Crude coverage was highest (100%) in Siuna and Prinzapolka, and lowest in Rosita (20%)
and Rancho Grande (61%). Effective coverage was highest in Matiguas (92%) and Terrabona (83%),
and lowest in Rosita (0%) and Rancho Grande (7%). In general, effective coverage followed
geographic patterns similar to those of crude coverage, but overall levels were lower. Across
municipalities, the proportion of card-positive children lacking antibodies ranged between 0% and
100% (Figure 13). In all municipalities except Terrabona, these proportions were statistically
significantly greater than 0. Furthermore, there was substantial clustering of these discrepancies:
more than half of such cases were concentrated in 4 of the 16 surveyed municipalities (Jinotega,
Tuma-La Dalia, San Juan Rio Coco and Puerto Cabezas). Moreover, the proportion of health card-
positive children lacking antibodies was statistically significantly higher in RAAN than in other
departments. These clear and consistent geographic patterns highlight that some surveyed areas are
very high-performing while others are experiencing substantial challenges. This pattern also
reinforces the validity and accuracy of the findings—if there were errors in data collection or in the
DBS ELISA procedure, we would likely observe a large gap or problem across all municipalities.
Instead, I found that in many municipalities crude and effective coverage were identical, while in

others, the gap was very large.
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Figure 11: Crude and effective coverage of measles immunization by municipality in Nicaragua

Crude coverage Effective coverage

Coverage (%)

0% 100%

The number in each municipality indicates sample size. Estimates are survey weighted.
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Figure 12: Proportion of card-positive children lacking antibodies in Nicaragua

Percentage

0% 100%

The number in each municipality indicates sample size. Estimates are survey weighted.

Among 301 card-positive children, I linked 90 children to 20 surveyed facilities by facility name and
the remaining 211 by SILAIS. In regression analyses (Table 13), few factors increased the likelihood
that a card-positive child would lack antibodies. In adjusted analyses, card-positive children were
more likely to lack antibodies if they were poorer, male, underweight, or living in rural areas, or if
they had mothers who are moderately educated, single, or exposed to mass media (newspaper, radio,
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television) on a weekly basis. Interestingly, children attending facilities that report having routine
administrative meetings, and indication of high-quality management, were less likely to lack
antibodies. The strongest predictor was residence in RAAN. Factors that were not statistically
significant predictors include: child age, child health status, child recent illness, anemia, stunting,
wasting, maternal age, maternal parity, maternal age at first birth, maternal education, maternal
literacy, maternal exposure to community health promoters, maternal health status, indigenous
ethnicity, household expenditure, household asset score, travel time to usual health facility,
household availability of improved water source, household availability of improved sanitation, or
altitude of residence. Health facility factors that were not statistically significant predictors include:
facility level, receipt of referrals, personnel, electricity, frequency of blackouts, water supply, internet
access, generator ownership and functioning, facility roles and policies, vaccine procedures and
policies, vaccine supplies, and availability and functioning of cold chain infrastructure. These

findings were consistent in all sensitivity analyses.
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Table 13: Crude and adjusted odds ratios of likelihood that card-positive children lack

antibodies, Nicaragua

Characteristic

Crude odds
ratio (95% CI)

Adjusted odds

ratio (95% CI)

Child

Age < 18 months
Female

Diatrrhea in last 2 weeks
Fever in last 2 weeks
Anemic

Underweight

Maternal

Age (years): 15-19 (ref)
20-34
35-49
Age at first birth <20 years
Marital status: married (ref)
single
open union
others
Literate
Promotora exposure
Exposure to mass media
Indigenous

Household

Asset score (mean)

Time (min) to HF: < 30 (ref)
30-59
60 +

Community

Improved water
Utrban
Altitude (meters): <500 (ref)
500 - 999
1000 +
SILAIS: Jinotega (ref)
Matagalpa
RAAN
Madyriz

Health facility

Routine administrative
meetings

Doctor on staff

Sufficient electrical power
# of refrigerators

1+ broken cold storage
Any refrigerator not 2-8°C

0.59 (0.31, 1.13)
0.66 (0.34, 1.28)
1.26 (0.55, 2.90)
1.22 (0.52, 2.85)
1.36 (0.85, 2.20)
5.50 (0.56, 54.00)

0.66 (0.32, 1.39)
1.33 (0.65, 2.74)
0.94 (0.46, 1.90)

1.54 (0.53, 4.45)
1.43 (0.71, 2.89)
2.21 (0.57, 8.58)
0.83 (0.42, 1.65)
1.06 (0.15, 7.34)
0.36 (0.12, 1.12)
4.09 (1.11, 15.06)
0.02 (0.00, 0.29)

1.33 (0.59, 3.01)

0.61 (0.27, 1.38)
0.45 (0.22, 0.91)
0.60 (0.20, 1.81)

0.68 (0.25, 1.86)
0.42 (0.13, 1.40)

1.48 (0.58, 3.80)
6.87 (2.11, 22.40)
1.14 (0.37, 3.49)

0.10 (0.00, 2.40)
1.30 (0.23, 7.30)
1.76 (0.45, 6.82)
1.22 (0.72, 2.07)
0.26 (0.06, 1.22)
7.09 (0.06, 785.4)

0.1160
0.2223
0.5856
0.6561
0.2080
0.1484

0.2823
0.4346
0.8607

0.4258
0.3186
0.2575
0.5925
0.9494
0.0828

0.0381 *

0.0052

0.4972
0.2406

0.0314
0.3715

0.4555
0.1641

0.4101
0.0022
0.8149

0.1596

0.7704
0.4180
0.4696
0.0933
0.4177

*

0.72 (0.31, 1.69)
0.40 (0.16, 0.96)
0.69 (0.25, 1.90)
1.83 (0.68, 4.94)
1.45 (0.75, 2.79)
8.80 (1.64, 47.27)

0.54 (0.18, 1.61)
2.25 (0.92, 5.54)
0.81 (0.33, 2.00)

3.51 (1.07, 11.50)
1.66 (0.62, 4.43)
3.67 (0.54, 25.22)
1.66 (0.73, 3.77)
3.38 (0.4, 25.88)
0.26 (0.08, 0.85)
1.69 (0.39, 7.33)
0.16 (0.01, 2.30)

0.86 (0.34, 2.15)

0.49 (0.22, 1.10)
0.47 (0.17, 1.29)
0.19 (0.05, 0.71)

2.05 (0.45, 9.32)
1.23 (0.18, 8.22)

0.62 (0.12, 3.25)

24.15 (1.99, 292.77)

3.64 (0.44, 30.28)

0.01 (0.00, 0.38)
0.08 (0.00, 16.19)
1.08 (0.09, 12.83)
3.20 (0.95, 10.76)

6.71 (0.33, 135.45)

0.19 (0.01, 4.45)

0.4589
0.0486 *
0.4754
0.2394
0.2745
0.0167 *

0.2813
0.0863
0.6554

0.0469 *
0.3183
0.1956
0.2363
0.2496
0.0337 *
0.4890
0.1878

0.7459
0.0932

0.1516
0.0196 *

0.3594
0.8338

0.5777
0.0180 *
0.2415

0.0195 *

0.3601
0.9543
0.0703
0.2238
0.3116

N = 237 observations. Ref: reference category. 95% CI: 95% confidence interval. * p<<0.05.

Adjusted odds ratios correspond to the coefficients from the multivariate survey-weighted logistic

regression including all listed covariates.
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Chapter 4: Discussion and Conclusions

To my knowledge this is the first study to show effective coverage of measles vaccination in
Mexico or Nicaragua compared to card coverage. The data show that the use of cards and/or recall
is misleading and masks variations in coverage. These results are of great importance as they point
the areas and groups where protection against measles may have been wrongly assumed. These
findings will enable the health authorities in Chiapas and Mexico to examine and address the reasons
for the differences between crude and effective coverage. Indeed, concerns about this gap in Mexico
have been raised previously*, and this study allows us to test these concerns.

Our estimates of measles vaccination coverage according to card and/or recall were slightly
higher than those previously reported for SM2015 municipalities. In the 2011-2012 Mexico National
Health and Nutrition Survey (ENSANUT),"” measles vaccination coverage according to card and
recall among children aged 12-23 months living in SM2015 municipalities was 79% (95% CI: 75 —
83%). Likewise, in the 2011-2012 DHS ENDESA, measles vaccination coverage according to card
and recall among children aged 12-23 months living in SM2015 municipalities was 75.5% (95% CI:
64.4 — 86.6%). This similarity further confirms the validity of the findings.

Of note, in Nicaragua the lowest coverage levels (according to recall and card) were reported
in RAAN in both the SM2015 survey (73.9%) and the 2011-2012 DHS ENDESA (65.6%). Indeed, 1
found the highest proportion of card-positive children lacking antibodies (73.2%) in RAAN. This
region is very remote area and requires several hours of travel by land or river. In fact, it was
necessary to purchase electricity generators for SM2015 surveyors to power netbooks for data
collection while in the field.

Our findings revealed that in poor areas of Mexico, one in five children with health card
documentation of receipt of measles immunization lacked antibodies, and in poor areas of

Nicaragua, nearly half of such children lacked antibodies. Unfortunately, survey-based estimates of



measles immunization coverage are weak predictors of population immunity. Thus, current national
and subnational estimates of immunization coverage based on the combination of maternal recall
and children’s health cards may be over-estimating actual protection against vaccine-preventable
diseases. This finding is alarming and requires immediate attention. Moreover, this study showed
that the crude coverage of complete immunization (including BCG, hepatitis B, pentavalent,
rotavirus, pneumococcal, and MMR vaccine) among the study population was only 33% in Mexico
and only 53% in Nicaragua. Hence, complete effective coverage can be expected to be even lower if
the same patterns observed for measles are present in other immunization.

We did not observe any missed opportunities for measles vaccination in the region. Children
ages 12-23 months attended health facilities for immunization an average of 7 times in Mexico and 5
times in Nicaragua. This finding is consistent with the national vaccination schedules for both
countries which recommend five visits by 12 months of age (at birth, 2, 4, 6, and 12 months). Thus,
children in these settings are attending health facilities a sufficient number of times to be fully
immunized, but many do not have protective antibodies against measles.

There are many possible explanations for the observed discrepancies. First, measles vaccine
efficacy is imperfect, even under ideal conditions. Previous trials of measles immunization for 12
month old children in the Latin American region have observed efficacy between 74% and 100%,
but most were above 93%.°*” Poor nutrition and recent illness were common among study
participants and may also contribute to lower vaccine efficacy.”” However, there was no indication
that gaps were due to these factors. Second, there may be errors in health card documentation in
which some marked vaccines may not have actually been delivered. In Mexico, benefits from the
conditional cash transfer program Oportunidades are only provided if children are fully immunized,
a stipulation which might motivate families or providers to mark vaccines on health cards even when

they have not been administered. On the other hand, there may be cases in which vaccines are
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administered but not documented on health cards, a scenario that is particularly likely during
national health weeks. Third, interruptions in the cold chain during vaccine transport, storage or
delivery may have rendered vaccines ineffective. Fourth, there may be limitations in sensitivity of the
ELISA or DBS elution methodology employed to test for measles-specific IgG. However, in the
validation study presented in Chapter 2, these methods were 100% sensitivity. Finally, it is possible
that some vaccines were prepared or administered incorrectly.

The fact that discrepant cases were clustered in a small number of municipalities suggests
that the cause for these discrepancies is driven by differences in health service delivery rather than
individual or household characteristics. The observation of both very high and very low coverage
levels within the same states indicates that system-level factors are driving the gap between coverage
and effective coverage. This variation also confirms that the DBS test was both sensitive and
accurate; if there were errors in data collection or in DBS analyses, there would be a large gap or
problem across all municipalities. Instead, I found that in many municipalities crude and effective
coverage were identical, while in others, the gap was very large. Our finding of clear and consistent
geographic patterns highlights that some surveyed areas are very high-performing while others are
experiencing substantial challenges.

The survey data included information that allowed me to investigate some of the drivers of
this finding. Although it is possible that errors in health card documentation of vaccination may
play a role, there were no indications of such practice. The data suggest that issues in the cold chain
are the main driver of the findings. Unfortunately, samples of the vaccines from health facilities were
not collected to examine whether measles vaccines maybe invalid or attenuated.

In Mexico, I found that maternal literacy and greater household wealth decreased the
likelihood that a card-positive child would lack antibodies. That is, child health card documentation

is more accurate for children from wealthier households with literate mothers. It is possible that
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more affluent and educated mother check the vaccination card of their children to ensure that a
vaccine was given when marked. However, it is more plausible that the parents take their children
to better run facilities and they avoid those with potential problems such as lack of electricity.

We also found that card-positive children from urban areas were more likely to lack antibodies than
their counterparts living in rural areas. This finding contrasted with the expectation that rural areas
would be more likely to experience cold chain interruptions, and therefore children from these areas
would be more likely to lack antibodies. One possible explanation is that rural facilities with weak
electrical systems often do not store vaccines. Indeed, SM2015 interview teams frequently observed
electricity challenges in both urban and rural areas, but only 49% of the surveyed facilities routinely
store vaccines, and the majority of these are in urban areas. Another possible explanation is that
differences in management between and rural facilities may affect vaccination practices and vaccine
integrity. Moreover, it is possible that in poor communities families move to urban areas seeking
employment. It is possible that such families live in poor areas of urban settings where the health
facilities delivering services are overwhelmed by increased demand.

In Nicaragua, I found that several individual, maternal, community and health facility
characteristics decreased the likelihood that a card-positive child would lack antibodies. Child health
card documentation was more accurate for healthy weight female children living in urban areas or
Jinotega whose mothers are married and have weekly exposure to mass media, and who attend
health facilities that have routine administrative meetings. It is possible that families living in more
affluent areas attend facilities that are better managed with better trained staff and therefore have
better vaccination practices, vaccine integrity, and health card marking practices. It is also possible
that few health facility characteristics were significant predictors because some children may receive

vaccines through mobile units or vaccination campaigns.
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We estimated that the prevalence of protective antibodies against measles was only 68% in
Mexico and 50% in Nicaragua which raises the question of why no apparent outbreaks have
occurred. One explanation is that the level of immunization coverage required for herd immunity in
the surveyed populations is unknown. Given the unique, rural setting in which the participants live,
the level of immunity may be sufficient to prevent a sustained outbreak. During data collection,
field teams did not observe or hear of any measles outbreaks. Alternatively, in the absence of active
surveillance in the region, it is also possible that some measles cases have occurred. While there were
no confirmed cases of measles in either country in 2012 or 2013, between January 1% 2014 and May
5" 2014 there were 1021 suspected and 2 confirmed cases in Mexico and 41 suspected cases in
Nicaragua.”" In addition, in Mexico the ENSANUT 2012 showed recent declines in vaccination
coverage,” which might explain this recurrence. Furthermore, if measles is present in these settings,
it is possible that some surveyed children may have antibodies from natural exposure rather than
immunization, implying that effective coverage of immunization may be even lower than estimated.

Our study is subject to several limitations. First, immunization data was collected from a
relatively small sample of children which limited statistical power to detect significant patterns across
demographic, geographic, and health facility factors. Second, the focus of this study was exclusively
on protective antibodies against measles as a biomarker for measles immunization. Indeed, this
analysis would have been strengthened by the quantification of antibodies against other vaccine-
preventable diseases. Vaccines vary in efficacy, sensitivity to heat, and number of doses required to
induce immunity, so the observed patterns for measles may not apply to other immunizations.
Third, my ability to match participants to health facilities was limited. Only 25% of card-positive
children in Mexico and 30% of such children in Nicaragua could be linked by name to interviewed
health facilities. While the remaining participants could be linked by geographic region, households

rarely reported attending the health facility closest to their home. As a result, the effects of health
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facility characteristics on antibody status may be diluted. However, the findings of this study were
unchanged when restricting only to those households linked to health facilities by name, or only
those households linked by region. Fourth, no interviews were conducted with private facilities or
facilities operated by the Mexican Social Security Institute. The proportion of surveyed participants
that attend these facilities is unknown, and attendance at these facilities may explain why no health
facility characteristics were significant in the presented analyses. In addition, there was a moderate
degree of non-response during the census, household survey and DBS collection. Our survey
weights included some post-stratification which helps address this issue, but it is possible that non-
response may have biased the results. Finally, SM2015 data is based on self-reported information
from a household survey and may be subject to self-reporting bias.

On the other hand, this study has several strengths. First, the surveys had large sample sizes.

4048 ollected immunization data

For example, the most recent national health and nutrition surveys
from 723 and 223 children aged 12-23 months in SM2015 areas in Mexico and Nicaragua,
respectively, compared to 1134 and 454 in this study. Second, study procedures incorporated
electronic data capture and standardized methodology to ensure high data quality. Third, a new
census was conducted in each selected primary sampling unit to ensure accurate denominator data
for sampling, rather than using the most recent national population census. Indeed, when
comparing the total population in each segment to existing census data, there were large differences.
Our findings are crucial to immunization activities in Mexico and Nicaragua. The use of
DBS to estimate effective coverage instead of coverage based on cards and/or recall is the right
approach for ensuring the health and wellbeing of children in these regions. This study’s findings
showed that such approach should be adopted and used in future immunization work. In fact, the

Government of Mexico has adopted this approach based on findings form this study. Clearly

knowledge of this issue is the first step in solving it. I was able to raise some potential issues that
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could explain the findings, which call for aggressive monitoring of the vaccine cold chain.
Moreover, they call for random inspection of vaccine integrity. These steps will help ensure that
high-quality immunizations are used to achieve high effective coverage of measles immunization in

Mexico and Nicaragua.
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