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Abstract

Objectives: Typically, early childhood vaccination coverage in the U.S. is measured as the
proportion of children by age 24 months who completed recommended vaccine series. However,
these measures do not reflect whether vaccine doses were received at the ages recommended by
the U.S. Advisory Committee on Immunization Practices, or whether children received vaccines
concomitantly, per the ACIP recommended schedule. This study’s objective was to quantify
vaccine timeliness and prevalence of specific patterns of undervaccination in U.S. children ages
0-19 months.

Methods: Using 2017 National Immunization Survey-Child data, we calculated days
undervaccinated for the combined 7-vaccine series and distinguished undervaccination patterns
indicative of parental vaccine hesitancy, such as spreading out vaccines across visits (“shot-
limiting™) or starting some but not all recommended vaccine series (“selective vaccination”),
from other non-hesitancy patterns, such as missing final vaccine dose(s) or receiving all doses,
with some or all late. We measured associations between demographic, socioeconomic and other
characteristics with undervaccination patterns using multivariable log-linked binomial regression.
Analyses accounted for the complex survey design.
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Results: Among n=15,333 U.S. children, only 41.2% received all recommended vaccine doses
on-time by age 19 months. Approximately 20.9% of children had an undervaccination pattern
suggestive of parental vaccine hesitancy, and 36.2% had other undervaccination non-hesitancy
patterns. Uninsured children and those with lower levels of maternal education were more likely
to exhibit undervaccination patterns suggestive of parental hesitancy. Lower levels of maternal
education were also associated with other non-hesitancy undervaccination patterns.

Conclusions: More than half of children in the U.S. are undervaccinated at some point by 19
months of age. Ongoing assessment of vaccine timeliness and immunization schedule adherence
could facilitate timely and targeted public health interventions in populations with high levels of
undervaccination.
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Introduction

Providing vaccines to young children through an established immunization schedule has
prevented millions of illnesses and deaths in the U.S. (1-4). The U.S. Centers for Disease
Control and Prevention’s (CDC) Advisory Committee on Immunization Practices (ACIP)
currently recommends that children receive 10 vaccine series to protect against 14 diseases
in the first two years of life (5). The ACIP recommends that by 19 months of age children
receive four doses of diphtheria-tetanus-acellular pertussis (DTaP), three doses of poliovirus,
one dose of measles-mumps-rubella (MMR), 3 doses of hepatitis B, three or four doses
(depending on the brand) of Haemaophilus influenzae type b (Hib), one dose of varicella,

and four doses of pneumococcal conjugate vaccines (5). This 4:3:1:3*:3:1:4 series is also
known as the combined 7-vaccine series, though the ACIP also recommends vaccinations for
rotavirus, hepatitis A, and influenza during this time frame (5,6).

One metric used by the CDC to annually assess early childhood vaccine coverage is
completion of the combined 7-vaccine series by age 19-35 months (6). As of 2019, the
CDC started reporting this metric for children 24 months of age by birth cohort (7). CDC
assesses this measure at national, state, and some local levels through the annual National
Immunization Survey-Child (NI1S-Child), an annual survey used for monitoring vaccine
coverage among young children in the U.S. NIS-Child data from recent years estimate

that about 70% of U.S. children have received all recommended vaccine doses in the
combined 7-vaccine series by 19-35 months of age (6). However, this metric does not
account for whether or not children received vaccine doses per the schedule recommended
by the ACIP (8,9). Previous studies have shown that over half of U.S. children experience
undervaccination in early childhood, meaning they are late in receiving or do not receive
some or all recommended vaccine doses (8,10,11). Children who are behind on or missing
recommended vaccine doses may be vulnerable to vaccine-preventable diseases (VPDs) and
multiple VPD outbreaks have been linked to children experiencing undervaccination (12,13).

A 2015 National Vaccine Advisory Committee report emphasized the importance of
measuring delays in receiving vaccine doses and recommended more focus on using timely
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vaccination as an indicator of vaccine confidence and a quality measure of immunization
services (14). Previous studies have identified that between 13% and 23% of U.S. children
may be vaccinated per an immunization schedule other than the one recommended by ACIP
(9,15, 16). Several prior studies have used NIS-Child and other vaccination data sources to
identify undervaccination patterns indicative of parental hesitancy, including spreading out
vaccines across multiple visits (“shot-limiting™) and getting some recommended vaccines
series but not others (“selective” vaccination) (9,16-18). However, not all children who fall
behind or are missing vaccine doses fall into one of these patterns indicative of parental
hesitancy (e.g., purposeful delay or refusal of one or more vaccines) (16,19,20). Therefore,
in this study, we also sought to classify other undervaccination patterns not fully captured in
previous work focusing on parental hesitancy.

The objectives of the current study were to 1) measure adherence to the ACIP-recommended
immunization schedule, including timeliness of vaccine receipt, and 2) to quantify the
prevalence of specific patterns of undervaccination among U.S. children ages 0-19

months using a nationally representative sample. Furthermore, we sought to determine
whether socioeconomic, demographic, and other factors were associated with either patterns
indicative of parental hesitancy or other types of undervaccination patterns.

Methods

Data source

We analyzed the 2017 NIS-Child public use data file for the current study (21). NIS-Child is
a nationally representative annual telephone survey (using random-digit dialing) sponsored
by the CDC that serves as the main surveillance system for monitoring early childhood
vaccine coverage in the U.S. (22,23). Survey participants are parents of children ages 19-35
months. The survey includes a parent/guardian interview followed by a mailed questionnaire
to the child’s medical providers to collect verified immunization histories for all vaccine
doses the child received. Multi-stage weighting that accounts for sampling rate variation,
nonresponse bias, and representativeness of the sample relative to the target population is
used to ensure that data collected from the survey sample can be analyzed to represent
vaccine coverage at national and state levels (22-24). More detail on NIS-Child sampling
and weighting procedures have been previously published (24).

Per University of Montana Institutional Review Board protocol for secondary analysis of
publicly available datasets, no review was required.

Study sample

The complete 2017 NIS-Child sample includes children who were ages 19—-35 months at
the time of household interview and from all 50 states, Washington, D.C., and Guam. Per
NIS-Child recommendations for estimating vaccine coverage (25), we restricted our sample
to the 15,333 children living in the U.S. (excluding territories) who had provider-verified
vaccination data.
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Vaccine series completion

The 2017 NIS-Child public use file includes variables that report the child’s age in days at
each vaccination. We used these variables to estimate vaccine coverage at age 19 months,
including whether or not children had received all recommended vaccine doses for the
combined 7-vaccine series by age 19 months. As the ACIP recommends that all vaccine
doses in the combined 7-vaccine series be completed by age 19 months, our study assessed
vaccine timeliness and undervaccination patterns by this milestone. Additionally, the NIS-
Child public use data file only reports three broad age categories for children based on their
age when their parent/guardian was surveyed: 19-23 months, 24-29 months, and 30-35
months. By measuring vaccine coverage through 19 months of age, we were able to include
all 15,333 children in our analytic sample. We also presented the percentage of children who
had completed the following vaccine series by age 19 months: two doses of influenza, two or
three doses (depending on the brand) of rotavirus during early childhood, and two doses of
hepatitis A vaccines.

Vaccine timeliness

Using NIS-Child variables that provide the age in days at time of vaccination for each dose
reported, we were able to calculate days undervaccinated (8-11) for each vaccine series

in the combined 7-vaccine series through 19 months of age. Days undervaccinated is the
difference between the age in days when a child received a vaccine dose and when the child
should have received the dose per ACIP recommendations (8—11). For our calculations, days
undervaccinated began accruing 30 days after a given dose was due. Details on the days
undervaccinated calculations used in this study can be found in Table 1.

Undervaccination patterns

We identified patterns of vaccination in the 2017 NIS-Child provider-verified sample.
These patterns were assessed in a hierarchical manner, so that children were only reported
within one group. First, we identified children with 0 days undervaccinated; these children
received all vaccines on-time, per the ACIP schedule. Then, among children with >1 day
undervaccinated, we identified three undervaccination patterns that have been previously
found to be indicative of parental vaccine hesitancy: restrictive shot-limiting, defined as
having at least 6 immunization visits with <3 vaccines at each visit before age 19 months
(16,19), episodic shot-limiting, defined as having at least one immunization visit with 2

or fewer vaccines before age 15 months and no more than 2 immunization visits with 3

or more vaccines (17,19), and selective vaccination, defined as the child not starting at
least one series in the combined 7-vaccine series before age 19 months (16,19). For the
restrictive and episodic shot-limiting patterns, we considered all vaccine doses given on the
same day, including those in the combined 7-vaccine series, as well as influenza, hepatitis A,
and rotavirus (which is an orally-administered vaccine) doses. Combination vaccines were
considered as one “shot” for assessing these shot-limiting patterns.

The next group identified were children who did not receive any doses of vaccines in the
combined 7-vaccine series before age 3 months, which was classified as a delayed start
pattern of undervaccination (19). While delayed start of vaccination could be due to parental
choice to wait on initiating vaccine series, other reasons, such as illness with high fever
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or inability to access an immunization provider in time, may also influence this pattern.
Therefore, we did not include children in the de/ayed start pattern in the group of patterns
indicative of parental hesitancy described above, or in the group of other undervaccination
patterns described next.

The remaining children in the dataset could be classified into two other undervaccination
patterns: missing doses, which included children who had started all recommended series
in the combined 7-vaccine series but were missing some doses needed for completion,
and children who had received all doses, some or all late, indicating that they completed
all recommended doses by age 19 months, but they received some or all doses later than
recommended age(s) (19).

Data analysis

We described the population demographics and characteristics as well as vaccine coverage
measures through age 19 months for the 2017 NIS-Child provider-verified sample. Using
days undervaccinated calculations for individual vaccine series and the combined 7-vaccine
series as a whole, we reported the number and percentage of children who 1) received all
recommended vaccine doses on time, 2) received all recommended vaccine doses by 19
months but not all doses were received on time, and 3) those that did not complete all
recommended vaccine doses by 19 months. Additionally, we reported the mean and standard
error (SE), and the median and interquartile range (IQR), of days undervaccinated for each
series and for the combined 7-vaccine series overall.

We also presented the number and percentage of children in each undervaccination pattern
described above. Within each pattern, we calculated the mean (SE) and median (IQR) for
the average number of days undervaccinated (ADU) at age 19 months (8,10). For ADU, we
calculated the numerator as the sum of the number of days undervaccinated across series

in the combined 7-vaccine series, and the denominator as the weighted sum of the number
of vaccine series that should have been received by age 19 months (10,18,19). Since our
analyses focused on the combined 7-vaccine series, the denominator was seven vaccines,
weighted for the number of days that the child should have been vaccinated with those series
through age 19 months. Additionally, we presented the number and percentage of children in
each pattern that completed the combined 7-vaccine series by age 19 months.

We performed two separate multivariable log-linked binomial regression models. In one
multivariable model, we estimated the association between demographic, socioeconomic and
other characteristics and the outcome of being undervaccinated per a pattern indicative of
parental hesitancy, which included the restrictive shot-limiting, episodic shot-limiting, and
selective vaccination patterns as one group. The other multivariable model examined the
outcome of being vaccinated per another pattern not indicative of parental hesitancy, which
included starting all recommended series but missing doses and children who had received
all doses, but some or all doses were late. The covariates in both models were identified a
priori and included children’s age (at time of household interview) category, sex, combined
race and ethnicity, census region, insurance status, types of immunization clinics accessed,
history of receiving WIC benefits, and maternal education. In these multivariable analyses,
we excluded 290 observations that were missing data for immunization clinic type. We
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conducted tests for multicollinearity in the two multivariable models (26). Unadjusted and
adjusted prevalence ratios (PRs) and 95% confidence intervals (Cls) were reported.

All study analyses were conducted using SAS 9.4 (Cary, NC) and accounted for the
stratified design and weighting of NIS-Child using SAS survey procedures. In the
current study, we presented weighted proportions, means, and prevalence ratios (PRs) as
appropriate.

NIS-Child received a 26.1% overall (51.9% for landlines and 25.0% for cellphones)
response rate to the 2017 telephone interview portion of the survey and adequate provider-
reported vaccination data were available for 15,333 (53.9%) of children with a completed
household interview (6). Overall, about 51.2% of children were male (Table 2). The majority
of children were non-Hispanic White (47.0%), followed by children that were Hispanic,
any race (26.8%). Non-Hispanic Black children accounted for 12.8% of the population.
Most (55.7%) children had records indicating they accessed only private facilities for
immunizations and about 53% had a history of ever receiving WIC benefits. The most
common maternal education level was a college graduate education (37.7%), followed by
more than 12 years of education, with no college graduation (22.4%). The percent of
children that had completed all recommended doses for individual vaccine series in the
combined 7-vaccine series by age 19 months ranged from 69.2% for DTaP and 90.3% for
poliovirus, with 57.2% having completed the entire combined 7-vaccine series.

Timeliness of vaccine receipt

For vaccines in the combined 7-vaccine series, 7,139 children (41.7%) received all doses on
time, 2,218 (15.6%) received all doses but some or all were late, and 5,976 (42.7%) were
missing some or all doses required to complete one or more series by age 19 months (Table
3). Overall, 350 (1.5%) children received no vaccines through age 19 months. Among the
individual vaccine series, the hepatitis B vaccine series (3 doses) had the highest percentage
(83.1%) of children that received all doses on time. Vaccine series with four doses had lower
percentages of children with on-time series completion, with the DTaP vaccine series having
the lowest (56.1%).

In the cohort overall, for each of the individual vaccine series in the combined 7-vaccine
series, children had a median of 0 days undervaccinated. Most individual vaccine series had
an interquartile range of 0 days undervaccinated, with the exception of the four-dose series:
DTaP (0-19.7 days), Hib (0-36.3 days), and pneumococcal (0-49.7 days). The median
number of days children were undervaccinated for any vaccine by 19 months of age was also
0 (IQR=0-135.6 days).

Patterns of undervaccination

While 7,139 (41.7%) children received all vaccines on time, 3,025 children (20.9%)

had >1 day undervaccinated and had an undervaccination pattern indicative of parental
choice to delay or refuse vaccination (Figure 1). Specifically, 761 (5.3%) and 583 (4.4%)
children were categorized as falling into restrictive and episodic shot-limiting patterns of
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vaccination, respectively. Selective vaccination was identified in 1,681 (11.2%) children.
Other undervaccination patterns not indicative of parental hesitancy were identified in 5,044
(36.2%) children (Figure 1), including 3,118 (22.6%) who started all recommended series
but were missing dose(s) needed to complete series, and 1,926 (13.6%) who had completed
recommended series by age 19 months, but some or all doses were received late.

Among patterns of undervaccination, mean ADU was highest for those with a delayed start
at 264.4 days (SE=39.2), followed by those with selective vaccination patterns at 250.2
days (SE=7.6) (Table 4). Mean ADU was lowest for those who completed all recommended
series, but some or all doses were late at 23.6 days (SE=1.1). Only 24.3% and 10.4% of
children with a restrictive shot-limiting and episodic shot-limiting patterns, respectively, had
completed the combined 7-vaccine series by 19 months of age.

Factors associated with undervaccination patterns indicative of parental hesitancy

Factors associated with increased likelihood of exhibiting undervaccination patterns
indicative of parental hesitancy included living in the Northeast (aPR=1.36, 95% CI:
1.18-1.56) compared to those located in the South, after adjusting for other population
demographics and characteristics in our multivariable model. Compared to children with
private insurance only, children with any Medicaid (aPR=1.31, 95% ClI: 1.06-1.62) or no
insurance (aPR=2.27, 95% CI: 1.78-2.88) had significantly higher likelihood of exhibiting
undervaccination patterns indicative of parental vaccine hesitancy as well. Children with
vaccine providers that were all hospital-based facilities (aPR=1.28; 95% CI: 1.03-1.60),
compared to all public facilities, were also more likely to have undervaccination patterns
indicative of parental hesitancy. Compared to children with mothers who were college
graduates, having only 12 years of education (aPR=1.28; 95% ClI: 1.04-1.57) was associated
with increased likelihood of undervaccination patterns indicative of parental hesitancy
(Table 5).

Factors associated with other undervaccination patterns

After adjusting for covariates in our multivariable model, insurance status such as any
Medicaid (aPR=1.22, 95% CI: 1.07-1.39) or “other” insurance (aPR=1.27, 95% CI:
1.10-1.47) remained positively associated with other undervaccination patterns, which
included starting all but not completing all recommended vaccine series and completing

all recommended series but receiving some or all doses late. Additionally, children who
ever received WIC benefits were also more likely (aPR= 1.15, 95% CI: 1.02-1.30) to be
identified as exhibiting these patterns as compared with children who had never received
WIC or whose previous WIC benefit status was unknown. Children with mothers who had
<12 years of education, compared to those with mothers who were at least college graduates,
had increased likelihood of exhibiting these undervaccination patterns (aPR=1.17, 95% CI:
1.01-1.36) (Table 6).

Discussion

In this study, we provided a comprehensive assessment of both vaccine timeliness and
undervaccination patterns in U.S. children ages 0-19 months. Using data from the nationally
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representative 2017 NIS-Child survey, we found that only 41.7% of U.S. children received
all vaccines on time for all recommended doses in the combined 7-vaccine series by age

19 months. Patterns of undervaccination indicative of parental choice to delay, spread out,
or refuse vaccines were identified in 20.9% of U.S. children. While a previous analysis

of undervaccination patterns with NIS-Child 2014 data focused on patterns indicative of
parental hesitancy (16), we also categorized other undervaccination patterns. We found that
in 2017, 36.2% of U.S. children had other undervaccination patterns, such as missing doses
needed to complete multi-dose series or having received all recommended doses with some
or all of the doses late.

Delay in receiving vaccines in early childhood is a documented concern in the U.S., both
nationally and at the state level (14). Similar to our finding that over half of U.S. children in
2017 were undervaccinated by age 19 months, other studies using earlier years of NIS-Child
surveys also found that undervaccination is common in young children. A previous study of
2003 NIS-Child data found that 3 in 4 U.S. children were late in receiving recommended
vaccine doses at some point before age 24 months (8). A study of the 2012 NIS-Child
sample found that 39% of children were undervaccinated for 7 months or more (11). In an
analysis of 2014 NIS-Child data that investigated patterns of vaccination for the combined
7-vaccine series and the recommended doses of hepatitis A and rotavirus through 24 months
of age, Hargreaves and colleagues found that 23% of children were undervaccinated per

an “alternative” schedule, which included shot-limiting and selective vaccination patterns
(16). Our current study sought to quantify the prevalence of undervaccination patterns with
a more recent survey year, and to distinguish undervaccination patterns indicative of parental
hesitancy from other undervaccination patterns.

While previous analyses of undervaccination patterns have largely focused on patterns
indicative of parental hesitancy (9,15-19), children also experience vaccine delay due to
reasons unrelated to hesitancy. The other patterns described in this study, including starting
all series but missing final dose(s) and completing all series but late for some or all

doses, may indicate other challenges preventing children from timely access to vaccine
services. Furthermore, these patterns had the lowest mean ADU (45.4 days for those missing
doses and 23.6 days for those who completed all doses, with some or all late) among

all undervaccination patterns. A recent study that linked parents’ survey responses with
immunization data from electronic health records showed that higher ADU (>61 days) was
associated with medium or high levels of parental hesitancy, while lower ADU levels were
associated with low or no parental hesitancy (18). Therefore, the undervaccination patterns
of starting all series but missing final dose(s) and completing all series but being late in
receiving some or all doses likely indicate barriers to timely vaccination other than parental
hesitancy. There are a range of other barriers to accessing immunization services, including
transportation barriers, a lack of immunization providers in medically-underserved areas,
and parents not knowing when to bring children in for vaccines (27-29). Moreover, children
may not be vaccinated on time if they were ill with a high fever during a well-child visit, or
if their immunization clinic experienced a vaccine shortage.

Our finding that 20.9% of U.S. children were undervaccinated per patterns indicative of
parental vaccine hesitancy is in line with earlier NIS-Child research (16,30,31), but higher
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compared to similar analyses in managed care populations (9) and surveys of parents
(32,33). However, these studies all used different ways of measuring parental hesitancy

and use of alternative schedules, limiting direct comparisons of results. To date, there has
been no consistent tracking of the prevalence of children undervaccinated due to parental
hesitancy in the U.S., which is vital for planning strategic public health interventions to
target barriers to vaccination (14). Vaccine refusal, delayed vaccination, and missed doses all
lead to an increased risk of VPDs (34-37). However, while parental refusal to vaccinate has
been linked to measles and pertussis outbreaks across the U.S., a systematic review found
that other barriers also play a role in VVPD risk (13). Simply being behind on recommended
4-dose DTaP series, for any reason, is associated with increased pertussis risk, compared

to children receiving vaccines on time (13). This is relevant to the current study’s finding
that 22.6% of U.S. children initiated all vaccine series but were missing doses needed to
complete multi-dose series. Previous studies have also found that missed opportunities to
vaccinate and missed well-child visits have been obstacles to on-time series completion for
multi-dose series, particularly the fourth DTaP dose (38,39).

Results from our multivariable models suggest that certain population demographics

and characteristics may play a role in which children are more vulnerable to having
undervaccination patterns that we identified in this study (9,15,16). Other studies examining
NIS-Child data have also found similar associations between some of these factors, such as
insurance status, vaccine provider facility type, and maternal education, and the likelihood
of a child engaging in “alternate” or “unknown” vaccination patterns (16), as well as the
likelihood of completing recommended immunization series (16,40,41). Our models indicate
that some of these factors may play a role in undervaccination in general, whether it is due to
parental hesitancy or other barriers. As compared to children with private insurance, children
with any Medicaid were more likely to have an undervaccination pattern indicative of
parental hesitancy and were also more likely to have an undervaccination pattern indicative
of other barriers. Being uninsured was strongly associated with undervaccination patterns
indicative of parental hesitancy. Parents and guardians of children with Medicaid or no
insurance may be less likely to have consistent access to a regular primary care provider, and
thus could be less likely to develop a trusting, long-term relationship with an immunization
provider, which can impact vaccine education and confidence (42-45). Having Medicaid
may also reflect a range of other barriers, such as transportation obstacles, that prevent
timely vaccination at the multiple visits recommended in the first two years of life.

Similarly, our models showed that lower maternal education was associated with patterns
indicative of both parental hesitancy (mothers with only 12 years of education compared

to college graduates) and other barriers (mothers with <12 years compared to college
graduates). Parental education is known to have conflicting associations with parental
vaccine hesitancy in the existing literature (46). Data from the 2009 NIS-Child, which
included questions to parents about whether they had ever refused or delayed a vaccine dose
for their child, showed that a higher percentage of mothers who were college graduates
reported doing so (30). Multiple studies have also found that parents with less formal
education, or education that was less than 12 years, were more likely to report concerns
about vaccines and their necessity, safety, and efficacy (33,46,47). However, others have
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found that parents with higher levels of education were more likely to be concerned about
vaccines or to refuse them (46,48).

Provider-verified NIS data are the current gold standard for estimating national vaccination
coverage via public health surveillance. However, there are limitations of this data source.
There is potential for selection bias among the telephone survey respondents due to low
response as well as households without access to landlines or cell phones. Additionally,
parents/guardians who are vaccine hesitant may be less likely to participate in a survey about
their child’s immunization history. While this is a limitation, the sophisticated multi-stage
weighting accounts for differences between participating and non-participating households.
Previous examinations of NIS-Child data found that vaccine coverage is lower in weighted
results as compared to unweighted results, suggesting that survey non-response is associated
with lower vaccine coverage (23).

NIS-Child relies on parent/guardian report of all of the child’s vaccine providers, who

are then expected to report and verify the child’s vaccination history. There is potential

for parents/guardians to misreport the complete history of providers, and for providers

to misreport a child’s vaccination history. In the current study, this could lead to
misclassification of vaccine series completion, undervaccination status, and patterns of
undervaccination. While the patterns identified (shot-limiting and selective vaccination)
have been previously shown in prior research to be indicative of parental choice to

delay, spread out, or refuse vaccines, it is still possible that individuals who fell into the
parental hesitancy patterns experienced access barriers, and vice versa, or were misclassified
(9,17,18,31). Provider behavior may also play a role in these patterns in certain cases.
Finally, there are many reasons a child may exhibit undervaccination patterns indicative

of other (non-hesitancy) barriers to receiving immunization services. For the current study,
it is not possible to conclude the exact reasons children fall into these patterns based on
immunization records alone.

Conclusion

Standard coverage metrics do not capture a full picture of immunization schedule
adherence and undervaccination patterns. The systematic application of novel algorithms

to quantify vaccine timeliness and to identify distinct undervaccination patterns can provide
a comprehensive assessment of vaccine confidence and quality of immunization services,
informing actionable steps towards improving early childhood vaccination rates.

Acknowledgements

This work was supported by the National Institute of Allergy and Infectious Diseases of the National Institutes
of Health under Award Number RO1AI165768. Ms. Freeman and Drs. Daley and Newcomer were also supported
by a Center for Biomedical Research Excellence Award (1P20GM130418) from the National Institute of General
Medical Sciences of the National Institutes of Health. The study sponsor did not have any role in the study
design; collection, analysis, and interpretation of data; writing the report; or the decision to submit the report for
publication.

Vaccine. Author manuscript; available in PMC 2023 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Freeman et al.

Abbreviations:

References
1

Page 11
ACIP Advisory Committee on Immunization Practices
ADU average days undervaccinated
Cl confidence interval
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Article highlights

More than half of U.S. children experience undervaccination before 19
months of age

1in 5 children had undervaccination patterns indicative of parental hesitancy

Series completion metrics do not capture a full picture of schedule adherence
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Parental
Hesitancy

Selective
vaccination
11.2%
Delayed
start 1.2%

Missing doses
22.6%

WCompleted all

" recommended
series, but some or
all doses were late
13.6%

Other
Patterns

Figure 1.
Vaccination patterns before age 19 months indicating adherence with the ACIP schedule,

parental vaccine hesitancy, and other barriers too accessing immunization services, U.S.,
2017 National Immunization Survey-Child.
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Specifications for calculating days undervaccinated for vaccine doses in the combined 7-vaccine series

Vaccine dose

Recommended age per ACIP

Minimum
acceptable age in
days, allowing for
4 day grace period

Minimum
acceptable number
of days between
doses, allowing for
4 day grace period

Age in days when
child is considered
late

Diphtheria, tetanus, acellular
pertussis (DTaP)

Dose 1 2 months 38 - 93
Dose 2 4 months 66 24 154
Dose 3 6 months 94 24 215
Dose 4 15-18 months 361 179 580
Inactivated poliovirus (IPV)

Dose 1 2 months 38 - 93
Dose 2 4 months 66 24 154
Dose 3 6-18 months 94 24 580
Measles, mumps, rubella (MMR)

1 dose 12-15 months 361 - 489
Hepatitis B

Dose 1 0-2 months 0 - 93
Dose 2 1-4 months 24 24 154
Dose 3 6-18 months 164 38 580
Haemophilusinfleunzae type b

(Hib) 7€

Dose 1 2 months 38 - 93
Dose 2 4 months 66 24 154
Dose 3 6 months 94 24 215
Dose 4 12-15 months 361 52 580
Varicella

1 dose 12-15 months 361 - 489
Pneumoccocal conjugate ¢

Dose 1 2 months 38 - 93
Dose 2 4 months 66 24 154
Dose 3 6 months 94 24 215
Dose 4 12-15 months 361 52 580

Abbreviations: ACIP, Advisory Committee on Immunization Practices

a . . .
These specifications were adapted from Glanz et al. (reference 9), which were adapted from Luman et al. (reference 8). For our calculations, we

changed the minimum age of the 3" dose of the Hepatitis B birth dose to 164 days from 176 days to account for ACIP guidelines that the final
dose of this series be administered at age 24 weeks or later (24 x 7 days = 168 — 4 day grace period = 164 days) (Newcomer et al., reference 19;

Robinson et al., reference 5).

blf the first two Hib doses are PRP-OMP [PedvaxHib® or Comvax® brands], then a 6-month dose of the vaccine is not required.

Vaccine. Author manuscript; available in PMC 2023 January 31.
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cEven though ACIP recommends the 4t dose of Hib and pneumococcal vaccines at age 12-15 months, we did not consider the 4t doses of

Hib or pneumococcal conjugate vaccines late until age 580 days, which is approximately age 19 months. The combined DTaP-1PV-Hib vaccine
(Pentacel® brand) is recommended to be given at ages 2,4,6 and 15-18 months, and pneumococcal, DTaP-containing, and Hib-containing vaccines
are often concomitantly administered (Glanz et al., reference 9; Newcomer et al., reference 19; Sanofi Pentacel, reference 49).
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Table 2.

Demographic and socioeconomic characteristics, and vaccine coverage at age 19 months, 2017 National
Immunization Survey-Child, United States

Demographic and socioeconomic factors

n (weighted %6)

Total sample with provider-verified immunization records n=15,333

Child’s age at time of survey interview
19-23 months

24-29 months

30-35 months

Child’s sex

Male

Female

Race and Ethnicity

White alone, Non-Hispanic
Black alone, Non-Hispanic

All other races alone and multiple races,
Non-Hispanic

Any race, Hispanic

Census Region

South

Northeast

Midwest

West

Insurance status

Private Insurance only

Any Medicaid

Other Insurance

Uninsured

Vaccine provider facility type
All public facilities

All hospital facilities

All private facilities

All military/other facilities
Mixed Types

Missing

Child ever received WIC benefits
Yes

Not Yes?

Maternal Education

< 12 Years

12 Years

> 12 years, Non-college Grad

4,518 (30.0)
4,540 (33.9)
6275 (36.1)

7,819 (51.2)
7,514 (48.8)

8,958 (47.0)
1,102 (12.8)
2,104 (13.3)
3,169 (26.8)

6,012 (39.1)
2,986 (15.7)
3,071 (20.7)
3,264 (24.4)

7,843 (41.6)

5,714 (47.8)
1,337 (7.8)
439 (2.7)

1,708 (13.0)
2,396 (13.7)
8,318 (55.7)
398 (3.6)
2,223 (13.9)
290

6,392 (53.0)
8,941 (47.0)

1,639 (16.0)
2,503 (23.8)
3,639 (22.4)
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Demographic and socioeconomic factors

n (weighted %6)

Total sample with provider-verified immunization records n=15,333

College Grad

7,552 (37.7)

Vaccine coverage by age 19 months

Vaccines in combined 7-vaccine series:

Poliovirus, 3 doses
Measles-mumps-rubella, 1+ doses
Haemophilus Influenzae type b (Hib), 2—-3 doses
Hepatitis B, 3+ doses
Varicella, 1+ doses
Pneumococcal conjugate, 4+ doses
Combined 7-vaccine series
Other vaccines recommended by
ACIP:
Rotavirus, 2-3 doses
Hepatitis A

1 dose

22 doses
Influenza

>1 dose

2+ doses

Diphtheria-tetanus-acellular pertussis (DTaP), 4+ doses

11,095 (69.2)
14,021 (90.3)
13,577 (88.3)
11,457 (72.7)
13,665 (88.2)
13,354 (87.0)
12,118 (76.9)
9,357 (57.2)

11,562 (71.0)

8,225 (54.8)
4,167 (24.9)

10,488 (65.0)
8,481 (51.0)
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Factors associated with patterns of undervaccination indicative of parental hesitancya by 19 months of age,

n=15,333
- o -
Prevalence Ratio (95% CI) Unadjusted Prevalence Ratio (95% CI) Adjustedb
Child’s sex
Male Referent Referent
Female 0.93 (0.82-1.05) 0.92 (0.81-1.04)

Race and ethnicity

White alone, Non-Hispanic
Black alone, Non-Hispanic
All other races alone and multiple races, Non-Hispanic
Hispanic

Census region

South

Northeast

Midwest

West

Insurance status

Private Insurance only
Any Medicaid

Other Insurance

Uninsured

Vaccine provider facility type ¢
All public facilities

All hospital facilities

All private facilities

All military/other facilities

Mixed Types

Child ever received WIC benefits

Not Yes d

Yes

Maternal education
College Grad

< 12 Years

12 Years

> 12 years, Non-college Grad

Referent
1.04 (0.88-1.25)
0.92 (0.76-1.10)
0.92 (0.77-1.09)

Referent
1.28 (1.12-1.46)
1.15 (1.01-1.31)
1.04 (0.84-1.29)

Referent
1.25 (1.09-1.44)
1.23 (1.02-1.49)
2.42 (1.98-2.96)

Referent
1.24 (1.00-1.54)
0.99 (0.82-1.20)
1.38 (0.90-2.13)
1.15 (0.91-1.46)

Referent

1.04 (0.92-1.18)

Referent
1.32 (1.09-1.61)
1.34 (1.13-1.57)
1.16 (1.00-1.35)

Referent
1.01 (0.83-1.24)
0.92 (0.77-1.09)
0.87 (0.71-1.05)

Referent
1.36 (1.18-1.56)
1.15 (1.00-1.33)
1.12 (0.90-1.39)

Referent
1.31 (1.06-1.62)
1.17 (0.93-1.47)
2.27 (1.78-2.88)

Referent
1.28 (1.03-1.60)
1.11 (0.90-1.36)
1.51 (0.98-2.31)
1.22 (0.96-1.56)

Referent

0.85 (0.70-1.03)

Referent
1.28 (0.97-1.68)
1.28 (1.04-1.57)
1.10 (0.92-1.31)

a . . - - - -
Patterns of undervaccination indicative of parental hesitancy included restrictive shot-limiting, episodic shot-limiting, and restrictive vaccination

patterns

bEstimates are adjusted for all other variables in the table and age group of child at time of survey (19-23 months, 24—29 months, 30-35 months)

290 observations were excluded due to missing values for vaccine provider facility type
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a .
Not yes includes no, do not know, never heard of WIC, and refused to answer responses
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Factors associated with patterns of undervaccination indicative of other barriers® by 19 months of age,

Table 6.
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n=15,333
- o -
Prevalence Ratio (95% CI) Unadjusted Prevalence Ratio (95% CI) Adjustedb
Child’s sex
Male Referent Referent
Female 1.02 (0.93-1.11) 1.00 [0.92-1.09)

Race and ethnicity

White alone, Non-Hispanic
Black alone, Non-Hispanic
All other races alone and multiple races, Non-Hispanic
Hispanic

Census region

South

Northeast

Midwest

West

Insurance status

Private Insurance only
Any Medicaid

Other Insurance

Uninsured

Vaccine provider facility type ¢
All public facilities

All hospital facilities

All private facilities

All military/other facilities
Mixed Types

Child ever received WIC benefits

Not Yes d

Yes

Maternal education
College Grad

< 12 Years

12 Years

> 12 years, Non-college Grad

Referent
1.32 (1.15-1.51)
1.10 (0.95-1.26)
1.26 (1.13-1.40)

Referent
0.94 (0.85-1.04)
0.92 (0.84-1.01)
1.07 (0.94-1.23)

Referent
1.50 (1.36-1.65)
1.40 (1.22-1.60)
1.06 (0.84-1.34)

Referent
0.84 (0.73-0.96)
0.75 (0.67-0.85)
0.83 (0.62-1.12)
0.79 (0.68-0.92)

Referent

1.46 (1.33-1.59)

Referent
1.51 (1.34-1.71)
1.36 (1.21-1.53)
1.26 (1.12-1.41)

Referent
1.11 (0.97-1.27)
1.02 (0.89-1.17)
1.01 (0.90-1.12)

Referent
0.99 (0.89-1.09)
0.96 (0.87-1.05)
1.10 (0.96-1.26)

Referent
1.22 (1.07-1.39)
1.27 (1.10-1.47)
0.98 (0.77-1.24)

Referent
0.94 (0.82-1.09)
0.89 (0.79-1.01)
0.90 (0.67-1.22)
0.88 (0.76-1.03)

Referent

1.15 (1.02-1.30)

Referent
1.17 (1.01-1.36)
1.08 (0.95-1.23)
1.05 (0.93-1.19)

a T Lo . . - . . .
Patterns of undervaccination indicative of other barriers including starting all series but missing doses needed to complete series, and completing

all series by age 19 months but receiving some or all doses late

bEstimates are adjusted for all other variables in the table and age group of child at time of survey (19-23 months, 24-29 months, 30-35 months)
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290 observations were excluded due to missing values for vaccine provider facility type

a .
Not yes includes no, do not know, never heard of WIC, and refused to answer responses
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