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Abstract

Objective. Approximately 1 to 2 of every 1000 American new-
borns has hearing loss identified by newborn screening. This
study was designed to determine if infant hearing loss is more
common in socioeconomically disadvantaged communities.

Study Design. In this retrospective study, we analyzed elec-
tronic medical record data using geostatistical models.

Setting. Infants were residents of Durham County, North
Carolina, born in 2 hospitals of the Duke University Health
System. This county includes the city of Durham and sur-
rounding suburban and rural communities.

Subjects and Methods. Subjects were hearing-screened new-
borns, born between 2005 and 2016, whose residential
address was in Durham County, North Carolina. This was a
retrospective study using medical record data. We used
Bayesian regression models with smoothing of coordinate
date to identify both spatial and nonspatial predictors of
infant hearing loss.

Results. We identified 19,348 infants from Durham County,
of whom 675 had failed initial hearing screening and 191 had
hearing loss confirmed on follow-up. Hearing loss was signif-
icantly associated with minority race (odds ratio [OR], 2.45;
95% confidence interval, 1.97-3.06), as well as lower gesta-
tional age and maternal sexually transmitted infections. We
identified significant geographic heterogeneity, with a higher
probability of hearing loss in poorer urban neighborhoods
(local OR range, 0.59-1.39). Neighborhood disadvantage was a
significant predictor of hearing loss, as was high local seropre-
valence of cytomegalovirus (CMV) among pregnant women.

Conclusions. Urban, low-income neighborhoods have a high
prevalence of infant hearing loss compared with more afflu-
ent surrounding communities, particularly among minorities.
This distribution may be attributable to congenital CMV
infection.
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H
earing loss affects 1 to 2 of every 1000 American

newborns and has various causes, including genetic

disorder and infections.1 Screening newborns for

hearing loss has become the standard of care, allowing for

early interventions that improve hearing, communication,

and developmental outcomes, and facilitates the treatment

of underlying disorders. Approximately 95% of infants

in the United States are now screened in the neonatal

period, and newborn hearing screening is mandated in most

states.

Congenital cytomegalovirus infection (CMV) is the leading

infectious cause of hearing loss in infants.2 CMV infections,

including congenital CMV, are more common among socially
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disadvantaged groups and among nonwhite minorities. We

recently conducted geospatial analyses demonstrating that

CMV seropositivity, including among pregnant women, signif-

icantly clusters in socioeconomically disadvantaged urban

neighborhoods with large minority populations.3-5

We hypothesized that the spatial distribution of infant

hearing loss would be heterogeneous and that hearing loss

would be more common in urban and low-income commu-

nities, especially among minorities. This distribution would

be similar to that of CMV, raising the hypothesis that CMV

is responsible for higher burden of infant hearing loss in

these communities. To investigate this we have performed a

geospatial analysis of more than 19,000 hearing-screened

infants born in a single health system.

Materials and Methods
Design

This was a case-control study using electronic health records

and geographic identifiers.

Research Ethics Oversight

This study was approved by the Institutional Review Board

of the Duke University School of Medicine.

Patient Data

We identified all infants born at Duke University Hospital

and Duke Regional Hospital (formerly Durham Regional

Hospital) between 2005 and 2016. Longitude and latitude

spatial coordinates were obtained for the mother’s residen-

tial address at each infant’s time of birth. Additional health

record data included infant sex, race, ethnicity, birth weight,

gestational age at birth, admission to the neonatal intensive

care unit (NICU), the results of CMV testing (if done), and

the results of both initial and (if done) follow-up hearing

testing. We also obtained data on maternal parity and mater-

nal history of sexually transmitted infections (STIs). The

data set was then limited to those infants with residential

coordinates in Durham County, North Carolina.

Hearing testing was performed by automated auditory

brainstem responses, then repeated while still in the hospital

if the initial result yielded a ‘‘fail’’ in either or both ears. A

second ‘‘fail’’ generated a referral to pediatric audiology for

follow-up testing after discharge, scheduled to be done

within 4 weeks of birth unless the patient was in the NICU.

A hearing screening failure can be defined different

ways: some infants with a failed initial hearing screen

passed follow-up testing, and others did not have follow-up

testing documented at all. To understand if our models were

sensitive to the case definition of failure, we defined a

‘‘failed’’ hearing screen in 4 different ways for the purposes

of our modeling:

1. Any infant who failed initial screening and follow-up

testing, or who failed initial screening but did not

have documented follow-up, was classified as ‘‘fail.’’

2. Infants who failed both initial and follow-up testing

were classified as ‘‘fail.’’ Infants who failed initial

testing but had no documented follow-up were

classified as ‘‘pass.’’

3. Infants who failed initial testing but had no docu-

mented follow-up were excluded. All failures were

infants who had documented failure on follow-up

testing.

4. Infants who failed initial testing but did not have

documented follow-up were randomized to fail vs

pass at a ratio reflecting the documented proportion

of failure on confirmatory testing in our data set

(339 fail vs 970 pass, 26%; 95% confidence inter-

val [CI], 24%-28%). This value was determined

from our initial data set (not limited to infants from

Durham County).

Data on CMV testing during pregnancy were from a

cohort of women screened for CMV antibodies as part of

the Maternal-Fetal Medicine Units Network study of CMV-

hyperimmune globulin for treatment of primary CMV infec-

tion during pregnancy. We have previously published spatial

analyses of this cohort.3,4

We did not determine which infants in our data set were

siblings or which were infants of women in the separate

maternal CMV data set. We were not able to identify infants

with genetic syndromes or congenital anomalies that may

affect hearing, so these conditions were not excluded from

this study.

Statistical and Spatial Analysis

Infants whose residential coordinates fell in Durham County

were retained for this study. The goal of our primary analy-

sis was to determine how the odds of infant hearing loss

varied geographically within Durham County and to identify

both individual- and neighborhood-level variables associated

with this spatial distribution. To accomplish this, we fit

hierarchical Bayesian spatial models6 using the brms pack-

age7 in the statistical programming language R (www

.r-project.org). The brms package facilitates construction of

Bayesian regression models, which are transferred to the

sampling program Stan8 for sampling of the posterior distri-

bution. Other key R packages used for this study included

bayesplot,9ggplot2,10 and viridis11 for visualization of mod-

eling results.

We used binomial generalized additive models to investi-

gate the relationship of infant hearing loss to geography.

The dichotomous result of hearing testing was our outcome

variable, and our primary predictor variable was a 2-dimen-

sional smooth of each infant’s longitude-latitude coordinate

pair using splines. Consequently, we were able to model a

locally varying relationship between geography and the

odds of hearing loss. Other relevant covariates were added

to models as linear predictors. ‘‘Significant’’ covariates

were those that did not contain 0 in the central 95% of their
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posterior probability distribution. We used noninformative

default prior distributions in our models.

After fitting each model, we predicted the probability of

hearing loss onto a dense longitude-latitude grid covering the

spatial extent of the study area. In addition to reporting local

probability, we also computed local odds ratio by dividing

local odds by the average odds of the entire data set. Regions

where there was a 95% probability that the local odds dif-

fered from global odds were circumscribed with contours.

We compared models using an information criterion com-

puted from a leave-one-out cross-validation.12

We interpolated our model predictions using ArcGIS

10.5 (ESRI, Redlands, California) to create a smooth, con-

tinuous prediction surface. These prediction surfaces display

geographic heterogeneity in the local probability of hearing

loss. We also expressed this heterogeneity as a local odds

ratio (OR). ArcGIS was used for map production and

Photoshop Creative Cloud (Adobe Systems, San Jose,

California) for layout and effects such as drop shadows.

Our adjusted models incorporated infant variables (sex,

race, gestational age, birth weight, NICU admission) and

maternal variables (parity and history of maternal STI). In

our initial data set of 47,274 infants, race and ethnicity had

been described 135 ways, including nationalities and collo-

quialisms that did not easily categorize into common racial

and ethnic groups. We did a preliminary analysis to deter-

mine how best to categorize race. In 1 model, we categor-

ized 41,101 of these infants to white, black, Hispanic,

Asian, Middle Eastern, and Native American. We separately

recategorized these subjects simply as non-Hispanic white

vs minority. We then ran Bayesian logistic regression

models using each of the race categorizations as a predictor

of hearing loss. We compared the 2 models using leave-

one-out cross-validation. Both models performed nearly

identically, suggesting that multiple categories do not

improve the model fit and that the most predictive distinc-

tion was whether an infant was white vs nonwhite. Thus, all

analyzed infants were assigned to ‘‘non-Hispanic white’’ or

‘‘minority’’ for further analysis.

We also evaluated the effect of area deprivation index

(ADI), a neighborhood index of material disadvantage

derived from the US 2010 Census and 2009 to 2013

American Community Survey data.13,14 ADI was available

at the level of census block groups. To determine whether

additional unmeasured neighborhood-level factors were

associated with hearing loss, we evaluated models that

included a random intercept term for census block group.

Only 146 of 47,274 infants in our overall patient cohort

had been tested for CMV, a proportion too small to statisti-

cally analyze an association between CMV and hearing loss

at the individual level. Thus, we opted to investigate a spatial

association between infant hearing loss and maternal CMV.

To accomplish this, we computed 1-km radius circular buf-

fers around each infant and counted the number of both

CMV-seropositive and CMV-seronegative women falling

within that buffer. We then constructed a spatial model that

included the counts of CMV-positive and CMV-negative

women within each infant’s 1-km buffer. These 1-km buffer

zones were similar in area to the census block groups in our

study area (6.28 vs 5.02 km2). This buffer size was large

enough to enumerate CMV-positive and CMV-negative

mothers in outlying areas with lower data density.

The code for our models can be found in Supplement 1

in the online version of the article.

Results
Cohort Description

We obtained records for 47,274 hearing-tested infants born

during the 12 study years. We identified 21,798 infants who

resided in Durham County. Of these 19,348 (89%) had all

data elements needed for our analysis (including birth weight,

gestational age, sex, and race/ethnicity). The prevalence of

failed hearing screening was nearly identical in the analyzed

cohort to the overall Durham County cohort. Among the ana-

lyzed infants, 9531 were female (49.3%; 95% CI, 48.6%-

50.0%) and 13,619 were minority (70.4; 95% CI, 69.7%-

71.0%) (Table 1). The mean birth weight was 3.32 kg

(range, 1.08-5.32; 95% CI, 3.31-3.33). Mean gestational age

was 39.3 weeks (range, 26-46; 95% CI, 39.3-39.3). There

were 259 infants who were admitted to the NICU (1.34%;

95% CI, 1.18%-1.51%). The mean maternal parity (including

the current pregnancy) was 2 (range, 1-12), and 5005 mothers

had a history of STI (25.8%; 95% CI, 25.2%-26.5%).

Hearing test results revealed 18,673 infants who either

passed their initial hearing screen or failed their initial

screen but passed follow-up testing. The remaining 675

infants either failed both initial and follow-up testing

(191) or failed their initial testing and had no documented

follow-up (484), an overall failure rate of 3.6% (95% CI,

3.4%-3.9%) if all 675 of these infants were classified as

failures. Minority infants were more than twice as likely as

white infants to have hearing loss (4.2% vs 1.7%; OR, 2.46;

95% CI, 1.97-3.06).

Effect of Case Definition

As described in the Materials and Methods, we evaluated 4

definitions to categorize the 484 infants who had a failed

initial hearing test and lacked documented follow-up. These

classifications produced no substantial differences in the

significant clinical predictors of hearing loss (Supplement

2A, available in the online version of the article) or in the

predicted spatial distribution of hearing loss (Supplement

2B, available in the online version of the article).

Predictors of Hearing Loss

The probability of infant hearing loss was significantly asso-

ciated with minority race/ethnicity, lower gestational age,

and maternal history of STI (Figure 1). Hearing loss was

not significantly associated with birth weight, NICU admis-

sion, or maternal parity. While sex did not meet our criteria

for significance, 92.6% of the posterior probability mass

suggested an increased risk among males.
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Spatial Distribution of Hearing Loss

Our unadjusted spatial model (Figure 2A) revealed marked

geographic heterogeneity in the probability of infant hearing

loss, corresponding to a probability locally ranging from

0.019 to 0.049. Compared with the average, the local odds

ratio varied from 0.59 to 1.39. A cluster of high odds was

found in the urban neighborhoods of downtown Durham

city. By contrast, the lowest odds were found in more afflu-

ent, suburban neighborhoods.

Adjustment for sex, birth weight, gestational age, NICU

admission, maternal STI history, and maternal parity some-

what blunted this spatial heterogeneity and diminished the

probability range to 0.018 to 0.039 (Figure 2B). Adding

race to this model reduced the probability range to 0.013 to

0.018 and eliminated any significant areas of clustering

(Figure 2C).

Neighborhood Effects

A high ADI value, suggesting higher neighborhood-level

socioeconomic disadvantage, was significantly associated

with higher probability of infant hearing loss. There was a

close spatial correspondence between probability of hearing

loss and neighborhood disadvantage (Figure 3A). This

effect disappeared after adjustment for infant race.

Infant hearing loss closely corresponded to our previ-

ously published maps of CMV seroprevalence in preg-

nancy. Hearing loss was most prevalent in areas with high

maternal CMV seroprevalence and less prevalent in areas

where maternal CMV seroprevalence was low (Figure
3B). The probability of infant hearing loss was positively

associated with the number of CMV-seropositive mothers

and negatively associated with the number of CMV-sero-

negative mothers within 1 km of each infant. The confi-

dence region for an effect of maternal CMV prevalence

became nonsignificant, however, after adjustment for

infant race.

Inclusion of a random intercept for block group identity

did not substantially improve model fit. This was true in

both adjusted and unadjusted models, and it was true regard-

less of whether individual coordinates were included in the

model.

Discussion

We have identified marked geographic heterogeneity in the

distribution of hearing loss among tested newborns, and this

is strongly associated with race. The probability of hearing

Figure 1. Effect of individual and maternal predictors of infant
hearing loss. In this Bayesian context, a parameter is significant if it
does not contain 0 in its 95% credible intervals. Minority race,
maternal history of sexually transmitted infection, and lower gesta-
tional age were associated with higher risk of hearing loss. NICU,
neonatal intensive care unit.

Table 1. Demographics of Study Population.a

Mean Median Range 95% CI

Race and ethnicity, No. (%)

Non-Hispanic white 5779 (29.9) 29.2-30.5

Minority 13619 (70.4) 69.7-71.0

Sex, No. (%)

Female 9531 (49.2) 48.6-50.0

Male 9817 (50.7) 50.0-51.4

Birth weight, kg 3.32 3.33 1.08-5.32 3.32-3.33

Gestational age, wk 39.3 39 26-46 39.3-39.3

NICU admission, No. (%)

Yes 259 (1.3) 1.18-1.51

No 19,089 (98.7) 98.5-98.9

Maternal parity (prior pregnancies) 2.52 2 1-12 2.51-2.54

Maternal STI, No. (%)

Yes 5005 (25.9) 25.5-26.5

No 14343 (74.1) 73.5-74.7

Abbreviations: CI, confidence interval; NICU, neonatal intensive care unit; STI, sexually transmitted infection.
aProportions are presented with totals, percent, and 95% CIs. Continuous values are presented with mean, median, range, and 95% CIs.
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loss was more than 2-fold higher among newborns from the

urban neighborhoods of Durham, North Carolina, than for

newborns from neighboring suburban communities. This

difference persisted even after adjusting for individual clini-

cal factors, such as birth weight and gestational age. Our

models suggest a hearing loss incidence of 40 to 50 per

1000 infants in the highest risk areas, compared with only

20 in the lowest. This would most heavily affect poor,

urban communities that may have the fewest financial and

social resources to accommodate this burden.

Minority race was the strongest predictor of hearing loss

among the variables we had available. Because Durham

County is quite racially segregated, adjustment for race

largely eliminated the heterogeneous distribution of hearing

loss. It is most likely, however, that race is a surrogate for

other socioeconomic variables that affect care access and

maternal health, ultimately increasing the risk of hearing loss.

The distribution of infant hearing loss was closely con-

cordant with the distribution of CMV seropositivity among

pregnant women from this community. In our previous

study, we reported that pregnant women from urban neigh-

borhoods in Durham were much more likely to be CMV

seropositive than women from surrounding suburban areas.4

While the hearing-screened infants in the current study were

not (necessarily) related to the CMV-tested women, the

odds of infant hearing loss were directly associated with the

number of nearby CMV-seropositive women and inversely

associated with the number of nearby CMV-seronegative

women. Superimposing statistical maps of infant hearing

loss and maternal CMV seropositivity demonstrated the

close spatial relationship between the two.

While it is compelling that hearing loss may be more

common in neighborhoods with high CMV seroprevalence,

many other factors must be considered. First, while CMV is

certainly an important cause of infant hearing loss, a geo-

graphic relationship between the two could be coincidental.

Both could independently result from unmeasured effects of

socioeconomic disadvantage or other exposures common to

urban environments. Nonwhite race was strongly predictive

of infant hearing loss in this study and of maternal CMV in

our prior study. Rather than a biologic predictor, however,

we suspect that race is more likely a marker of local pov-

erty, as both hearing loss (Figure 3A) and maternal CMV3

are more common in neighborhoods with worse material

disadvantage. Low gestational age and a maternal history of

STI were significantly associated with infant hearing loss,

factors that may be more common in socioeconomically dis-

advantaged communities. Adjusting for them, however, did

not substantially affect our spatial models.

Our study suggests that much of the excess hearing loss

observed in urban Durham is due to congenital CMV.

Congenital CMV is treatable: early initiation of antiviral

therapy can improve hearing outcomes in infected infants

with hearing loss. It is not yet the standard of care to test all

newborns for CMV, and only in a small number of states is

CMV testing routinely done to evaluate a failed hearing

screen. Implementation of universal newborn CMV testing

and treatment may benefit many children in the highest

Figure 2. Spatial distribution of infant hearing loss. These maps represent the predicted probability of infant hearing loss in Durham
County: (A) unadjusted; (B) adjusted for gestational age, birth weight, neonatal intensive care unit admission, maternal parity, and maternal
sexually transmitted infection; and (C) adjustment for infant race, in addition to the variables in model B.
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prevalence communities through early intervention pro-

grams and antiviral therapy, thus reducing the overall

burden of disability in these communities.

Our study has several limitations. Many infants with an

abnormal initial hearing screen did not have documented

follow-up testing. Thus, we may have misclassified some

infants as having failed their screening for lack of a confirma-

tory test. The number of infants admitted to a NICU was low,

and it remains possible that infants requiring NICU care have

a higher likelihood of hearing loss. We were unable to perform

individual chart reviews of this large data set to ascertain

whether other important medical conditions might have best

explained the hearing loss. Too few of the infants had been

tested for CMV to directly study the distribution of congenital

CMV itself. While race was an important predictor of hearing

loss, race was recorded 135 different ways, forcing us to con-

solidate in order to use this variable analytically. We did find,

however, that our dichotomous classification of race was

highly correlated with hearing loss, and retaining more cate-

gories of race did not improve our statistical models. It is

known that self-reported race is problematic, and that it does

not cleanly correlate with biological markers of ancestry.15-17

Our geographic analyses were restricted to the recorded

residential address in the newborn’s hospital record.

Clearly, this address does not entirely account for the totality

of the mother’s exposures. In addition, we did not have infor-

mation on prenatal care other than maternal STI in preg-

nancy. Finally, we were not able to identify which infants

had other important causes of hearing loss, such as trisomy

21; trisomy 7; connexin deficiency; coloboma, heart defects,

atresia choanae, growth retardation, genital abnormalities,

and ear abnormalities (CHARGE) association; anatomic inner

ear abnormalities; and congenital toxoplasmosis. It is possible

that some of these genetic or congenital conditions are also

more common in socioeconomically disadvantaged areas and

account for some of the excess infant hearing loss in those

neighborhoods.

Our study has implications for both hearing screening

and CMV testing policy. If disease due to congenital CMV

is more common in socioeconomically disadvantaged

Figure 3. Neighborhood predictors of infant hearing loss. (A) The probability of infant hearing loss, here represented as contours, closely
coincides with neighborhoods with high area deprivation index (ADI) values (more disadvantaged). Higher neighborhood ADI is a strong
predictor of individual hearing loss. Adjustment for infant race, however, attenuated the influence of ADI on hearing loss. (B) Infant hearing
loss is more common in neighborhoods with a high prevalence of cytomegalovirus (CMV) among pregnant women. Infant hearing loss is
associated with higher numbers of CMV-seropositive mothers and with lower numbers of CMV-seronegative mothers within 1 km.
Adjustment for infant race largely eliminated this effect.
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communities, these communities may benefit from universal

newborn CMV testing programs. We found that more than

two-thirds of infants with a failed initial hearing screen did

not have documented follow-up—this suggests that hearing

screening may not be an effective means to identify early

onset CMV-associated hearing loss. Universal CMV testing

would identify many infants with asymptomatic CMV infec-

tion; it is uncertain whether there would be a public health

benefit to this, however. Asymptomatically infected children

appear to have academic outcomes comparable to unin-

fected children.18 Additional methods may be needed to

identify late-onset hearing loss in children known to be

CMV infected. Finally, our study suggests that systems

need to be put in place to ensure that hearing loss can be

confirmed, ultimately helping affected infants get the medi-

cal evaluations and early interventions they need.

To conclude, we have found that infant hearing loss is

spatially heterogeneous in the community, with particularly

high prevalence among minority infants in poorer urban

neighborhoods. Further research is needed to identify risk

factors in these communities and to quantify the burden of

morbidity and cost borne by these communities.
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