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Morbidity from vaccine-preventable diseases is high in India, but precise estimates of vaccination time-
liness are difficult to compute because many children lack records of vaccination dates. This study
assessed vaccination timeliness after accounting for right and left censoring of data. This cross-
sectional study used the 2012–2013 District Level Household and Facility Survey in India. The outcome
was vaccination timeliness for 9 vaccine doses: 1 dose Bacillus Calmette-Guérin (BCG), 4 doses oral polio
vaccine, 3 doses diphtheria-pertussis-tetanus vaccine (DPT), and 1 dose measles-containing vaccine. Age-
specific probabilities of vaccination were calculated using Turnbull estimators: children not yet vacci-
nated were right censored, and children vaccinated but without a recorded date were left censored.
Data from 108,783 children under 5 years were available. For children 25–60 months, maternal recall
was a more common source of information than a vaccination record with dates. At one month past
the recommended vaccination age, estimated coverage ranged from 35% for DPT-3 to 55% for BCG.
Accounting for censored data improved vaccination timeliness measures, and demonstrated little
increase in vaccination coverage after age one. Efforts to reduce morbidity from vaccine-preventable dis-
eases in India should focus on eliminating missed opportunities for vaccination and instituting special
vaccination programs for older children.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In 2016, approximately one-fifth of the five million deaths
among children under 5 years worldwide occurred in India [1].
Almost 20% of deaths among children under 5 years were due to
vaccine-preventable diseases, principally pneumonia, diarrhea,
and measles [2]. Despite the well-recognized benefits of childhood
immunizations, vaccination coverage in low- and middle-income
countries, including India, remains far below recommended levels
[3,4]. India is home to 3.1 million of the 19.5 million children
worldwide who have not received diphtheria-pertussis-tetanus
(DPT) dose 3 vaccine, a commonly used measure of immunization
system performance [4]. Only 62% of Indian children have been
fully vaccinated [5].

Traditionally, immunization programs have been evaluated
based on vaccination coverage—the proportion of vaccinated
children at specific ages without consideration given to the timeli-
ness of vaccine dose administration [6–8]. India, and other low- or
middle-income countries, are currently investing significant
resources into increasing the coverage of routine childhood vacci-
nations [9], and have used vaccination coverage as an overall indi-
cator of immunization system performance and assessment of risk
for transmission of vaccine-preventable disease. However, simply
looking at vaccination coverage does not account for possible
delays in vaccination, and coverage estimates can vary substan-
tially depending on the specific age range(s) addressed in a partic-
ular study.

In this study, we assessed timeliness of India’s government-
funded vaccination program. A prior study performed using 2008
District Level Household and Facility Survey (DLHS3) data found
that 69% of BCG doses, 81% of DPT-3 doses, and 65% of MCV doses
were delayed [10]. We hypothesized that unacceptably high rates
of delayed vaccination would still exist in 2013 although with
improvement in vaccination timeliness compared to 2008, given
the government’s investment in increasing childhood vaccination.
We used nationally representative data from the 2012–2013 Dis-
trict Level Household and Facility Survey (DLHS4) to identify the
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cumulative probability of vaccination by age by vaccine. We used
the Turnbull estimation technique to address left- and right-
censored vaccination data [11]. The findings can be used to help
ascertain progress towards the Sustainable Development Goal of

reducing under 5 mortality to <25 per 1000 livebirths by 2030
[12], and Turnbull methods can be used in other settings where
both left- and right-censored data are common.
2. Methods

2.1. Study population

This study used cross-sectional data from the DLHS4, which was
conducted in India during 2012–2013. At the time of data collec-
tion, India has 28 states and 7 union territories, further divided into
640 districts. The DLHS4 included data from 18 states and 3 union
territories, comprising 273 districts (43% of all districts). Data from
another 9 states, representing 284 districts, is available in the
Annual Health Survey, a separate survey conducted in 2013; this
survey does not include any information on dates of vaccine
administration so could not be used in this analysis.

The DLHS used a stratified, multi-stage sampling scheme: (1)
the first level comprised 273 districts, (2) at the second level, rural
villages and urban blocks were separately selected through a
probability-proportionate-to-size method, (3) within each village
or block, 25 households were systematically selected, and (4) any
ever-married woman 15–49 years old within the household was
interviewed. Information was collected about reproductive health,
maternal care, childhood immunizations, and childcare. This anal-
ysis included the last surviving child from each household who
were aged 0–60 months at the time of data collection. Mothers
were asked about their child’s vaccination status. If a vaccination
card was available, the interviewer wrote down the vaccination
date. If a vaccination card was not available, the interviewer asked
the mother if a certain vaccine was given, and the mother
responded without providing a date. Further information regarding
the survey methodology for DLHS, and the datasets themselves, are
available through the International Institute for Population
Sciences [13].

This data analysis considered the timeliness of the 9 vaccine
doses, which were part of the government-funded Universal
Immunization Program at the time of the DLHS4. Under the
Universal Immunization Program, a single bacillus Calmette-
Guérin (BCG) vaccine dose is recommended at birth; 4 doses of
the oral polio vaccine (OPV-0 through OPV-3) vaccine are recom-
mended at birth, 6 weeks, 10 weeks, and 14 weeks of age; 3 doses
of the DPT vaccine (DPT-1 through DPT-3) are recommended at
6 weeks, 10 weeks, and 14 weeks; and one dose of the measles-
containing vaccine (MCV) vaccine is recommended at 9 months.
2.2. Outcome

The outcome of interest was vaccination timeliness for each of
the 9 vaccine doses examined. Age at vaccination was calculated
by subtracting the child’s birthdate from the child’s vaccination
date. Only the month and year of birth were available for each
child, so the birth date of each child was imputed as the fifteenth
of the month as an approximate median value. Children who were
vaccinated within the first 14 days of life were coded as having
been vaccinated on day 1. Also, some children’s vaccination dates
included the month and year, but not day. For these children also,
the day was set to the fifteenth of the month. The age of interview
in the DLHS was calculated by subtracting the child’s birthdate
from the interview date.
In the DLHS, mothers who did not have vaccination cards for
their children were asked to recall whether their child was vacci-
nated or not. A child without a vaccination card whose mother
indicated that the child was not vaccinated was right censored at
the age of interview. Right censoring indicated that it was still pos-
sible that the child could be vaccinated in the future. A child with-
out a vaccination card, whose mother indicated that the child was
vaccinated but did not recall the date, was left censored at the age
of interview. Left censoring indicated that the child was vaccinated
sometime before the date of the interview.

Several measures of vaccination uptake were assessed. Vaccina-
tion coverage refers to administration of a particular dose (regard-
less of whether dose status was determined through an
immunization card or maternal recall); cumulative vaccination
coverage refers to the proportion vaccinated at a certain age (and
accounting for both left and right censoring); as a proportion, we
calculated vaccination timeliness to be the cumulative vaccination
coverage at 1 month (i.e., 30 days) after the recommended vaccina-
tion age.

2.3. Statistical analysis

The age-specific probability of vaccination was estimated using
the Turnbull estimator, which allows the use of left, right, and
interval censoring; this possibility permitted many observations
to be included in the analysis that might otherwise have been
excluded. To produce unbiased cumulative distribution function
estimates, we weighted participants to reflect the complex sam-
pling design and the overall inverse probability of being sampled
into the DLHS4 dataset. The cumulative distribution function esti-
mates for each vaccine dose were plotted to graphically depict the
cumulative vaccination coverage by age.

The median age at vaccination for each vaccine dose was esti-
mated as the number of days after birth at which 50% of children
had been vaccinated. For ease of graphically depicting the data,
we converted weeks into months for the target age of vaccination
(i.e., 6 weeks into 1.5 months, 10 weeks into 2.5 months, and
14 weeks into 3.5 months). The probability of timely vaccination
(i.e., vaccination within 30 days of the target age) was estimated
as the cumulative probability of vaccination (also called ‘coverage’)
at the target age plus 30 days. The median age at vaccination
among just those children who were delayed (i.e., vaccinated 30
or more days after the target age) was also estimated as the age
at which 50% of the children not vaccinated by the target age plus
30 days were vaccinated. All analyses were conducted in SAS ver-
sion 9.4 (SAS Institute, Cary NC, USA).

2.4. Ethics approval

This study was exempt from ethical approval because it was
limited to a publicly-available dataset that contained no personally
identifiable information. All participants had provided informed
consent before being enrolled into the study.
3. Results

The DLHS4 dataset had information on 108,783 children under
5 years. Of these, 80 were excluded because of a missing birthdate,
20 were excluded because of a missing interview date, and 56 were
excluded because of missing sampling weights, which left a total of
108,627 children available for analysis. Further exclusions by
specific vaccine were made for the few individuals who had no
vaccine-related information for a particular vaccine dose, and so
neither right- nor left-censoring assumptions could be made (i.e.,
no information on vaccine administration, the vaccination
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recorded with an implausible date, or the mother could not recall
whether a dose was given) resulting in the following sample sizes
by vaccine dose: 108,094 for BCG, 108,172 for OPV-0, 108,223 for
OPV-1, 108,291 for OPV-2, 108,316 for OPV-3, 108,172 for DPT-1,
108,246 for DPT-2, 108,263 for DPT-3, and 108,388 for MCV.

Table 1 lists the source of vaccination information and overall
vaccination coverage for children by age. For example, among
infants �12 months, 86% had received BCG, but only 45% of infants
in this age range had a documented date of vaccination. Maternal
recall was a common source of vaccination data and supplied infor-
mation for 41% of infants in this age range. In general, vaccination
coverage was higher in children over 1 year than under 1 year; for
example, OPV-1 coverage was 77% in infants 0–12 months, but
above 88% for older children. However, there were not substantial
differences in vaccination coverage by age for children more than
1 year old; for example, DPT-3 coverage was 70% for children
13–24 months and 66% for children 49–60 months. Maternal recall
was a more common source of information than a vaccine record
with a date for older children 25–60 months (Table 1). A vaccina-
tion record with a date was more common than maternal recall
only for children 0–12 months (BCG, OPV-0, OPV-2, OPV-3, and
DPT series, but not MCV and OPV-1), and for children 13–
24 months (OPV-2, OPV-3, DPT-2, and DPT-3).

More precise estimates of age-specific probabilities of vaccina-
tion were calculated using Turnbull estimators (Table 2), which
could account for both left and right censoring. At one month past
the targeted age at vaccination, estimated coverage was 55% for
BCG and 48% for OPV-0 (both recommended at birth), 66% for
OPV-1 and 64% for DPT-1 (both recommended at 6 weeks), 49%
Table 1
Childhood vaccinations received by age and by source of vaccination information, India, 2

Child’s age in months at interview

0–12 (n = 21,489) 13–24 (n = 21,433)

BCG given 86.26% 90.71%
Recorded, with date 44.75% 42.63%
Recorded, no date 0.37% 0.46%
Maternal recall 41.11% 47.61%

OPV-0 given 71.97% 76.06%
Recorded, with date 38.64% 36.87%
Recorded, no date 0.56% 0.68%
Maternal recall 32.77% 38.50%

OPV-1 given 76.77% 89.92%
Recorded, with date 35.80% 40.85%
Recorded, no date 0.38% 0.37%
Maternal recall 40.57% 48.68%

OPV-2 given 59.87% 80.30%
Recorded, with date 30.89% 39.97%
Recorded, no date 0.45% 0.39%
Maternal recall 28.51% 39.91%

OPV-3 given 44.86% 73.27%
Recorded, with date 25.08% 38.49%
Recorded, no date 0.53% 0.44%
Maternal recall 19.22% 34.31%

DPT-1 given 73.19% 87.40%
Recorded, with date 39.48% 42.67%
Recorded, no date 0.29% 0.28%
Maternal recall 33.39% 44.43%

DPT-2 given 57.93% 78.93%
Recorded, with date 33.91% 42.11%
Recorded, no date 0.00% 0.00%
Maternal recall 23.99% 36.80%

DPT-3 given 43.48% 69.90%
Recorded, with date 26.91% 40.13%
Recorded, no date 0.53% 0.37%
Maternal recall 15.98% 29.36%

MCV given 33.40% 81.10%
Recorded, with date 8.73% 36.18%
Recorded, no date 0.74% 0.62%
Maternal recall 23.85% 44.23%

Abbreviations: BCG, Bacille Calmette-Guérin; DPT, diphtheria-pertussis-tetanus vaccine;
for OPV-2 and 48% for DPT-2 (both recommended at 10 weeks),
37% for OPV-3 and 35% for DPT-3 (both recommended at
14 weeks), and 50% for MCV (recommended at 9 months). This
information is graphically depicted in Fig. 1. More uncertainty in
the estimates of age at vaccination are seen at older ages because
of a large proportion of vaccine doses without precise information
on dates of administration.

As shown in Table 3, a large proportion of doses (35% to 65%
depending on the antigen dose) were administered after the rec-
ommended age for administration. The median age at vaccination
exceeded the timeliness range for OPV-2, DPT-2, OPV-3, DPT-3, and
MCV: for BCG, which was recommended between birth and
1 month the median age at vaccination was 0.60 months, and for
OPV-0, this was 0.80 months. For those who were vaccinated after
the recommended age range, the median age at vaccination was
before 1 year for all vaccine doses except MCV. Finally, vaccine
delay or non-vaccination occurred in over 50% of children for 5
of the 9 vaccine doses. Only for BCG, OPV-0, OPV-1 and DPT-1
did less than 50% of children have delayed vaccine administration.
4. Discussion

Receiving timely administration of the full complement of
recommended vaccines can ensure that children have sufficient
protection against highly morbid infectious conditions. Using
2013 data from over 100,000 children from 21 states and union
territories of India, this study highlights widespread untimeliness
of vaccination, and, importantly, suggests that relying solely on
013.

25–36 (n = 20,606) 37–48 (n = 17,213) 49–60 (n = 7,466)

89.58% 89.01% 88.27%
33.45% 27.48% 24.96%
0.37% 0.34% 0.39%
55.76% 61.17% 62.90%
73.73% 72.38% 72.14%
28.85% 23.08% 20.60%
0.57% 0.59% 0.70%
44.30% 48.69% 50.82%
89.41% 88.95% 88.74%
32.18% 26.33% 24.11%
0.33% 0.27% 0.29%
56.90% 62.35% 64.33%
79.02% 77.86% 76.98%
31.72% 26.02% 23.74%
0.39% 0.23% 0.24%
46.92% 51.61% 53.01%
73.63% 73.05% 72.88%
30.81% 25.38% 23.03%
0.42% 0.25% 0.38%
42.38% 47.41% 49.47%
86.00% 85.22% 84.79%
33.31% 27.34% 24.86%
0.25% 0.18% 0.27%
52.43% 57.71% 59.64%
76.96% 75.69% 74.86%
33.06% 27.05% 24.73%
0.00% 0.00% 0.00%
43.90% 48.65% 50.12%
68.11% 66.54% 66.12%
31.81% 26.10% 23.73%
0.34% 0.23% 0.33%
35.94% 40.20% 42.05%
82.75% 82.75% 83.18%
29.44% 24.19% 22.38%
0.54% 0.38% 0.42%
52.75% 58.16% 60.35%

OPV, oral polio vaccine; MCV, measles-containing vaccine.



Table 2
Estimated age-specific probability of vaccination among children under 5, India, 2013.

Vaccine series (target age for administration)a

Age in monthsb BCG (birth) OPV-0 (birth) OPV-1 (1.5 m) DPT-1 (1.5 m) OPV-2 (2.5 m) DPT-2 (2.5 m) OPV-3 (3.5 m) DPT-3 (3.5 m) MCV (9 m)

0.5 35.26 32.29
1 54.97 47.93 6.87 5.42
1.5 64.95 55.49 22.18 19.34
2 73.43 61.22 49.64 47.80 5.13 4.22
2.5 77.63 64.12 65.79 63.92 14.31 13.12
3 80.35 66.07 73.46 71.45 33.41 32.23 4.15 3.62
3.5 81.76 67.19 77.18 74.99 49.18 48.03 10.08 9.02
4 82.89 67.96 79.41 77.15 58.51 57.29 23.82 22.09
4.5 83.60 68.49 80.86 78.53 63.68 62.28 37.14 34.76
6 84.94 69.41 83.03 80.62 70.39 68.83 56.43 52.88
9 86.14 70.35 84.68 82.13 74.03 72.41 65.70 61.46 19.01
10 86.42 70.58 84.99 82.37 74.59 72.94 67.19 62.71 49.98
11 86.68 70.80 85.27 82.61 74.94 73.28 68.11 63.53 66.00
12 87.14 71.21 85.52 82.82 75.27 73.58 68.68 64.03 71.50
18 89.32 73.32 88.80 85.44 77.99 76.13 71.90 66.79 78.79
24 89.56 73.83 89.17 85.81 78.50 76.58 72.83 67.60 82.64
30 89.94 74.25 89.62 86.21 79.00 77.04 73.38 68.06 83.36
36 90.01 74.35 89.77 86.34 79.12 77.19 73.59 68.26 83.96
42 90.13 74.48 89.91 86.47 79.28 77.32 73.81 68.41 84.20
48 90.19 74.54 89.97 86.54 79.35 77.37 73.91 68.50 84.49
60 90.29 74.72 90.09 86.63 79.53 77.46 74.04 68.63 84.69

Abbreviations: BCG, Bacille Calmette-Guérin; DPT, diphtheria-pertussis-tetanus vaccine; OPV, oral polio vaccine; MCV, measles-containing vaccine.
a N = 108,094 for BCG, 108,172 for OPV-0, 108,223 for OPV-1, 108,291 for OPV-2, 108,316 for OPV-3, 108,172 for DPT-1, 108,246 for DPT-2, 108,263 for DPT-3, and 108,388

for MCV.
b Each age represents the interval from the given age up to but not including the next age. Probabilities of timely vaccination (1 month after the recommended vaccination

age) are in bold. Analysis based on the Turnbull estimator, including left- and right-censored data.

Fig. 1. Cumulative coverage (probability of vaccine administration) by age for four different vaccine series in India, 2013. Faint lines indicate 95% confidence intervals.
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estimates of vaccine coverage that do not account for age at vacci-
nation for those children, and for the large proportion of children
without information on vaccination dates, can lead to misleading
findings. Using DPT-3 as an example, vaccination coverage (regard-
less of timing) using typical age cut-off measures was 43% for
infants < 12 months, but 66% for children 49–60 months; however,
only 35% of doses were given within one month of the recom-
mended age (3.5 months of age), and 50% of children were vacci-
nated after 5.67 months of age. The wide variation in these
figures – all somehow related to the idea of ‘‘vaccine uptake” –
point to the need to present findings on vaccination timeliness
and vaccination coverage in a standardized fashion.

We observed progress in improving vaccination timeliness in our
study population of children from 2012 to 2013 compared to a pre-
vious analysis from 2007 to 2008 which used similar estimation
methods [10]. For example, the proportion of children who were
vaccinatedwithin 1 month after the recommended date of adminis-
tration rose from 31% to 55% for BCG, and from 34% to 50% for MCV.



Table 3
Median age at vaccine administration, and estimates of delay in vaccinationa among children under 5, India, 2013.

Vaccine Timeliness
range

Median age in months at vaccination
(IQR)

Median age in months at vaccination among those delayed
(IQR)

Probability dose delayed or not
given

BCG 0 – 1 0.60 (0.10–1.90) 2.30 (1.57–4.43) 38.10
OPV-0 0 – 1 0.80 (0.17–72.17) 3.60 (1.70–72.47) 46.18
OPV-1 1.5 – 2.5 2.03 (1.57–3.17) 4.37 (2.97–14.93) 34.59
DPT-1 1.5 – 2.5 2.07 (1.63–3.53) 5.07 (3.03–72.23) 36.05
OPV-2 2.5 – 3.5 3.57 (2.83–11.37) 5.97 (4.10–72.23) 50.92
DPT-2 2.5 – 3.5 3.63 (3.20–15.27) 6.27 (4.13–73.03) 52.08
OPV-3 3.5 – 4.5 5.27 (4.07–71.97) 8.97 (5.30–72.37) 62.97
DPT-3 3.5 – 4.5 5.67 (4.13–73.37) 9.83 (6.03–73.37) 65.37
MCV 9.0 – 10.0 10.03 (9.23–13.70) 12.27 (10.53–33.23) 50.14

Abbreviations: BCG, Bacille Calmette-Guérin; DPT, diphtheria-pertussis-tetanus vaccine; IQR, interquartile range; OPV, oral polio vaccine; MCV, measles-containing vaccine.
a Vaccination delay is defined as occurring 30 days or more beyond the upper limit of the recommended vaccination administration range.
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Although it is difficult to make direct comparisons to studies
analyzing data from other countries given the different approaches
used in measuring timeliness, the timeliness figures for India are
likely to be relatively low compared to other countries regardless
of the calculation technique. For instance, a study in Colombia from
2012 found that 49% of pentavalent (a DPT-containing vaccine)
dose 3 administrations were timely [14], compared to 35% of
DPT-3 in our sample and another study from Vietnam in 2011
found that 45% of DPT-3 doses were timely [15].

India’s challenges with providing timely vaccinations are fur-
ther compounded given the size of the annual birth cohort of over
26 million children, which is the largest in the world. Timely
administration of vaccines is, therefore, of special importance in
terms of limiting preventable morbidity and mortality. One study
from Bangladesh found that delayed administration of BCG was
associated with decreased childhood survival [16], and the attack
rates for measles among an unvaccinated population in India was
particularly high in infants < 1 year and children 1–4 years [17],
highlighting the importance of vaccinating young children at the
recommended ages.
4.1. Implications for vaccination providers

Our study has several implications for pediatricians and other
vaccination providers. First, cumulative vaccination coverage
appears to essentially plateau after 1 year – meaning that children
who are older are not effectively targeted for vaccination. Older chil-
dren, however, can still be adversely impacted after acquiring a
vaccine-preventable disease, and in households with multiple chil-
dren, older children may serve as efficient vectors for transmitting
disease to infants [18]. Community health workers in India, such
as Accredited Social Health Activists (ASHAs) typically target infants
and younger children for vaccination programs, but given the large
proportion of unvaccinated children older than 1 year, there may
need to be greater emphasis placed on checking the immunization
status of older children and offering catch-up vaccinations.

Additionally, we found that a large proportion of children in
India have experienced a missed opportunity for vaccination: for
instance, at 24 months of age, 83% of children are estimated to
have received MCV, compared to only 68% who have received
DPT-3, yet the latter is a vaccine with an earlier recommended
age of vaccination; all children who have received the MCV should
have also received the DPT-3. Missed opportunities for vaccination
have been recently investigated within the US [19]. In one study
from 2013 of pediatric practices in the US, 37.8% of children had
at least one missed opportunity during which an overdue vaccina-
tion could have been administered [20]. Missed opportunities are
also a challenge in low- and middle-income countries, where cer-
tain days of the week with limited operating hours each day may
be designated for administering a minimal set of vaccines (in order
to limit wastage from multi-dose vials). A recent study, which ana-
lyzed DHS data from 46 countries, showed that 24% of children had
one or more missed opportunities for vaccination during the sec-
ond year of life. In addition, the higher coverage of MCV at
24 months of age compared to DPT-3 could be explained in part
by measles supplementary immunization activities. However,
given the low levels of timeliness and the large amount of missed
opportunities found in this study, instituting policies that encour-
age vaccination clinics to be more flexible about how they admin-
ister vaccines seems preferable.

4.2. Implications for analysis of vaccination data

The authors are aware of only one other study – our research
group’s analysis of earlier DLHS data [10] – that utilized Turnbull
estimators for vaccination timeliness. Kaplan-Meier survival analy-
sis curves can account for right censoring (but not left censoring),
and have been more widely used in high-, middle-, and low-
income countries [21–25]. However, in settings where precise
vaccination dates are often not available – as is common in many
low- and middle-income countries and even in high-income coun-
tries when clinical records are unavailable – Kaplan-Meier esti-
mates may not be appropriate. Kaplan-Meier techniques would
likely underestimate coverage because the analysis would not
include left-censored children (children vaccinated before inter-
view). The prevalence of left-censored children varies substantially
by location: the extent to which vaccination cards are used in prac-
tice differs by country and within countries; at minimum, studies
should report the number of vaccinations for which the occurrence
but not exact dates are known, and if that number is high (e.g., over
one-third of all vaccinations, as in our study), then Turnbull esti-
mates would be even more necessary as an analytical technique.
In addition, given the diversity in how timeliness can be opera-
tionalized, a systematic review of vaccination timeliness would be
helpful to provide recommendations on how to best present this
outcome.

Of course, as more vaccines are added to the immunization
schedule, it will be increasingly difficult for mothers to accurately
recall children’s vaccination histories. In our study, the different
modes of administration for DPT, OPV, and BCG likely helped dif-
ferentiate the vaccines and therefore possibly assisted with mater-
nal recall. In settings without reliable vaccination records, future
research will have to identify the best way to ask mothers about
children’s past vaccinations.

4.3. Limitations and strengths

This study had several strengths and limitations. Several states
from central India were not included; although their survey data
were collected, it was released separately and did not include
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childhood vaccination data comparable to the DLHS4. Because
these states have lower vaccination coverage than the states in
DLHS4 [26], our study probably overestimated vaccination timeli-
ness on a national scale. We also were limited to ever married
mothers; unmarried mothers may have different characteristics.
We note that vaccination coverage in recent years may have chan-
ged relative to 2014 as the Indian government has increased
investment in childhood immunization through programs like Mis-
sion Indradhanush. Additionally, by not using survey clustering
and strata in the analysis – which is not available in current statis-
tical packages for Turnbull estimation – our estimates are valid but
may underestimate standard errors. Children who would have
been eligible but died prior to the interview were not included
but were probably less likely to have been vaccinated. Collecting
and incorporating data on these children could have resulted in
lower vaccination rates. For a number of children, only the month
and year of birth were available, which affected our ability to cal-
culate an exact age at vaccination. This limitation was minimized
by assigning the 15th of the month as the birthday, although this
assumes an even distribution of birthdays across the month. We
included vaccination data obtained through maternal recall, which
has the potential to overestimate or underestimate vaccination
uptake. However, previous studies have shown that maternal recall
provides relatively accurate, albeit not perfect, estimates of vacci-
nation coverage [27]. Strengths of the study were its use of robust
statistical methods to account for a study population with substan-
tial left and right censoring of vaccination data.

5. Conclusions

Estimation of vaccination timeliness in many resource-poor set-
tings remains difficult given the frequent lack of vaccination cards
or other reliable ways to accurately ascertain vaccination timing.
This study, using vaccination data from the 2012–2013 DLHS In
India, found low levels of vaccination timeliness using Turnbull
estimation, which can account for both right and left censoring
of data. Implementing programs that target vaccination of older
children and reducing missed opportunities for vaccination can
help lead to more timely administration of vaccines and less mor-
bidity and mortality in a highly vulnerable age group. The impact
of vaccination timeliness on disease burden is understudied, but
a lack of consideration of its role likely overestimates herd immu-
nity and underestimates transmission risk. As countries seek to
attain various national and global targets for infectious disease
control, timeliness of vaccination will be an increasingly important
consideration.
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