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the processes that describe the probability of observing vaccine underutilization in our data from those 1o

that explain the true, latent prevalence of vaccine underutilization in the community. We make a 10
simplifying assumption that the latent prevalence of vaccine underutilization is constant over the 103
duration of our study period, and that our yearly counts of vaccine refusal and underimmunization 104
represent independent replicates of that latent state. 105

Thus, we modeled three outcomes: the total number of claims submitted to our medical claims 106

database for children under five years of age for 1) vaccine refusal, 2) history of underimmunization, and 1o
3) summation of vaccine refusal and history of underimmunization. For each U.S. county, we assume 108

there exists a latent, true number of instances of cases, and each year in the study period presents an 19

independent opportunity to observe this true state. 200

We modeled the observed counts of vaccine underutilization (y;;) in county ¢ in year ¢ with a 201

binomial distribution: 202
Yit ~ Binomial (pit, N;) (1)

where there is a probability p;; of observing vaccine underutilization in the medical claims among N; 203

instances in the community (Equation . We modeled the probability of observing vaccine 204
underutilization: 205
k
loth(pzt) - Z Wit’y + l/pc,i + pr,t + Vpcy,i,t (2)
1
where measurement process predictor W;; is modulated by the estimated coefficient v, and v, , 206
Vpy,t> and Vpey ;¢ are the group effects for county, year, and county-year, respectively (Equation . 207
In the second level of the hierarchy, we model the latent instances of vaccine underutilization N;: 208
N;|Qi,r ~ NegBin(Q;,r) (3)

where the negative binomial distribution is parametrized by probability @; and size r (Equation . 200
The mean of N;, u; is defined: 210
’/’(1 — Qz)

i = ——" = E;0;
I 0 E (4)

and it can be separated into the expected number of cases F;, which we calculate by multiplying the ou

country-wide average rate of vaccine under-utilization according to our observed claims data by the 212
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population of children under five years of age in county, ¢, and the relative risk 6; of vaccine 213
underutilization in county ¢ (Equation . Finally, the relative risk 6; is modeled by: 214
m
log(ﬁi) = Z Xlﬁ + Vﬂc,i + V[LS,i (5)
1

where a single predictor of underutilization X; is modulated by the estimated coefficient 8 for all m 215

predictors, and v, ; and v, ; are county-level and state-level group effects, respectively (Equation . 216

Priors and hyperpriors for all 3, 7y, r, and random effects are shown in Supplemental table See 217
Supplemental table [S3| for additional definitions of model variables. Estimates of the posterior 218
distributions of model parameters were generated via Markov chain Monte Carlo (MCMC) methods 219
using JAGS and the runjags package in R4820 Parameter convergence was evaluated by assessing 220

traceplots, the Gelman-Rubin convergence diagnostic, autocorrelation, Monte Carlo standard error, and 2z
effective sample size21*22 We evaluated model residuals and compared modeled and observed outcomes 2

in order to assess model fit. 23

Validation Results validation was performed by comparing our model estimates to county-level data 2

from annual school vaccine assessments reports on the rates of vaccine exemptions for Kindergarteners. s

We selected states for validation based on the quality and availability of their county-level vaccine 26
exemption data. Due to state differences in the quality and collection methods of vaccine exemption 207
data, we validated our results separately for each selected state. 208
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Supplemental Information

Predictor data of Detection Probability

In Table we list the predictors used to predict detection probabilities. These predictors vary annually
and spatially (by county). To control for variation in physician reporting practices, we compared use of
low birth weight ICD-9 codes (subcodes of V21.3, 765.0, and 765.1) in our claims data with county-level

birth weight data obtained from the CDC National Vital Statistics system.

Table S1. Predictor Data of Detection Probability.

Label Measure Scale | Year(s) Source
AccessPediatricians | Pediatricians per population | county | 2011-2014 | AHRF
DatabaseCoverage | Database Coverage county | 2012-2015 | IMS Health
InsuranceRate Health insurance rate county | 2011-2014 | SAHIE
ReportingBias ICD-9 reporting rate county | 2012-2015 | CDC Natality;
IMS Health

Predictor data of Vaccine hesitancy/underimmunization

In Table we list the predictors used for the vaccine refusal or under-immunization process.
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Table S2. Predictor Data of Vaccine Under-utilization

Label Measure Scale | Year(s) Source
StateHealthExpenditure Healthcare Expenditure state 2009 CMS
BachelorsDegree Percent with bachelors degree county | 2011-2015 | ACS
Incomelnequality Income Inequality: Ratio of

household income of 80th percentile

to that of 20th percentile county | 2010-2014 | ACS
ReligousAdherence Percent religious adherents county | 2010 RCMS
PrivateSchool Percent private school enrollment county | 2011-2015 | ACS
ReligionsHistoricallyOpposed | Per capita congregations of religions

historically opposed to vaccination county | 2010 RCMS
PopulationDensity Population density county | 2010 ACS
StateLawLeniency Leniency of state vaccination laws state 2015 CDC
AvgHouseholdSize Average household size county | 2011-2015 | ACS
LivingInSameArea Percent of population living

in the same county one year prior county | 2010-2014 | AHRF

Measures excluded after variable selection: Child poverty rate (SAIPE), percent of children living in
single-parent households (ACS), high school graduation rate (ACS), median income (SAIPE), hospital
utilization (AHRF). ACS = American Community Survey, CDC = Centers for Disease Control and
Prevention, CMS = Centers for Medicare and Medicaid Services, AHRF = Area Health Resource
Files. SAIPE = Small Area Income and Poverty Estimates, RCMS = U.S. Religion Census: Religious
Congregations and Membership Study

Table S3. Model Variables.

Variable | Definition
N; Latent state of county, 4
Yit Observed response at county, ¢, in year, t
i Mean of the distribution of latent response of county, i
E; Expected response of county (offset), i, calculated directly
Dit Probability of detection at county, 4, in year, ¢
i Negative binomial probability parameter of county, @
r Negative binomial size parameter
I} process model coefficients
T; county-level process drivers
Y1 detection model coefficients
W; ¢ county-year-level detection drivers
Vyeyi Unstructured county random effects on p;
Vys,i Unstructured state random effects on p;
Vpe,i Unstructured county random effects on p; ,
Vpy t Unstructured year random effects on p; ;
Upey, it Unstructured county-year random effects on p; +
i,t county, year, indicators, respectively
Opc standard deviation of random effect v, ;
Ops standard deviation of random effect v, ;
Ope standard deviation of random effect v, ;
Opy standard deviation of random effect v}, ¢
Opey standard deviation of random effect vpcy ;¢

Description of data, y; ;: county(i)/year(t)-level counts of patient claims for history of under-immunization
for the year.
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Table S4. Priors and Hyperpriors.

Priors:

B, ~ Normal(0,1/100)

r ~ uniform(0,50)

Vpe,i ~ Normal(0,1/02,)

Vs,i ~ Normal(0,1/02,)

Vpe,i ~ Normal(0,1/0,.)

Vpyt ~ Normal(0,1/02,)

Vpey,it ~ Normal(0,1/02, )
Hyperpriors:

Opes Ops ~ uni form(0, 3)

Opes Tpys Opey ~ uni form(0.01,0.99)
We initialized parameter coefficients 8 and ~y using each with a random draw from a uniform distribution
from -1 to 1. Standard deviation hyperpriors for the group-level effects and r were initialized each with
a random draw from a uniform distribution 0 to 1, and 1 to 20, respectively. N; was initialized for each ¢
county as the maximum observation, y; ¢+ over ¢ years, plus a random draw from the Poisson distribution
with mean 10.

% Physician Coverage
2-33%
33-37%
37-39%

[ 2041
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I +5-100%

Figure S1. Database physician coverage, 2015. Percent of AMA licensed physicians reporting to
our medical claims database by three-digit zip-code and adjusted for estimated visit capture (our
database does not always capture 100% of a physician’s visits). Our claims database additionally includes
reporting from other healthcare providers (nurses, physicians assistants, etc.); however, in order to
compare representation to the AMA universe, only AMA physicians are shown here.
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Figure S2. 2015 Observed cases (left) and model estimates (right) of vaccine under-utilization from the
vaccine refusal model (top row) and underimmunization model (bottom row). Incidences are calculated
per 1,000 children under five years of age. Left: Observed refusal claims data for 2015. Right: Model
estimates of the mean underlying latent incidence of vaccine under-utilization, u;, after accounting for
detection error. Note: Inconsistently spaced scales. Counties marked NA had no vaccine under-utilization
claims over the four years investigated.
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