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Abstract

Background: Trends in the prevalence of hepatitis C virus (HCV) infection among women 

delivering live births may differ in rural vs. urban areas of the United States, but estimation of 

trends based on observed counts may lead to unstable estimates in rural counties due to small 

numbers.

Objectives: The objective of the study was to use small area estimation methods to provide 

updated county-level prevalence estimates and, for the first time, trends in maternal HCV infection 

among live births by county-level rurality.

Methods: Cross-sectional natality data from 2016 to 2020 were used to estimate maternal 

hepatitis C prevalence using hierarchical Bayesian models with spatiotemporal random effects to 

produce annual county-level estimates of maternal HCV infection and trends over time. Models 

included a 6-Ievel rural–urban county classification, year, maternal characteristics and county-

specific covariates. Data were analysed in 2022.

Results: There were 90,764/18,905,314 live births (4.8 per 1000) with HCV infection reported 

on the birth certificate. Hepatitis C prevalence was higher among rural counties as compared to 

urban counties. Rural counties had the largest annual increases in maternal hepatitis C prevalence 

(per 1000 births) from 2016 to 2020 (micropolitan: 0.39; noncore: 0.40), with smaller increases 
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among less densely populated urban counties (medium metro: 0.28; small metro: 0.28) and urban 

counties (large central metro:0.11; large fringe metro: 0.14).

Conclusions: The prevalence of maternal HCV infection was the highest in rural counties, 

and rural counties saw the greatest average prevalence increase during 2016–2020. County-level 

data can help in monitoring rural–urban trends in maternal HCV infection to reduce geographic 

disparities.
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1 | BACKGROUND

Hepatitis C virus (HCV) infection during pregnancy has increased in the US,1 with higher 

prevalence estimates found in rural areas.2,3 We previously reported the prevalence of 

modelled maternal HCV infection during 2016–2018 was 3.5–3.8 times higher in nonurban 

counties than in large central metropolitan counties.3 Counties above the 90th percentile 

for modelled maternal hepatitis C prevalence in 2018 were concentrated in Appalachia, 

Northern New England, New Mexico and along the northern border in the Upper Midwest.

In 2020, the Centers for Disease Control and Prevention (CDC) released new HCV testing 

recommendations that include maternal screening during pregnancy except where HCV 

infection prevalence is less than 0.1%.4 The CDC recommendations highlight the need 

for updated county-level estimates of maternal hepatitis C prevalence to identify areas 

that meet this threshold. However, maternal hepatitis C prevalence estimates are typically 

unstable for sparsely populated counties with fewer than 20 cases of maternal HCV infection 

annually. While aggregation across adjacent counties, by state, or across years can help 

stabilise estimates, these approaches mask county-level trends, especially in rural counties. 

The purpose of this study is to use small area estimation methods to provide updated 

county-level prevalence estimates and, for the first time, calculate trends in maternal HCV 

infection among live births by county-level rurality.

2 | METHODS

2.1 | Maternal HCV infection

This analysis used restricted-use data from the 2003 revised version of the US Standard 

Certificate of Live Birth for births occurring between 2016 and 2020 (as of 2016, all 

states had adopted the revised birth certificate).5 The revised version of the birth certificate 

contained checkboxes for infections present and/or treated during pregnancy, including HCV 

infection, intended to be based on positive test results recorded in the medical record.6 

Information on whether anti-HCV positivity and/or positive HCV RNA test results led to the 

checkbox being checked was not captured.

2.2 | Maternal county of residence

Analyses were restricted to births among US residents because a US county of residence was 

required for spatial analysis. Rurality of maternal county of residence was defined using the 
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2013 National Center for Health Statistics (NCHS) 6-level urban–rural classification scheme 

(ranging from most urban to most rural: large central metro, large fringe metro, medium 

metro, small metro, micropolitan and noncore).7

2.3 | Maternal characteristics

Maternal characteristics included those previously found to be associated with maternal 

HCV infection.2,3,8,9 These were age; race/ethnicity; educational attainment; marital status 

and, if not married, paternity acknowledgement; participation in the Special Supplemental 

Nutrition Program for Women, Infants and Children (WIC); expected payment method for 

delivery; smoking during pregnancy; and pre-pregnancy body mass index (BMI).

2.4 | County characteristics

Federal Information Processing Standards county codes were used to link maternal county 

of residence with corresponding annual estimates for the following time-varying county-

level characteristics predictive of maternal hepatitis C prevalence: percentage of families 

living below the poverty threshold and drug overdose death rates.3,10,11

2.5 | Statistical analysis

2.5.1 | Hierarchical Bayesian spatial models—Hierarchical Bayesian models with 

spatially and temporally structured random effects were used to estimate county-level 

prevalence of maternal HCV infection. Log-binomial models were fit using the Integrated 

Nested Laplace Approximation (INLA) package in R.12–14 Models included spatially 

structured random effects,15 fixed and random effects for year, and a space–time interaction 

term, which allowed temporal trends to vary by county.

To improve the fit of model-based maternal HCV estimates, models also included county-

level drug overdose death rate (as a continuous variable), county poverty rate (as a 

continuous variable), maternal age category (<20, 20–24, 25–29, 30–34, 35–39, ≥40years), 

maternal educational attainment (no high school diploma or General Education Diploma 

[GED], high school diploma or GED, some college, Bachelor’s degree or higher), smoking 

during pregnancy (no, yes), maternal race/ethnicity (Hispanic, non-Hispanic white, non-

Hispanic Black, other), marital status (not married and no paternity acknowledgement, 

not married and paternity acknowledgement, married), expected source of payment for 

delivery (Medicaid, private, self-pay, other), participation in WIC during pregnancy (no, yes) 

and pre-pregnancy BMI (underweight, normal, overweight, obese). The best fitting model 

included covariates where missing and unknown values (generally <2%) were collapsed 

with the referent group (age, educational attainment, marital status, expected source of 

payment, WIC participation, pre-pregnancy BMI), included in the ‘other’ category (race/

ethnicity), or included as an indicator variable (smoking during pregnancy). Alternative 

hierarchical Bayesian regression models (Poisson, zero-inflated Poisson, zero-inflated 

binomial) were applied; however, none of these alternative models resulted in improvements 

in fit.

Posterior predicted median county-level prevalence estimates for HCV infection by year 

and 95% Bayesian credibility intervals (95% BCI) were obtained from the model, and 1000 
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samples from the posterior distributions were drawn to estimate the median county-level 

annual change in prevalence and corresponding 95% BCIs (File S1).

To estimate the modelled linear trends in hepatitis C prevalence by NCHS 6-level rurality, 

annual prevalence of HCV infection was calculated for each urban–rural category and 

weighted linear regression models (weighted by the number of live births) were used to 

estimate trends in hepatitis C prevalence by year for each of the urban–rural categories. The 

mean slope and 95% CI were used to estimate the average annual change in HCV infection 

(per 1000 live births).

2.5.2 | Missing data—The prevalence of missing data on maternal characteristics was 

generally <2%. The one exception was marital status, which was missing for 9% of the 

study population, largely due to a restriction in California beginning in 2017 that limited 

the release of record-level information on marital status of the mother. Analysing multiply 

imputed data when covariates have missing values is not straightforward in the R INLA 

package, so multiple imputation methods were not used to account for missing data on 

marital status. However, posterior predicted estimates from a model with no covariates were 

compared with the posterior predicted estimates from the model with the best fit; a near 

perfect correlation was found overall (ρ = 1) and for California individually. This suggested 

that accounting for missing marital status information through multiple imputation would 

not have changed this study’s findings, as the impact on the posterior predicted prevalence 

estimates would likely be negligible.

2.5.3 | Sensitivity analyses—To account for potential underreporting of hepatitis 

C prevalence on the birth certificate, especially as universal maternal screening during 

pregnancy was not recommended until 2020 and because at least one study suggests 

that only 40% of pregnancies post-recommendation were screened as recommended,16 

misclassification bias analyses were conducted to explore five different scenarios for 

the degree of underreporting and whether it was differential over time and by urban–

rural category. Previous regional or state-level studies have found 38% (equal to 0.72 

sensitivity, assuming 1.00 specificity) to 62% (equal to 0.62 sensitivity, assuming 1.00 

specificity) higher prevalence of maternal hepatitis C when birth certificate data were 

augmented with newborn bloodspot testing17 or historical laboratory reports of anti-HCV 

positivity and/or positive HCV RNA test.18,19 Using the range of hepatitis C sensitivity 

estimates of birth certificate data from these studies and likely trends in hepatitis C 

sensitivity over time and across the urban–rural gradient, the following scenarios were 

examined (1) increasing sensitivity from 2016 to 2020 (0.60–0.80) and same sensitivity 

across urban–rural category; (2) increasing sensitivity from 2016 to 2020 (0.60–0.80) and 

decreasing sensitivity from urban to rural category (0.75–0.65); (3) same sensitivity over 

time and across urban–rural category (0.63); and (4) same sensitivity over time (0.63) and 

decreasing sensitivity from urban to rural category (0.75–0.65). A fifth scenario was also 

examined, based on rural–urban sensitivity estimates and log-linear extrapolated time trend 

estimates from a study using 2012–2015 data from Ohio;18 this study reported a U-shaped 

relationship for hepatitis C sensitivity from urban to rural category (0.74 for large metro [not 

disaggregated into fringe vs. central], 0.68 for medium metro, 0.63 for small metro, 0.73 for 
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micropolitan, and 0.70 for noncore) and increasing sensitivity over time (0.65 in 2012–0.76 

in 2015). Adjustment factors (i.e. proportionate increase in hepatitis C prevalence rates after 

accounting for underreporting) were generated from the inverse of the sensitivity estimates 

and are shown by urban-county level and year for each scenario in Table S1. To account for 

the uncertainty around these estimates, for each county-year observation, we generated 1000 

random samples from a normal distribution with the mean corresponding to the adjustment 

factor estimate and a standard deviation of 0.05. These adjustment factors were applied to 

the 1000 samples drawn from the posterior distributions of hepatitis C prevalence from the 

models and results were summarised using the median and 2.5th and 97.5th percentiles of 

the distributions.

Analyses were conducted in 2022 using SAS and R.

2.6 | Ethics approval

This study was determined to be nonhuman subjects research by the University of Southern 

Maine’s Institutional Review Board.

3 | RESULTS

There were 90,764/18,905,314 live births (4.8 per 1000) with maternal HCV infection 

reported on the birth certificate (HCV infection status was missing for 0.3% [48,960] of live 

births [we previously reported the impact of these missing data were minimal]).3 Hepatitis 

C prevalence increased from 4.2 to 5.1 per 1000 live births from 2016 to 2020 (annual 

prevalence increase of 0.22 [Table S1]). Maternal characteristics more common among 

women with HCV infection included non-Hispanic white race/ethnicity; less than college 

educational attainment; not married, no paternity acknowledgement; Medicaid as expected 

source of payment for delivery; participation in WIC during pregnancy; having normal 

pre-pregnancy BMI; smoking during pregnancy; living in a county within the highest drug 

overdose death rate quartile; and living in a county designated as small metro, micropolitan 

rural or noncore rural (Table 1).

Using direct estimates from observed data, maternal hepatitis C prevalence was higher 

among rural counties (non-core, micropolitan) and decreased with increasing urbanicity 

among urban counties (small metro, medium metro, large fringe metro and large central 

metro) (Figure 1). Predicted estimates from spatiotemporal models were generally similar to 

direct estimates; however, predicted estimates were consistently higher than direct estimates 

for non-core and micropolitan counties each year (especially so for 2019 and 2020), and 

varied in a non-consistent direction for small metro, medium metro and large fringe metro 

counties across study years.

The largest increases in average annual predicted hepatitis C prevalence per 1000 live births 

were in micropolitan and non-core counties (0.39 and 0.40, respectively), with medium 

metro and small metro counties (both 0.28) and large central metro and large fringe metro 

counties having smaller annual increases (0.11 and 0.14, respectively) (Table 2).
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The counties with predicted maternal hepatitis C increase above 0.44 per 1000 live births 

per year (corresponding to the 80th percentile of county-level changes) were generally 

located in Appalachia, Northern New England, New Mexico and along the northern border 

in the Upper Midwest (Figure 2). Concentrated areas with larger increases were also found 

along the West Coast, East Coast, in Alaska, the Midwest and Florida. Some counties had 

decreases in maternal hepatitis C prevalence, such as several counties in Texas and Florida.

The misclassification bias analysis yielded discrepant findings regarding trends in predicted 

maternal hepatitis C prevalence depending on whether misclassification was assumed to be 

differential over time and/or by urban–rural category (see Table S3). Scenarios 1 and 2, 

based on increasing sensitivity of hepatitis C documentation on the birth certificate over 

time, found higher rates of maternal hepatitis C prevalence in 2016 and decreasing rates 

of prevalence over time—in contrast to the primary analysis—with the largest decreases 

in rural counties. Scenarios 3 and 4, which assumed the same sensitivity in hepatitis C 

documentation over time, found higher rates of maternal hepatitis C prevalence in 2016 and 

more pronounced increasing rates of maternal hepatitis C prevalence over time as compared 

with the primary analysis, with the largest increases in rural counties. Scenario 5, which was 

based on empirical data from Ohio, found higher rates of maternal hepatitis C prevalence in 

2016 and no change in rates of maternal hepatitis C prevalence over time overall, with the 

decreases over time in large fringe metro, small metro and noncore counties.

4 | COMMENT

4.1 | Principal findings

During 2016–2020, the average prevalence of maternal HCV infection was 4.8 per 1000 live 

births and was highest in rural counties. Rural counties saw the greatest increase in modelled 

hepatitis C prevalence, approximately 3.5 times that of large central metro counties and 1.4 

to 2.8 times that of large fringe metro, medium metro and small metro counties. Most areas 

of the country experienced an increase in maternal hepatitis C prevalence, but there were 

some counties that experienced a decrease. Changes in the prevalence of maternal hepatitis 

C over time could be due to changes in underlying incidence of HCV infection, screening 

practices and/or treatment or viral clearance rates.4,20

4.2 | Strengths of the study

Study strengths include the provision of county-level prevalence and trend estimates of 

maternal hepatitis C prevalence for all counties in the United States. Aggregation of 

estimates across space or time can mask distinct sub-state patterns, particularly for rural 

areas with smaller populations and for regions that span multiple states.

4.3 | Limitations of the data

This study has some limitations. First, prevalence estimates were based on maternal hepatitis 

C documentation on the birth certificate,6 which may underestimate HCV infections as 

screening in pregnancy during the study period was not universal and data transfer from 

medical records to the birth certificate may be incomplete. Second, the spatial analysis could 

have resulted in over-smoothing of extreme high or low values, particularly in areas with 

Ahrens et al. Page 6

Paediatr Perinat Epidemiol. Author manuscript; available in PMC 2023 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



small numbers of births, resulting in masking areas with large decreases or increases in 

maternal hepatitis C prevalence. Third, the misclassification bias analyses were based on 

available HCV infection sensitivity data from select states and examined several plausible 

misclassification scenarios, finding that estimated trends were heavily influenced by the 

magnitude of the assumed differences in misclassification overtime and by urban–rural 

category. In addition, some of the bias analyses suggested downward trends in maternal 

hepatitis C prevalence, which is incongruous with the recent syndemics of hepatitis C 

infection, injection drug use and drug overdose deaths in the US.21–23

In the absence of nationally representative data on trends and differences in the degree of 

misclassification, these sensitivity analyses were considered exploratory, as it is unknown 

how misclassification has truly changed over time and by urban–rural category. Moreover, 

studies based on augmenting birth certificate information with laboratory data on history 

of maternal HCV infection could overestimate the population at risk of adverse outcomes 

associated with infection during pregnancy because the risk for vertical transmission among 

children born to anti-HCV positive and HCV RNA negative mothers is negligible (whereas 

risk among HCV RNA positive mothers is 5.8%).24 Furthermore, studies of national hospital 

discharge data have found similar estimates of maternal HCV infection prevalence as the 

birth certificate,9,25 suggesting that HCV infection documented on the birth certificate by 

healthcare providers aligns with clinical estimates of HCV infection during pregnancy from 

other data sources.

4.4 | Interpretation

Results from this study are consistent with previous studies that have described increases 

in maternal HCV infection in the United States since 2000,1,2 and rural–urban disparities.3 

Ko et al. found that maternal HCV infection increased by more than 400% from 2000 

to 2015, using national data from an all-payer inpatient healthcare database.1 While that 

study examined maternal HCV infection in relation to demographic factors and region 

(South, West, Northeast and Midwest), it did not examine trends by county or urban–rural 

residence. Rossi et al. also found increases in maternal HCV infection of 161% from 2009 

to 2017 and described differences in maternal HCV infection rates and trends by state and 

county population size.2 However, that study relied on direct estimates of HCV infection 

rates, which are often suppressed and/or unreliable when based on few cases. In our prior 

study that used hierarchical Bayesian models to estimate spatially smoothed maternal HCV 

infection rates during 2016–2018, we found that rates were 3.5–3.8 times higher in more 

rural counties than in large central metropolitan counties.3 Additionally, counties with 

the highest prevalence of maternal hepatitis C in 2018 were concentrated in Appalachia, 

Northern New England, New Mexico and along the northern border in the Upper Midwest. 

That prior analysis was based on only 3years of data and was therefore unable to examine 

trends in maternal HCV infection rates over time by county.

Describing trends at the county level, especially in more sparsely populated rural areas, 

can be particularly challenging because the prevalence of maternal hepatitis C based on 

observed data can be highly variable year to year. The present study provides smoothed 

estimates of trends in maternal hepatitis C prevalence by county over time, which have not 
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yet been estimated due to low hepatitis C case counts in counties with small numbers of 

births and the somewhat recent (2016) nationwide adoption of the revised birth certificate, 

which captures HCV infection information. Results suggest that hepatitis C prevalence was 

higher among rural counties as compared with urban counties, and rural counties had the 

largest annual increases in maternal hepatitis C prevalence from 2016 to 2020, with smaller 

increases among more urban counties. The counties with the largest increases in maternal 

hepatitis C prevalence were in Appalachia, Northern New England, New Mexico and along 

the northern border in the Upper Midwest, along with pockets across the West Coast, East 

Coast, in Alaska, the Midwest and Florida. Conversely, some counties, for example in Texas 

and Florida, exhibited decreases in maternal hepatitis C prevalence. Providing more recent 

county-level estimates of maternal hepatitis C prevalence and related trends and rural–urban 

disparities can highlight which areas may be in need of community-level interventions 

to reduce maternal HCV infections. These interventions could reduce barriers along the 

cascade of care for maternal HCV infection, from screening to follow-up and treatment 

postpartum26 in addition to increased testing of infants perinatally exposed to hepatitis C 

virus.27 Examining counties where decreases were seen may yield information on what 

factors drove improvements over time, and whether those factors can be used elsewhere to 

reduce maternal hepatitis C prevalence.

5 | CONCLUSION

Using the most recent data available, this study found increasing prevalence of maternal 

hepatitis C in the United States from 2016 to 2020, with the greatest increases among rural 

counties. Implementation of universal screening in pregnancy may lead to greater detection 

of cases and could affect future trend estimates. Monitoring rural–urban prevalence and 

trends in maternal hepatitis C can help identify areas for focused efforts on hepatitis C 

testing and treatment to reduce geographic disparities.28
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Synopsis

Study question

• What are the current trends in maternal hepatitis C virus (HCV) infection by 

county-level rurality in the United States (US)?

What’s already known

• In the US, women living in rural counties have a higher prevalence of HCV 

infection during pregnancy as compared to women living in urban counties. 

However, estimating trends by county-level rurality is challenging because of 

sparse data issues.

What this study adds

• After accounting for sparse data issues, the prevalence of maternal HCV 

infection is the highest among those living in micropolitan rural and non-core 

rural counties and lowest among those living in large central metropolitan 

counties. In addition, rural counties are experiencing the greatest annual 

increase in prevalence of maternal HCV infection.
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FIGURE 1. 
Observed (solid line) and modelled (dashed line) prevalence of maternal HCV infection 

by 2013 National Center for Health Statistics’ 6-Level Urban–Rural classification scheme 

for counties: US birth certificate data, 2016–2020 (n = 3142). See footnote for Table 2 for 

model information
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FIGURE 2. 
Modelled within-county linear trends overtime in predicted maternal HCV infection per 

1000 live births, 2016–2020.

Choropleth map shows the average annual prevalence change (linear trend) within county. 

Counties coloured in blue show decreasing trends (<0 per 1000 live births) and counties 

in yellow show no trend or slight increasing trend (0–0.06 per 1000 live births [2nd–20th 

percentile]). Counties in shades of red show increasing trends: lightest red (>0.06–0.11 per 

1000 live births [>20th–40th percentile]), light red (>0.11–0.21 per 1000 live births [60th–

80th percentile]) and dark red (>0.44 per 1000 live births [>80th percentile]). See footnote 

for Table 2 for model information
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