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Objective: Hearing loss can cause speech and language delays, communication

barriers, and learning problems. Such factors are associated with reduced

academic achievement, social isolation, decreased quality of life, and poorer

health outcomes. We use a national cohort of children to examine how subclinical

hearing loss is associated with academic/educational performance. The goal of

this study is to determine if di�erent levels of subclinical hearing loss (pure tone

average≤ 25 dB HL) are associated with educational testing outcomes in children.

Design: Analysis of children 6–16 years oldwhoparticipated in theNational Health

and Nutrition Examination Survey (NHANES-III, 1988–1994) was performed.

Air-conduction thresholds were measured at 0.5, 1, 2, 4, 6, and 8 kHz. A

four-frequency pure-tone average (PTA) was calculated from 0.5, 1, 2, and 4 kHz.

Hearing thresholds were divided into categories (≤0, 1–10, and 11–25 dB) for

analysis. The outcomes of interest were the Wide Range Achievement Test

(WRAT-R) and Wechsler Intelligence Scale for Children (WISC-R). Analysis was

conducted using ANOVA and logistic regression.

Results: We analyzed 3,965 participants. In univariable analysis, the average scores

in scaled math, reading, digit span (short-termmemory), and block design (visual-

motor skills) were significantly lower with worsening hearing categories (p < 0.01).

In multivariable regression PTAs of 1–10 dB HL (OR 1.72, 95% CI 1.29–2.29, p <

0.01) and 11-25 dB HL (OR: 2.99, 95% CI 1.3–6.65, p < 0.01), compared to PTA of

≤0 dB HL, were associated with poor reading test performance (<25th percentile).

Conclusion: Subclinical hearing loss is associated with worse performance on

educational attainment (as measured by reading test performance) in children

between the ages of 6–16.

KEYWORDS

subclinical hearing loss, pediatric hearing loss, educational performance, cognition,

NHANES

Introduction

Hearing loss affects ∼30 million individuals in the United States and

∼10–20% of children (Rennels and Pickering, 2005; Su and Chan, 2017).

Studies have shown that hearing loss in children can negatively impact speech

and language development, learning ability, and communication (Lieu et al.,

2020). In turn, these factors can manifest in reduced academic achievement,
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social isolation, decreased quality of life, and overall poorer health

outcomes (Borg et al., 2002; Emmett and Francis, 2014; Wang et al.,

2019a). The effects of hearing loss during childhood can persist

and have a considerable longitudinal impact throughout adulthood

(Lieu et al., 2012; Idstad et al., 2019). The impact of hearing loss on

such outcomes has been seen even with a mild hearing loss (25–40

dB HL pure tone average) (Lewis et al., 2015; Wang et al., 2019b).

Although these categorizations have changed over several

decades, hearing thresholds above 25 dB HL are often considered

“clinically significant” hearing loss based on guidelines from

associations such as the American Speech-Language-Hearing

Association (Clark, 1981; Lieu et al., 2020). Many studies examining

the impact of hearing loss on day-to-day functioning have used

these categories in children (Wake et al., 2004; Ronner et al., 2020;

Sindhar et al., 2021). Recent studies have established a relationship

between lower cognition and subclinical hearing loss (SCHL) in

adults, defined by a pure tone average ≤ 25 dB HL (averaged

across 0.5, 1, 2, and 4 kHz) (Golub et al., 2020b). The designation

of this as a hearing “loss” is based on preliminary data suggesting

that hearing loss in this range (i.e., within the normal range of

hearing) may be associated with decreased cognition. Although

the current published data do not establish a clear cut-off for the

detrimental effect of hearing loss on cognitive outcomes, studies

by our group and others suggest that cognitive impairment in

adults may begin at earlier stages of hearing loss than previously

hypothesized, compared to their peers with better hearing (and

still classified as normal under the current guidelines) (Golub

et al., 2020a,d; Chern et al., 2021; Irace et al., 2022). Similarly,

the effect of SCHL on children has been recognized over the past

decade. It has already been well-established that children with

hearing loss, specifically cochlear implant users and those with

severe hearing loss, have impaired ability to perform academically.

This is particularly true for reading and communication skills

where decreased understanding of auditory communication can

significantly impact these skills. Indeed, several studies have shown

that even small amounts of hearing loss (e.g., a minimal or slight-

to-mild sensorineural hearing loss, PTA 15–40 dB HL) in children

are associated with decreased communication, social support, self-

esteem, and cognitive performance (Lewis et al., 2015; Moore

et al., 2019). However, the few existing studies examining minimal

hearing loss and associated cognitive and educational performance

in children are underpowered and demonstrate a lack of sample

diversity (Bess et al., 1998; McFadden and Pittman, 2008; Lewis

et al., 2015; Moore et al., 2020).

The primary objective of this study is to determine if

different levels of SCHL (pure tone average ≤ 25 dB HL) are

associated with educational testing outcomes [e.g., subsets of the

Wechsler Intelligence Scale for Children-Revised (Grizzle, 2011)

and the Wide Range Achievement Test-Revised (Caplan, 2011;

National Center for Health Statistics, 2021)] in children from

the NHANES-III (National Health and Nutrition Examination

Survey), a national cross-sectional study of the United States

population. We hypothesized that small differences in hearing will

impact a child’s ability to understand speech and instructions in

unfavorable listening conditions relative to other children who

have better hearing (Crandell, 1993; Bess et al., 1998). This could

manifest as difficulty following conversation, understanding speech

and instruction from a distance, and synthesizing new information

in novel environments that require careful listening, perhaps

in a challenging auditory environment. This has considerable,

detrimental implications in classroom settings where much of a

child’s cognitive stamina is developed, and therefore can have

implications for educational performance. In summary, if a child

has small aberrations in hearing precluding them from developing

skills needed to excel in the classroom, they will subsequently

perform worse on educational outcome measures used in this

manuscript. To the best of our knowledge, no prior study

has examined minimal hearing loss and educational testing in

United States children (Moore et al., 2019).

Methods

Participants

Participants included children 6–16 years of age who

participated in the National Health and Nutrition Examination

Survey (NHANES III, 1988–1994), a cyclic cross-sectional study

that uses a stratified, multi-stage sampling design to achieve

a nationally representative sample of the noninstitutionalized

civilian US population in 50 states and District of Columbia.

NHANES III is the only NHANES cycle that included both

comprehensive educational/academic testing as well as audiometric

data for children. The survey was conducted by the National

Center for Health Statistics of the Centers for Disease Control

and Prevention. The designs of the sample have been described

in previous studies (Health USDo, 1998; Mohadjer et al., 2021;

National Center for Health Statistics, 2021). The study encompasses

both an in-home interview and physical examination conducted

in a mobile examination center. The interview portion included

questions addressing demographics (i.e., age, gender, and race),

socioeconomic status (determined by poverty index), and health

(i.e., medical comorbidities, smoking history, and medication

use). Physical examinations included medical, physiological

measurements, audiometric (hearing testing), and laboratory tests.

The questionnaire included information regarding rheumatic heart

disease, chronic bronchitis, epilepsy, cerebral palsy, and asthma.

Audiometric hearing measures

Audiometric testing included a hearing questionnaire,

tympanometry, and pure-tone air conduction audiometry. Testing

was performed inside a sound booth using a standardized protocol

from the National Center for Health Statistics. Air conduction

thresholds were measured at 0.5, 1, 2, 4, 6, and 8 kHz in dB HL.

Cochlear implant users and hearing aid users were instructed

to remove their devices before testing. If a participant had two

devices, they would need to remove both. If they were unable to

remove them, they were excluded from the audiometry component

of the study. A four-frequency pure tone average (PTA) was

calculated from individual thresholds at 0.5, 1, 2, and 4 kHz.

Hearing thresholds were arbitrarily grouped into 3 categories: PTA

≤ 0, 1–10, and 11–25 dB HL. This represented two levels of SCHL
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(1–10 dB HL and 11–25 dB HL) as well as a reference category of

≤0 dB HL, or the best possible performance on an audiometric

exam. Participants with a PTA > 25 dB HL were excluded from

analysis as the objective of the study was to explore the associations

with subclinical hearing threshold levels. We defined this hearing

loss as “subclinical” hearing loss (as used in previous studies)

and is largely characterized as any hearing threshold under the

criteria classically known as hearing loss (<25 dB HL) (Golub

et al., 2020b; Chern et al., 2021; Irace et al., 2022). Participants with

flat tympanogram results (peak ≤ 0.2mL) were excluded since

any related hearing loss may be from a middle ear effusion and

thus transient. Similar to other epidemiologic hearing loss studies,

analysis was limited to the hearing thresholds of the better ear

(Deal et al., 2017; Golub et al., 2020a,d; Chern et al., 2021).

Intelligence/educational testing

NHANES III (1988–1994) includes multiple components that

measure child intelligence, educational performance, and cognitive

function. Subsets of the Wide Range Achievement Test–Revised

(WRAT-R) and the Wechsler Intelligence Scale for Children—

Revised (WISC-R) were included. These subsets included the

arithmetic and reading components of the WRAT-R, as well as

the verbal component (Forward Digit Span) and performance

exam (Block Design) portions of the WISC-R. The WISC-R

was initially designed to measure intelligence of children, and

in a similar vein, the WRAT-R measures a child’s ability read

words, comprehend sentences, spell, and perform arithmetic all of

which were designed to correlate with academic and educational

achievement. Although not specifically designed to measure

cognitive domains, theWRAT-R components indirectly extrapolate

to various cognitive domains involved in reading and arithmetic.

The reading components evaluate cognitive processes related to

verbal learning, as well as decoding and printed word recognition.

The math components evaluate cognitive processes involving

inattention to detail (misread operational signs or misalignment

of numbers), as well as skills involved in basic math operations.

The Digit Span measures verbal short-term memory, and the block

design addresses spatial visualization ability and motor skills. Raw

scores, standardized scores, and age-corrected scaled scores for

each subset are included in NHANES. For analysis, scaled scores

were used.

The WISC-R and WRAT-R have been developed to evaluate

intelligence and academic skills assessment using at several

different tasks. Research has shown the utility of these tests in

identifying children who are at risk of reading and other learning

difficulties. Not only do they identify patterns of performance

on academic achievement tests, but they also can characterize

the relative cognitive deficits (i.e., compared to their peers) using

measures of phonological awareness and rapid naming. They have

also been shown to demonstrate an association with long-term

neurocognitive outcomes (Andrews et al., 2001; D’Angiulli, 2003;

Drotar et al., 2008; Sayegh et al., 2014; Chua et al., 2016). For all

outcomes, higher numbers indicate better performance. For the

main analysis, cognitive outcomes were binarized into high and low

categories, where performing at the 25th percentile or lower was

defined as low. This cut-off for poorer performance was arbitrarily

determined to be a point at which a participant’s educational

performance would be meaningfully lower than his or her peers.

Due to the arbitrary nature of these cut-offs, sensitivity analysis

was completed using cutpoints at the 50th and 10th percentile as

well to affirm if any association with hearing loss was maintained.

Finally, multivariable linear regression was conducted to examine

the effect of continuous hearing thresholds on continuous test

scores to further test the sensitivity of any established relationships.

This linear regression multivariable model also controlled for

all factors included in Table 1. Educational assessments were

performed as part of a standard protocol, described in NHANES

III documentation (Aldea Martinez et al., 2019).

Covariates

Covariates of interest included age, sex, race, poverty-income

ratio, primary household language, history of intellectual disability,

and the highest completed grade in school (e.g., 1st−12th grade or

post-primary school) of the principal/head household member (as

designated by the child’s parent/guardian completing the survey).

Age refers to the age (in years) at the time of the NHANES III

Examination. Race was defined as White, Black, or other. The

poverty income ratio is defined as the ratio of family income

divided by the poverty threshold, as set by the Census bureau

every year. Poverty ratios were categorized as <1 or ≥ 1 for

analysis, where 1 is the poverty level. The highest completed grade

(highest level of education attained) of the principal household

member (head of the household defined as the child’s parent or

guardian) was defined as <12th grade or ≥12th grade (high school

degree). Participants with a history of intellectual disability were

recorded as yes/no by NHANES. Previous studies have established

a relationship between the above socioeconomic factors (SES) and

WISC-R and WRAT-R, which validates the inclusion of these

variables (Lee et al., 2003; Wu et al., 2006). While NHANES

contains many variables, these are the primary demographic/SES

variables available.

Data analysis

Analysis was performed in Stata IC v15 (StataCorp, College

Station, TX). Differences in cognitive testing across hearing loss

categories were determined by the unpaired ANOVA testing.

Corrected Cohen’s d (used to indicate the standardized differences

between twomeans) was calculated to determine effect size between

best and worst hearing threshold groups. Effect sizes are generally

classified as small (d = 0.2), medium (d = 0.5), and large (d = 0.8)

(Lakens, 2013). Multivariable logistic and linear regression with the

above-mentioned covariates (also listed in Table 1) was conducted

to explore the relationship between different levels of SCHL and

cognitive performance.

For logistic regression, the binary outcome was a high or

low cognitive test score, using the 25th percentile as the cutpoint

to acquire an odds ratio (OR) for lower scores. As described

previously, sensitivity analysis was completed using cutpoints at
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TABLE 1 Participant demographics (N = 3,965, unweighted).

Subclinical hearing loss categories

Characteristic ≤0 dB HL, N = 1,223a 1–10 dB HL, N = 2,532a 11–25 dB HL, N = 210a p-valueb

Age (years) 11.0 (9.0, 14.0) 10.0 (8.0, 13.0) 10.0 (7.0, 13.0) <0.001

Sex 0.039

Male 564 (46%) 1,264 (50%) 112 (53%)

Female 659 (54%) 1,268 (50%) 98 (47%)

Race 0.3

White 715 (58%) 1,501 (59%) 124 (59%)

Black 471 (39%) 922 (36%) 80 (38%)

Other 37 (3.0%) 109 (4.3%) 6 (2.9%)

Poverty (yes)∗ 357 (29%) 1,066 (42%) 107 (51%) <0.001

History of
intellectual disability

2 (0.2%) 5 (0.2%) 2 (1.0%) 0.2

Household language <0.001

English 1,100 (90%) 2,076 (82%) 170 (81%)

Spanish 119 (9.7%) 444 (18%) 40 (19%)

Other 1 (<0.1%) 2 (<0.1%) 0 (0%)

Unknown 3 (0.2%) 10 (0.4%) 0 (0%)

aMedian (IQR); n (%).
bKruskal-Wallis rank sum test; Pearson’s Chi-squared test; Fisher’s exact test.
∗Defined as a poverty-income ratio < 1, where 1 is the poverty level.

the 50th and 10th percentile as well to affirm if any association

with hearing loss was maintained. This sensitivity analysis was

only completed for reading scores as this was the only significant

outcome from initial models. The odds ratio is the odds that

an outcome will occur given the presence of a certain exposure,

compared to the odds that an outcome will occur without the

presence of the exposure (Szumilas, 2010). To summarize, a

multivariable logistic model was created for each score (Reading,

Math, Block Design, Digit Span). Sensitivity analysis involved three

different logistic models using three different cutoffs (50th and 10th

percentile) for only reading scores. Multivariable models included

all relevant covariates collected in this study (Table 1).

Multivariable linear regression analysis was also performed

and controlled for the same factors (Table 1) and examined

the relationship between continuous hearing thresholds and

continuous reading scores. Therefore, only one linear regression

model was created. Statistical significance was defined at the α =

0.05 level.

Weighting

Raw audiometric and educational testing data are presented

without using weighting protocols. NHANES weighting utilizes a

complex survey design to reduce biases as a result of oversampling,

undersampling, and survey non-response. Fundamentally, this

allows the data to better match the actual US population makeup.

For example, if a certain subset of the population is undersampled,

the weighting will correct for this so these individuals will not be

falsely underrepresented. ANOVA testing for hearing thresholds

between PTA groups was conducted without weighting. Weighting

was not used for this analysis to transparently show outcomes

without any artificial weighting/modulation. However, weighting

per NHANES protocols was used for univariable and multivariable

logistic regression analysis, as well as sensitivity analysis using

linear regression. Weighting protocols accounted for NHANES

III’s four-stage sample design, which accounted for (1) Primary

Sampling Units (PSUs) comprising mostly single counties, (2) area

segments within PSUs, (3) households within area segments, and

(4) persons within households (Mohadjer et al., 2021).

Results

Of 13,923 participants under the age of 18 in NHANES III,

6,222 had complete audiogram data (only a random sample of

children are assigned to audiometric testing). We removed 574

participants due to abnormal tympanometry. Only participants

16 years old and under had educational testing, which removed

1,329 participants due to missing data. Eighteen individuals

were removed because they had a PTA > 25 dB HL; 336

individuals were removed due to incomplete covariates data. In

total, 3,965 individuals were included in final analysis. Figure 1

diagrammatically shows the inclusion and exclusion of participants.

The average age of included participants was 10.8 years

old (range 6–16); 51.1% were female, 59.0% were White, and

84.4% spoke English as the predominant language at home.

Socioeconomic demographics are as follows: 38.6% of participants

had a poverty income ratio of < 1 (indicating an income

below the poverty limit) and 39.0% had a head of household
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FIGURE 1

Flow diagram illustrating the inclusion and exclusion of patients in

this study.

who did not complete education past 11th grade. Of included

participants, 0.2% had an intellectual disability. See Table 1 for

participant demographics.

The average PTA was 3.0 dB HL (SD = 4.5) and ranged

from−10 dB HL to 25 dB HL. Of the participants, 30.8% were

classified with PTA ≤ 0 dB HL, 63.9% with PTA between 1 and 10

dB HL, and 5.3% with PTA between 11 and 25 dB HL. The average

math scaled score was 7.74 (SD= 3.2), with a 25th percentile score

being a score of 6. The average reading scaled score was 7.23 (SD

= 3.7) and a 25th percentile score of 5. The average block scaled

score was 8.53 (SD = 3.4) with a 25th percentile score of 6. The

average digit span scaled score was 8.08 (SD = 2.9) with a 25th

percentile score of 6. See Table 2 for hearing characteristics and

average educational test scores. See Table 3 for average educational

test scores stratified by hearing categories and other covariates.

ANOVA testing illustrates that test scores were significantly

different between hearing categories (p < 0.01). Reading scores

decreased most dramatically, specifically by ∼2.5 points (Cohen’s

d = 0.658) from the PTA ≤ 0 dB HL category to the PTA between

11 and 25 dB HL category. In univariable analysis, the average

scores in scaled math, reading, digit span (short-term memory),

and block design (visual-motor skills) were significantly lower with

worsening hearing categories (p < 0.01). Results of the univariable

logistic regression analysis that did not control for confounders are

included in Supplementary Table 1.

Multivariable logistic regression models using NHANES

weighting protocols were created while controlling for all covariates

in Table 1 (Table 4). The outcome of interest was a low educational

TABLE 2 Hearing characteristics and average cognitive test scores

(unweighted).

PTA-better ear, mean (SD, range) 3.02 (4.5,−10 to 25)

Subclinical hearing loss categories (N, %)∗

≤0 dB 1,223 (30.8)

1–10 dB 2,532 (63.9)

11–25 dB 210 (5.3)

Math scaled score, mean (SD) 7.74 (3.2)

Reading scaled score, mean (SD) 7.23 (3.7)

Block design scaled score, mean (SD) 8.53 (3.4)

Digit span scaled score, mean (SD) 8.08 (2.9)

∗Hearing loss categories were based on assessment of the better-hearing ear.

PTA, pure tone average.

test score (score < 25th percentile) in subsets of the WISC-R

and WRAT-R (Reading, Math, Digit Span, Block Design). Worse

hearing threshold categories were associated with lower reading

scores; PTAs of 1–10 dB HL (OR 1.72, 95% CI 1.29–2.29, p < 0.01)

and 11–25 dB HL (OR: 2.99, 95% CI 1.35–6.65, p < 0.01) were

associated with scoring below the 25th percentile. On multivariable

logistic regression analysis (Table 4), hearing thresholds were not

significantly associated with math-scaled scores (p = 0.35–0.40),

digit span scaled scores (p = 0.37–0.38), and block design scaled

scores (p= 0.20–0.21).

Sensitivity analysis was conducted using 50th and 10th

percentile cutpoints for reading scaled score thresholds on

weighted multivariable logistic regression models: PTAs of 1–10

dB HL (OR 1.56, 95% CI 1.21–2.00, p = 0.001) and 11–25 dB HL

(OR: 2.72, 95% CI 1.75–4.23) were associated with scoring below

the 50th percentile on reading scores. PTAs of 1–10 dB HL (OR

1.83, 1.06–3.16, p= 0.031) and 11–25 dB HL (OR 3.96, 1.39–11.32,

p = 0.011) were associated with scoring below the 10th percentile.

This is included in Supplementary Table 2.

Finally, analysis was conducted using better hearing ear PTA

and reading scores as continuous variables in a fully adjusted,

multivariable, sample-weighted, linear regression model (see

Table 5). PTA of the better hearing ear was negatively associated

with reading scores (coef:−0.110, 95% CI −0.146, −0.0742, p

< 0.001) when controlling for confounding factors (age, sex,

race, poverty-income ratio, primary household language, history

of intellectual disability, and the highest completed grade of the

principal household member). This suggests that increased hearing

loss even while still under 25 dB HL is significantly associated with

worse reading test scores, adjusting for covariates.

Discussion

In this study of a national sample, we demonstrate that

SCHL is associated with lower reading test scores in children

aged 6–16 in the United States, adjusting for covariates. This

reproduces an analogous finding previously reported in adults,

which also includes measures of verbal learning and memory

through the Spanish-English Verbal Learning Test (SEVLT) (Golub

et al., 2020b). No prior United States population studies have
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TABLE 3 Participant cognitive test scores by demographic factors (N = 3,965, unweighted).

Math scaled scores
(mean, SD)

Reading
scaled score

Block design
scaled score

Digit span scaled
score

Hearing categories∗ D= 0.374 D= 0.658 D= 0.312 D= 0.411

≤0 dB HL 8.2 (3.3) 8.1 (3.6) 8.5 (2.9) 8.9 (3.4)

1–10 dB HL 7.6 (3.3) 6.9 (3.7) 8.0 (3.0) 8.4 (3.4)

11–25 dB HL 6.9 (3.4) 5.7 (3.7) 7.3 (2.9) 7.9 (3.3)

Gender

Male 7.5 (3.4) 6.9 (3.8) 8.9 (3.4) 7.9 (2.9)

Female 8.0 (3.2) 7.6 (3.6) 8.2 (3.3) 8.3 (2.9)

Race, N (%)

White 8.2 (3.3) 7.7 (3.8) 9.4 (3.2) 8.2 (2.9)

Black 7.0 (3.1) 6.5 (3.5) 7.1 (3.1) 7.9 (2.9)

Other 8.2 (3.5) 6.7 (3.7) 9.4 (3.5) 7.6 (2.8)

Poverty∗, N (%)

No 8.4 (3.3) 8.1 (3.6) 9.1 (3.4) 8.5 (2.9)

Yes 6.7 (3.0) 5.8 (3.5) 7.6 (3.1) 7.4 (2.9)

Highest grade family reference person completed < 12th grade

No 8.4 (3.3) 8.0 (3.6) 9.1 (3.4) 8.6 (2.9)

Yes 6.7 (3.0) 6.0 (3.6) 3.2 (7.7) 7.2 (2.8)

Household language, N (%)

English 7.9 (3.3) 7.6 (3.6) 8.6 (3.4) 8.4 (2.9)

Spanish 6.7 (3.0) 5.2 (3.7) 8.1 (3.0) 6.4 (2.5)

Other 11.3 (2.5) 7.7 (5.5) 8.3 (3.1) 9.7 (1.5)

Unknown 6.5 (4.2) 6.4 (4.1) 7.2 (4.5) 7.7 (2.4)

History of intellectual disability

No 7.8 (3.3) 7.2 (3.7) 8.5 (3.4) 8.1 (2.9)

Yes 1.3 (3.3) 1.1 (2.0) 2.1 (2.0) 2.8 (2.2)

∗One-way ANOVA shows a significant difference between hearing groups for all tests (all with p < 0.01). Cohen’s d for hearing categories refers to differences between the best and worst group.

explored the relationship between SCHL (1–25 dB HL) and reading

test scores in children. The weighting protocol for NHANES

is powerful, as it allows us to generalize our findings to the

United States population. Although NHANES III was conducted

several decades ago, it is the only national sample of US children

containing rigorous audiometric and educational testing, as well

as numerous comorbidities and socioeconomic factors captured

through robust questionnaires given to both the participants and

the family of the participants. Therefore, NHANES III represents a

powerful tool for understanding the relationship between hearing

and educational testing outcomes on a national scale in children.

To the best of our knowledge, our study is the first and largest,

national study of minimal hearing loss and educational testing in

United States children (Moore et al., 2019).

The association between SCHL and reading/verbal reasoning

educational test scores persists even when controlling for several

potentially confounding covariates that may be associated with

both hearing and cognition (e.g., age, sex, family educational level,

household income, household language, and a history of intellectual

disability). Using multivariable regression models, we have shown

that increased hearing thresholds above 0 dB HL and under 25

dB HL, which are generally considered clinically “normal,” still

exhibited increased odds of scoring below the 25th percentile on

reading tests. For example, a PTA between 1-10 dB HL conferred a

72% increased odds of a score below the 25th percentile compared

to those with a PTA≤0 dBHL.Moreover, hearing thresholds within

the range of SCHL (i.e., between 1–25 dB HL) exhibited a “dose-

dependent” relationship with reading test scores: worse hearing

categories, or a higher “dose” of hearing loss, were associated with

larger odds of scoring below the 25th percentile.

A dose-dependent association between hearing loss and various

domains of cognition, including reading/verbal functioning,

executive function, and memory, has previously been shown

in adults and children (Lin et al., 2011; Golub et al., 2019;

Moore et al., 2019). It has generally been thought that the risk

of cognitive impairment begins with mild hearing loss (e.g.,

26–40 dB HL) and increases as the severity of HL increases. A

recent cross-sectional study in adults in both NHANES and the
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TABLE 4 Multivariable logistic regression between hearing and a cognitive test score less than the 25th percentile (weighted)b.

Math scaled
score

p Reading
scaled score

p Digit span
scaled score

p Block design
scaled score

p

PTA categoriesa

≤0 dB HL Ref – Ref – Ref – Ref –

1–10 dB HL 1.18 (0.83–1.68) 0.345 1.72 (1.24–2.38) <0.01 1.17 (0.82–1.66) 0.38 1.32 (0.86–2.04) 0.20

11–25 dB HL 1.32 (0.69–2.51) 0.395 2.99 (1.59–5.62) <0.01 1.39 (0.67–2.89) 0.37 1.72 (0.73–4.10) 0.21

Age 1.07 (1.04–1.11) <0.01 0.90 (0.85–0.96) <0.01 1.08 (1.03–1.13) <0.01 1.01 (0.97–1.06) 0.57

Race

White Ref – Ref – Ref – Ref –

Black 1.88 (1.45–2.42) <0.01 2.18 (1.67–2.84) <0.01 1.78 (1.35–2.35) <0.01 4.99 (3.55–6.99) <0.01

Other 1.10 (0.62–1.96) 0.732 2.04 (1.07–3.90) 0.03 2.26 (1.07–4.76) 0.03 1.21 (0.58–2.51) 0.6

Sex

Male Ref – Ref – Ref – Ref –

Female 0.63 (0.50–0.80) <0.01 0.67 (0.48–0.93) 0.02 0.74 (0.67–2.89)) 0.05 1.57 (1.15–2.14) <0.01

Poverty

No Ref – Ref – Ref – Ref –

Yes 1.78 (1.23–2.58) <0.01 1.54 (1.07–2.21) 0.02 1.31 (0.92–1.87) 0.13 1.26 (0.90–1.77) 0.17

Intellectual disability

No Ref – Ref – Ref – Ref –

Yes 122.45

(15.48–968.39)

<0.01 196.92

(23.86–1625.45)

<0.01 181.36

(22.15–1484.87)

<0.01 164.1 (21.6–1246.4) <0.01

Language

English Ref – Ref – Ref – Ref –

Spanish 1.54 (1.04–2.29) 0.03 2.46 (1.56–3.84) <0.01 2.30 (1.55–3.44) <0.01 1.38 (0.89–2.12) 0.14

Other – – 2.00 (1.08–3.71) 0.03 – – 10.0 (4.18–24.01) <0.01

Unknown 1.93 (0.65–5.77) 0.23 1.78 (0.66–4.81) 0.25 0.65 (0.24–1.71) 0.37 3.87 (1.12–13.27) 0.03

Family education

≤12th Grade 2.11 (1.46–3.07) <0.01 2.08 (1.48–2.93) <0.01 1.93 (1.41–2.63) <0.01 1.66 (1.22–2.25) <0.01

Models controlled for all variables in Table 1: age, sex, race, poverty status, intellectual disability, household language, and highest grade of the head of the household.

Ref, Reference group. All odds ratios are relative to this group.
aHearing is categorized based on the pure tone average in the better ear.
bOR indicates the odds of a cognitive test score less than the 25th percentile compared to the reference group.

The bold values indicates statistical significance for those hearing categories.

Hispanic Community Health Study (HCHS) showed a robust and

independent association between SCHL and cognitive impairment,

specifically global cognitive function, verbal memory, and frontal-

executive abilities (Golub et al., 2020c). The present study

supports this phenomenon and suggests it may also be present

in children. Our findings suggest that even a small hearing

loss is associated with decreased educational attainment (i.e.,

as measured by reading testing performance). Of note, these

educational attainment outcomes that assess math and verbal skills

also require cognitive processes. Hearing primarily affects reading

abilities through an impact on language development, as students

struggle to grasp the nuances of oral communication, which

subsequently impacts their ability to understand syntax and other

factors involved in reading (Carney and Moeller, 1998). Hearing

lossmay also affect educational attainment through inability to hear

and understanding of concepts being communicated by the teacher.

In these participants with SCHL, the effect sizes (i.e., differences

in test scores per unit change in hearing) exhibit a moderate

strength with the greatest difference between the mean average

test scores being 2.5 points between the best and worst hearing

threshold categories (Cohen’s d = 0.658). Subsequently, a 2.5-

point difference is equivalent to approximately three-quarters of

a standard deviation. However, the true clinical impact of such a

deficiency in scores for these tests in the real world is uncertain

and warrants further research. Even small variations in hearing loss

can impact absolute scores. On logistic regression analysis, children

with hearing of 10-25 dB HL are 3 times as likely to perform

within the bottom 25th percentile on intelligence tests compared to
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TABLE 5 Multivariable linear regression between hearing (continuous

PTA threshold) and reading test scores (weighted)a.

Characteristics Coe�cient 95% CI p-value

Hearing threshold
(PTA, dB HL)

−0.1101 (−0.146,

−0.074)

P < 0.001

Age 0.1557 (0.094, 0.217) P < 0.001

Sex

Male Ref – –

Female 0.488 (0.021–0.954) p= 0.041

Race

White Ref – –

Black −1.152 (−1.771,

−1.253)

p < 0.001

Other −1.184 (−2.600,

0.227)

p= 0.096

Poverty status

No Ref – –

Yes −1.175 (−1.461,

−0.889)

p < 0.001

Language

English Ref – –

Spanish −1.499 (2.081,

−0.918)

p < 0.001

Other −0.964 (−2.651,

0.722)

p= 0.249

Unknown −0.504 (−2.450,

1.441)

p= 0.597

Family education

>12 grade education Ref – –

≤12th grade −1.529 (7.024, 8.232) p < 0.001

aModels controlled for all variables in Table 1: age, sex, race, poverty status, intellectual

disability, household language, and highest grade of the head of the household.

Ref, reference group. Hearing threshold and age were continuous variables in this analysis.

children with hearing within what is considered normal limits (i.e.,

≤0 dB HL) after controlling for many factors associated with lower

standardized test scores. This relationship was maintained for those

within the bottom 50th and 10th percentile.

Several terms have referred to hearing ≤25 dB HL, including

“minimal” HL, but fundamentally hearing under this dB HL

threshold is ill-defined (Tharpe and Bess, 1991). Children in this

category have also previously been assumed to have few, if any,

special needs and require no accommodations in the academic

setting (Tharpe and Bess, 1991). Our study supports these previous

findings in a national sample. Although previous studies have

investigated the effect of minimal hearing loss (varying definitions,

but e.g., 10–25 dB HL) in children (McFadden and Pittman, 2008;

Moore et al., 2020), few reports have looked at the potential effects

of SCHL (1–25 dB HL), and none that look at specifically extremely

minimal hearing thresholds (1–10 dB) in a population-based,

national survey of the United States.

In our cohort, the association between SCHL and educational

test performance is only maintained in the reading test, which

is not surprising considering the impact of auditory deprivation

on verbal skills (Furth, 1964; Wilson et al., 1975). This supports

our overarching hypothesis that SCHL is linked to worsening

educational attainment, as such a link should disproportionately

affect skills that more heavily rely on auditory input (e.g., reading)

over those that less heavily rely on auditory input (e.g., math).

While worse hearing will likely impact all forms of intelligence

(other than language-based skills), we are examining minimal

hearing which likely affects only the skills that are most vulnerable

or dependent on hearing. Therefore, our findings suggest that

language and speech impairments may begin with very minimal

hearing loss.

The acoustic environment of a classroom can greatly affect

speech perception and learning in children, which ultimately affects

academic achievement (Tharpe et al., 2009). Many studies have

documented poor acoustic conditions in classrooms (McCroskey,

1975; Picard and Bradley, 2001; Knecht et al., 2002). Children have

also been shown to require more favorable acoustic environments

compared to adults to obtain equivalent speech recognition scores

(Elliott, 1979; Johnson, 2000; Stuart, 2005). Research has suggested

that children need approximately a +15 dB signal-to-noise ratio

to learn effectively, a condition that most classrooms do not

achieve (Goldberg and Richburg, 2004; American Speech-Language

Hearing Association, 2005). As a result, children can lose voiceless

consonant sounds (e.g., /f/,/th/,/s/) which can have a considerable

effect on grammar development since these sounds are used

to designate plurals, third-person verbs, and object possession.

Children with SCHL will have an added difficulty, and therefore

have slightly worse comprehension in learning environments.

Children with SCHL may also experience more fatigue because the

increased listening effort is required to perform at the same level

(e.g., equivalent speech recognition) as their better-hearing peers;

this has been shown in children with 15–40 dB HL of hearing

loss (Hick and Tharpe, 2002). Thus, children with SCHL may

overall have decreased opportunities to learn both at school and

incidentally from their surrounding environment (Pagliaro and

Kritzer, 2013).

Our study has several advantages. NHANES includes a

national sample of children, which enables our study to have

greater generalizability than prior studies with non-national

cohorts. One noteworthy study of four centers in the UK

established similar observations seen in our cohort (Moore et al.,

2019). Similar to our study, this study identified a relationship

between minimal hearing loss (defined as <20 dB HL but

with one frequency ≥ 15 dB) with several different cognitive

and learning outcomes. However, this sample did not examine

the effect of 1–10 dB HL of hearing loss, and explored a

less nationally acquired sample of the United Kingdom. The

power and generalizability of our conclusions are amplified

when applying the NHANES weighting protocol for our

sample. Both the UK study and our own conclude that many

children with classically undetected and untreated hearing

could experience deficits in several different cognitive and

educational functions.

This study has several limitations. Firstly, NHANES III is

several decades old. However, it is the only national database

that includes both audiograms and comprehensive cognitive

testing for children. Additionally, since the NHANES audiometric

protocol only included air conduction, we were not able to

distinguish between conductive and sensorineural hearing loss.
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Even though we eliminated participants with flat tympanograms

to attempt to eliminate those who may have conductive hearing

loss from effusions or tympanic membrane perforations, this

imperfect.mperfect. Additionally, this study lacks longitudinal data;

as a result, we cannot establish a temporal relationship, i.e., that

SCHL earlier on has a later association with cognitive performance.

Finally, weighting protocols, while making the analysis more

representative of the United States, carry their own biases and

can skew conclusions. Additionally, while our educational testing

is robust, there are limitations to these tests. The tests included

are subscales from the WISC-R and WRAT-R to capture specific

aspects of arithmetic, reading, and other performance tasks. While

tests evaluating educational attainment may be related to cognition,

they may not be directly indicative of cognition compared to tests

that capture more abstract concepts of cognition. These cognitive

tests should also be further investigated to fully characterize the

effect of subclinical hearing loss on cognition in children. Some

might argue that the included tests provide too broad of an estimate

of academic achievement and contain little specific information

within the various subsets. Finally, we chose to focus primarily on

hearing as a risk factor for educational tests. Future studies should

examine other risk factors, including the covariates we studied.

Future studies should also look at effect modification, for example

whether the effect of SCHL differs based on socioeconomic status.

The cross-sectional nature of the study prevents us from

making definitive conclusions regarding the mechanism of

association, as well as the ability to rule out reverse causation. It

seems implausible that educational testing ability affects peripheral

hearing levels. However, it is conceivable that young children with

better cognition/educational performance can better pay attention

and perform better on hearing testing. Studies have shown that

audiometric testing has many sources of error including lack of

the ability to participate, willingness to participate, instructions,

learning, effects, and executive function which is associated with

behavioral processes associated with attention (Pierson et al., 2007).

This is especially true with manual audiometric techniques, which

were used in the NHANES III survey, as opposed to automated

(e.g., Bekesy) techniques. Given the mean age of 11 years old,

participants should be fairly capable of relatively simple tasks

such as audiometric testing. Moreover, because this is not a

randomized controlled trial, there may be confounding variables

that are associated with both hearing loss and cognition. Our study

attempted to address this by including several model covariates

that might be confounders. There is also debate regarding the

effect of cultural biases and language differences on the cognitive

tests included in NHANES (Neisser and Bouchard, 1996). Research

suggests cultural and language differences may play a role in

academic and educational testing performance, even within our

study. Since NHANES does not capture these culture differences,

future studies will require prospectively collected, matched cohorts

to control for the effect of confounding.

These findings support the hypothesis that minor differences

in hearing, even within the so-called “normal range” of hearing, is

crucial for certain aspects of educational performance and learning

in children. It is difficult to define the level of hearing loss at which

treatment is indicated. Some specialists argue that the 25-dB HL

threshold is too lenient, especially for children (Martin and

Champlin, 2000). This may indeed be true if hearing loss is shown

to have a clinically detectable impact on educational attainment. To

mitigate this potential impact of SCHL on cognitive performance

in children, it may be beneficial to optimize the acoustics of

the learning environment to address variations in hearing among

students. For example, the selective use of microphones and

speakers can more effectively transfer sound to different parts

of the classroom. Students with decreased hearing compared to

their peers can be assigned preferential seating at the front of

a classroom.

Conclusion

This study demonstrates the association and potential impact

of SCHL on certain domains of educational/academic test

performance in children. Further studies are necessary to fully

understand the mechanism and implications of this phenomenon,

in addition to how this should change hearing loss screening and

management in schools.
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