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ABSTRACT

OBJECTIVE. An opportunity exists to use increasingly prevalent electronic health
records to efficiently gather immunization, clinical, and demographic data to assess
and subsequently reduce barriers to immunization. The objective of this study was
to use data entered at the point of care within an electronic health record to identify
factors that predispose children in an inner-city population to immunization delay.

METHODS. Retrospective cohort data from an electronic health record were used to
evaluate the association between demographic, clinical, and immunization vari-
ables on immunization delay at 24 months. Patients 2 to 5 years old as of May 31,
2003, with an office visit between May 31, 2002, and May 31, 2003, were selected
(N = 5464). Univariate and multivariable models were developed to predict
vaccination delay at 24 months per the Advisory Committee on Immunization
Practices guidelines.

RESULTS. Overall up-to-date immunization rates at 3, 7, 13, and 24 months were 75%,
45%, 82%, and 71%. Multivariable models using electronic health record data
showed that early immunization status was the strongest predictor of immunization
delay at 24 months. Multivariate analysis revealed that children who were inade-
quately immunized at 3 months of age were more than 4.5 times as likely to be
immunization delayed at 24 months. In this analysis, patient and caregiver factors
associated with immunization delay included insurance status and nonparent care-
giver. Children who were premature were less likely to be delayed.

CONCLUSIONS. Using an electronic health record with information entered at the point
of care, we found that early immunization status is a strong predictor of immu-
nization delay for young children that can be identified as early as 3 months of age.
Electronic health records may prove useful to clinicians and health systems in
identifying children at high risk for immunization delay.
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DTP— diphtheria-tetanus-pertussis
DTaP— diphtheria-tetanus-acellular
pertussis
MMR—measles-mumps-rubella
Hib—Haemophilus influenzae type b
4:3:1:3:3—4 DTP/DTaP, 3 polio, T MMR, 3
Hib, and 3 hepatitis B vaccines

EHR— electronic health record
CHOP—Children’s Hospital of Philadelphia
OR— odds ratio

Cl— confidence interval
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MMUNIZATION RATES HAVE been designated as 1 of 10

leading health indicators for the nation by Healthy
People 2010.' Immunization rates serve as excellent mea-
sures of the quality of pediatric care, because immuni-
zation schedules are standardized, widely accepted, and
optimized to protect children from life-threatening ill-
ness. However, levels of vaccination have not univer-
sally reached goals of 90% coverage, with children in
minority populations at greatest risk of delay.>

Despite the recognized importance of immunizations,
multiple studies have found discrepancies in immuniza-
tion rates between different groups of children. Previous
work has demonstrated that mothers living in poverty
were more than twice as likely to have incompletely
vaccinated children,> and baseline rates among inner-
city children were nearly 20% below those in more
affluent suburbs.* Immunization rates for 4 diphtheria-
tetanus-acellularpertussis (DTP/DTaP); 3 polio; 1 measles-
mumps-rubella (MMR); 3 Haemophilus influenzae type b
(Hib); and 3 hepatitis B vaccines (4:3:1:3:3) at 24 months
of age were >13% lower among black children than
white children in the 2003 National Immunization Sur-
vey for Philadelphia.2 Given these disparities, continued
work is needed to devise strategies to best identify young
children at risk.

With rapid changes in information technology occur-
ring in US health care systems, an opportunity exists to
improve patient outcomes through the application of
medical information gathered as part of routine visits.
Increasingly prevalent electronic health records (EHRs),
which internally maintain immunization records for
each child, represent a promising tool in the character-
ization and reduction of barriers to immunization. The
objective of this study was to use data entered at the
point of care within an EHR to identify factors that
predispose children in an inner-city population to im-
munization delay. By studying the predictive strength of
factors known early in life, this study tests the hypoth-
esis that children at increased risk of immunization delay
at 24 months of age can be identified using EHR data by
3 months of age.

METHODS

Setting and EHRs

The Children’s Hospital of Philadelphia (CHOP) primary
care network consists of 4 urban Philadelphia, Pennsyl-
vania, practices, with a combined total of >72 000 an-
nual visits. Nearly 45 pediatricians and 5 nurse practi-
tioners provide care at these sites. In addition, these
practices are the continuity clinic sites for ~120 pediatric
residents.

All practices in the network began using the EHR
EpicCare (Epic Systems Corporation, Verona, WI) be-
tween June 2001 and June 2002. Demographic and
financial information for patients seen in the health

system before this time was entered into a previous EHR
(IDX; General Electric Company, Fairfield, CT) and
transferred into EpicCare on implementation of the sys-
tem within each practice. Clinical information for pa-
tients seen before EpicCare implementation was ab-
stracted into the EHRs by clinicians for complex patients
or by trained abstractionists for other patients and con-
firmed during the subsequent office visit. Since imple-
mentation, EpicCare has been the sole source of docu-
mentation for all health care encounters and telephone
calls to each practice. The EHR includes patient demo-
graphics, birth, social, family, and past medical history
including problem lists with International Classification of
Diseases, Ninth Revision codes, medication orders, and
laboratory and radiology results.

The immunization database within the EHR provides
a comprehensive record of all vaccines received by a
patient. To ensure that the desired vaccine product is
administered, all orders are dictionary driven and based
on Current Procedural Terminology codes, allowing the
desired immunization to be selected from a menu of
specific options. Furthermore, all ordered immuniza-
tions must be recorded at the point of care for charts to
be completed. Before EpicCare implementation, immu-
nizations were entered at the point of care via another
EHR, TDS 7000 (Eclipsys Corporation, Boca Raton, FL).
These records were then transferred electronically to
EpicCare. When patients were identified as missing vac-
cine doses during routine clinical care, records of previ-
ous vaccinations were obtained from a citywide immu-
nization database and entered by nursing staff or
providers into the EHR. This procedure was followed at
both sick and well visits. For new patients from within or
outside Philadelphia County, vaccine records were also
requested directly from families and their former medi-
cal providers and then entered into the electronic record.

Design and Patient Population

This retrospective cohort study included all patients be-
tween 24 and 60 months of age as of May 31, 2003, with
at least 1 primary care network office visit between May
31, 2002, and May 31, 2003 (N = 5464).

The main outcome measure was up-to-date immuni-
zation status at 24 months of age for DTP/DTaP, polio,
MMR, Hib, and hepatitis B (4:3:1:3:3). The principal
independent variable of interest was immunization de-
lay at 3 months of age. Immunization delay at 7 or 13
months was also considered. Delay was defined accord-
ing to the recommended childhood immunization
schedule and remained consistent throughout the period
under study.>’ To be up-to-date at 3 months of age a
child required at least 1 DTP/DTaP, polio, Hib, and hep-
atitis B vaccine, and to be up-to-date at 7 or 13 months
of age a child required at least 3 DTP/DTaP and 2 polio,
Hib, and hepatitis B vaccines.

Other independent variables studied included patient
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and caregiver characteristics. Patient factors included
gender, race (categorized as white, non-Hispanic black,
Hispanic, Asian, and other), chronic medical problems,
and insurance type as of the last office visit during the
study period (categorized as commercial, Medicaid, self-
pay, or other). The chronic conditions considered were
defined by a previously published list, identified from
the EHR problem list, and include sickle cell disease,
cerebral palsy, prematurity, congenital heart disease,
and congenital or chromosomal anomalies.® Patients
with each of these conditions command increased atten-
tion in outpatient pediatric practice, and each problem is
present at birth and, therefore, precedes any vaccina-
tion. Caregiver characteristics studied included relation
to the patient as of the last visit (defined as mother,
father, or other and captured by the office registration
staff), age (=20 or >20 years of age), and income de-
rived from census tract data based on 5-digit zip codes
and divided into lowest quartile, middle 50%, and high-
est quartile for Philadelphia. For the income scale, the
lowest group had family incomes of or less than $21 329,
the middle group had incomes between $21 329 and
$30 099, and the highest group had incomes of more
than $30 099.

Statistical Analysis

Demographic, clinical, and immunization status vari-
ables were described by using proportions. In the first
phase of the analysis, the relationship between individ-
ual independent variables and immunization status at 24
months of age was determined by using unadjusted rel-
ative risks. To specify the absolute increase in risk of
immunization delay at 24 months for each independent
variable, the attributable risk of immunization delay was
calculated. The attributable risk was defined as the risk
of delay at 24 months in those with the variable of
interest minus the risk in all others or, where specified,
minus the risk in the reference group (for variables such
as race and insurer).

We next developed 4 logistic-regression models to
predict vaccination delay at 24 months of age. A model
that included all demographic and clinical variables, as
well as immunization status at 3 months, was the central
focus of the analysis. For comparison, we developed a
base model with all demographic and clinical variables
but no previous immunization status, as well as 2 addi-
tional models that added immunization status at either 7
or 13 months to the base model. The log-likelihood ratio
statistic was used to evaluate the overall significance of
the models, and the C statistic was calculated to explain
the discriminative ability of each model. To ensure that
minimal bias was introduced by the implementation of
the EHR during the study period, a limited analysis was
performed by using these models with only patients <36
months of age.

To validate the multivariable models, patients were
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randomly assigned to a derivation or validation data set.
The multivariable models were initially built by using
the derivation data set and then applied to the validation
set. After testing for differences in model parameters
between data sets and not finding significant ones (P
value for likelihood ratio test = .40), the 2 data sets were
combined for the estimation of the final models.

The study was approved by the institutional review
board of CHOP.

RESULTS

Study Population

A total of 5464 patients met inclusion criteria. The co-
hort was nearly equally divided between males (53%)
and females (47%). The vast majority of patients iden-
tified themselves as black (85%); white children com-
prised 8%, and Asian/Pacific Islander children 1% of the
study cohort. The majority of patients were insured by
Medicaid (67%), 4% had one of the chronic medical
conditions considered, and 7% had a nonparent listed as
the primary caregiver.

Immunization Rates

Overall up-to-date immunization rates for the entire
study sample at 3, 7, 13, and 24 months were 75%,
45%, 81%, and 71%, respectively. If the population was
limited to children born between June 1, 2000, and May
31, 2001 (the youngest patients in the cohort), rates at 3,
7, 13, and 24 months were similar (78%, 44%, 81%,
and 74%, respectively).

Predictors of Immunization Delay at Age 24 Months

In the univariate analysis (Table 1), early immunization
delay was most strongly associated with delay at 24
months of age. In particular, children with immuniza-
tion delay at 3 months of age were 2.6 times more likely
to be delayed and had a 34% absolute increase in risk of
immunization delay at 24 months of age. Patient and
caregiver characteristics were overall less strongly asso-
ciated with immunization status at 24 months of age.
However, children in the “other” race category, with
sickle cell disease, Medicaid, no insurance, or “other”
insurance, or a nonparent as the primary caregiver were
significantly more likely to have immunization delay at
24 months. Prematurity was associated with improved
immunization rates.

Results of the multivariable model including immu-
nization status at 3 months of age (Table 2) demonstrate
similar findings. Among patient and other caregiver fac-
tors, “other” race, no insurance or “other” insurance,
and having a nonparent caregiver were associated with
immunization delay, and prematurity with improved
immunization rates at 24 months of age. In this analysis,
immunization delay at 3 months remained most strongly
predictive of delay at 24 months of age (adjusted odds
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TABLE 1  Univariate Analysis of Factors Available in an EHR Associated With Immunization Delay at 24 Months of Age (N = 5464)
Variable No. of Percentage of Immunization Delay Relative Risk Attributable Risk
Patients Cohort at2y, % (95% Cl)2 (95% Cl)b
Immunization status
Immunization delay at 3 mo 1354 24.8 54.4 264 (24510 2.86) 0.34(031t00.37)
Patient
Male 2887 528 2838 0.99(0.91101.07) 0.00 (—0.03t0 0.02)
White 421 7.7 249 Reference Reference
Non-Hispanic black 4662 85.3 29.0 1.16 (0.98 t0 1.38) 0.04 (—0.01 t0 0.08)
Hispanic 61 1.1 295 1.18 (0.78 to 1.80) 0.05(— 008t0017)
Asian 71 13 296 1.19(0.80t0 1.76) 0.05(=0.07t00.16)
Other 249 4.6 341 1 37(1.08t01.74) 0 O9 (0.02t00.16)
Sickle cell disease 16 03 50.0 73(1.06102.83) 21(—0.03t00.46)
Cerebral palsy 19 04 263 0.91 (04310 1.93) *O 03 (— O 22 t00.17)
Prematurity 116 2.1 14.7 0.50(0.32t0 078) —0.15(=0.21to —0.08)
Congenital heart disease 37 0.7 243 0.85(0.52t0 1.38) —0.05(— 9 t00.09)
Congenital or chromosomal anomalies 49 09 24.5 0.85(0.5210 1.38) —0.04 (— 7t0008)
Commercial insurance 1495 274 253 Reference Reference
Medicaid insurance 3663 67.0 296 1.17 (1.06 t0 1.30) 0.04 (0.02t00.07)
Self-pay 267 49 378 1.50(1.25t0 1.79) 0.13(0.06t00.19)
Other insurance 39 0.7 436 1.72(1.19t0 2.49) 0.18 (0.03t0 0.34)
Primary caregiver
Mother 4477 819 282 Reference Reference
Father 608 11.1 27.8 0.99(0.86t0 1.13) 0.00 (—0.04t00.03)
Nonparent 379 6.9 396 140 (1.23 t0 1.60) 0.11(0.06t0 0.16)
<20yold 1142 209 29.0 1.00(0.90t0 1.11) 0.00 (—0.03t0 0.03)
Top quartile income© 1272 233 29.2 Reference Reference
Middle 50% income 2691 492 29.2 1.00(0.90to 1.11) 0.00 (—0.03t0 0.03)
Bottom quartile income 1501 27.5 282 0.97 (0.86 10 1.09) 0.00(—0.041t00.03)

2 Unadjusted relative risk represents a comparison between those with the variable of interest and all other patients in the cohort or reference patients in the cohort where indicated.
b Attributable risk is the risk in those with the variable of interest minus the risk in all others or reference patients where indicated.

< Refers to income level of census tract based on 5-digit zip code.

ratio [OR]: 4.54; 95% confidence interval [CI]: 3.98 to
5.19). To address the potential for bias in data entry over
time, models were developed that included only patients
<36 months of age as of May 31, 2003. The association
between early immunization delay and vaccination sta-
tus at 24 months was unchanged.

Analyses were performed on each of 4 multivariate
models to assess their predictive strength. A base model
that incorporated patient and caregiver factors but had
no immunization variables had a C statistic of 0.56. The
discriminative ability of the models that included immu-
nization delay at 3, 7, or 13 months improved apprecia-
bly on the base model, with C statistics of 0.68, 0.71, and
0.77, respectively. Furthermore, 3 models that included
only 1 factor (immunization status at 3, 7, or 13 months)
had C statistics of 0.65, 0.69, and 0.75, respectively,
nearly matching that of the full 3-, 7-, and 13-month
models.

DISCUSSION

As EHRs become increasingly common in pediatric set-
tings, study of their potential in understanding key
markers of health such as immunization status is war-
ranted. To our knowledge, this study represents the only
work to date to comprehensively study factors associated
with immunization delay for routine pediatric vaccina-

tions in young children using this technology. Through
the example of early childhood vaccination, the results
from this project highlight the utility and limitations of
an EHR as a research tool and its potential impact in
identifying from an early age children at high risk for
adverse health outcomes.

In this study, among a broad range of patient-, care-
giver-, and immunization-specific predictors, one factor
(early immunization delay) was the most important fac-
tor predicting being up-to-date at 24 months. Even ad-
justing for all factors considered, children with delay at 3
months were >4.5 times more likely than other children
to be delayed at 24 months. Because delayed early vac-
cination status is easily identified and has proven to be
predictive of incomplete immunization in multiple set-
tings, it could be used as a practical marker for providers
to target outreach to patients at highest risk.>-* Begin-
ning these interventions at an early age is especially
important, because visits are most frequent during the
first year of life. More broadly, efforts to improve immu-
nizations rates may have far-reaching consequences in
improving the overall delivery of preventive services to
young children.>1516

Supporting the validity of the EHR as an immuniza-
tion research tool, the results obtained from this study
match those of previous studies that have used a variety
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TABLE2 Multivariate Regression Analysis of Factors Associated With Immunization Delay at 24 Months of Age (N = 5464)

Variable Base Model Base Model With 3-mo Immunization Status
Adjusted OR 95% Cl Adjusted OR 95% Cl
Immunization status
Immunization delay at 3 mo Excluded from model Excluded from model 4.542 3.98-5.19
Patient
Male 0.98 0.87-1.10 0.97 0.86-1.10
White Reference Reference
Non-Hispanic black 1.18 0.93-1.51 1.26 0.97-1.62
Hispanic 121 0.66-2.20 1.34 0.71-2.51
Asian 127 0.72-2.22 1.40 0.78-2.52
Other 1.48¢ 1.04-2.10 1.50¢ 1.03-2.16
Sickle cell disease 2.20 0.82-5.90 2.50 0.89-7.04
Cerebral palsy 1.10 0.39-3.15 0.73 0.25-2.18
Prematurity 0.402 0.24-0.68 0.402 0.23-0.68
Congenital heart disease 0.86 0.40-1.84 0.78 035-1.73
Congenital or chromosomal anomalies 0.81 0.42-1.58 0.82 041-1.65
Commercial insurance Reference Reference
Medicaid insurance 1.240 1.06-1.44 1.08 0.92-1.26
Self-pay 1.782 1.35-2.35 1.53b 1.14-2.05
Other insurance 2.24¢ 1.17-4.28 2.02¢ 1.01-4.02
Primary caregiver
Mother Reference Reference
Father 1.09 0.89-1.34 0.98 0.79-1.21
Nonparent 1.63? 1.31-2.03 1390 1.10-1.76
<20y old 1.01 0.87-1.17 1.03 0.88-1.21
Top quartile income Reference Reference
Middle 50% income 0.99 0.85-1.15 1.01 0.86-1.18
Bottom quartile income 092 0.78-1.09 0.96 0.80-1.15
C statistic 0.56 0.68
2P < 001.
bp< 01
<P < 05.

of retrospective and prospective strategies to identify
predictors of immunization delay in high-risk popula-
tions. Consistent with previous studies, we found that
insurance status and family structure are associated with
immunization status.>!*718 In our study, having a non-
parent as the primary caregiver for a child compared
with the mother increased the risk of immunization
delay at 2 years of age. Children without commercial
insurance were more likely to be delayed. In addition,
although multiple medical conditions present from birth
were considered, only prematurity and sickle cell disease
were found to be significantly associated with immuni-
zation status. This pattern is consistent with earlier work
that did not show an association between many chronic
medical conditions and immunization status.'s

In relying on EHR data, our study has several
strengths and limitations. EHR data are readily available
on large patient populations, do not require the time or
expense associated with prospective data collection,
and are derived from the actual patient chart without
translation. However, during the implementation of an
EHR, the potential exists for information to be omitted.
The electronic translation of immunization records, as
well as demographic and insurance information directly
from other electronic systems in the practices studied,
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has been shown to result in more complete data.!® For
clinical information, the dual processes of abstraction
and physician review used in the health system studied
ensured that providers had the opportunity to review
the information in the EHR. Finally, the consistency of
results between the youngest patients in the cohort,
those most likely to have received care using the current
EHR before 24 months of age, and the overall group
suggests that results were not biased by the implemen-
tation process.

As with any patient chart, the completeness of EHR
data for children joining practices after the neonatal
period depends on obtaining patient records. For immu-
nizations, a lack of early vaccine records for patients
transferring into the practices studied could have poten-
tially increased the measured effect of not being vacci-
nated by 3 months of age on immunization delay at 24
months of age, because these children may not have
been caught up on immunizations by 24 months and did
not have shots in our health system by this early age. To
address this concern, we again considered the associa-
tion of early immunization delay and delay at 24 months
for only patients <36 months of age at the end of the
study period, the subset of the population most likely to
have received care in our health system at an early age.
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The persistence of the highly significant association of
lack of immunization by 3 months and immunization
delay at 24 months in this group suggests that this asso-
ciation did not arise from bias.

Despite these limitations, the EHR-based approach
used for this study is particularly effective in tracking
immunization status, the main outcome considered.
Strongly supporting the validity of the immunization
record in the EHR, the rate for 4:3:1:3:3 found in our
study at 24 months of age of 71% up-to-date very closes
matches the overall rate for Philadelphia throughout the
study period. According to the National Immunization
Survey, rates at 24 months were 68% in 1998, 69% in
2000, and 70% in 2003.>202' Further supporting the
validity of the EHR for immunization research, previous
studies have found that immunization databases like the
one we used are less likely than other systems to have
missing doses because information is entered at the point
of care.’® By conducting an electronic review of charts
through the EHR, the process of manual chart review,
subject to human error and involving considerable ex-
pense and time, was eliminated. Also limiting bias from
missing vaccine doses, children with immunization de-
lay at any of the 4 centers involved in this study had
their vaccinations checked against the Philadelphia Kids
Immunization Database/Tracking System Registry, a
citywide immunization database, during sick or well vis-
its when delay was recognized. Records were then up-
dated directly within the EHR. The use of such registries
to supplement data in patient charts has previously been
shown to provide a better estimate of the number of
children who are truly up-to-date.?2 As a result, al-
though doses administered at nonstudy practices may
have been missed, immunization data available reflects
vaccination delivery both inside and beyond the health
system considered.

EHRs that include immunization records, as well as
clinical and demographic data from across multiple prac-
tices or entire health systems, represent a remarkable
new resource to identify and study characteristics of
children at risk of immunization delay at an early age.
Using EHRs, groups of children can readily be identified
by such factors as birth date, age at first or last visit,
insurance type, zip code, or a specific diagnosis. Because
information is collected prospectively as part of routine
care, recall bias, even in a retrospective study, is mini-
mized. Furthermore, although information in paper
charts often requires interpretation because of issues of
handwriting or a lack of strict matching of diagnoses to
diagnostic codes, all immunizations and medical prob-
lems within the EHR are numerically coded and unique.
In addition, the collection of clinical, demographic, and
billing information in 1 system offers the opportunity to
better understand the relationship of factors in each of
these domains on the delivery of immunizations.

The ability to identify children at high risk of immu-

nization delay from an early age is a key step in meeting
the national goal of improved immunization rates. To
meet this objective, the discussion of immunization
practices has shifted increasingly to practical approaches
for quality improvement.!'>2>-2> The most dramatic ben-
efit of the EHR may be the ability to collect data, which
has occurred in this project, and then provide clinical
alerts to providers which influence care in the office or
trigger contact with families to encourage appointment
scheduling. On the basis of EHR data, providers may also
be educated regarding their own performance on such
measures as vaccination rates. However, although work
has begun to show the promise of office-based systems
in improving preventive care, the potential impact of
EHRs on the quality of care has not been widely studied
in pediatrics.>?42¢ Through the electronic review of
>5000 charts within an EHR, we have found that im-
munization delay by as early as 3 months of age is
strongly predictive of incomplete immunization at 2
years of age. As EHRs become increasingly prevalent,
electronically captured clinical and demographic data
may be easily used to guide pediatric care and facilitate
rapid cycle quality improvement efforts for the health of
children.
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