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Lipid metabolism and hearing loss:
association of non-high-density lipoprotein
cholesterol to high-density lipoprotein
cholesterol ratio (NHHR) with adolescent
hearing health
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Abstract

Background The ratio of non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol (NHHR)
is a novel lipid measure for assessing the risk of cardiovascular disease. Lipid metabolism disorders are reportedly
associated with hearing impairment. This study aimed to investigate the potential association between NHHR and
hearing.

Methods The data used in this study were obtained from the National Health and Nutrition Examination Survey
(NHANES) cycles of 2005-2010 and 2017-2018, including 4,296 participants aged 6—19 years. The NHHR was
calculated from lipid profiles, and hearing was assessed using pure-tone audiometry. Weighted multivariate logistic
regression analyses were used to investigate the association between the NHHR and hearing loss. Subgroup and
sensitivity analyses were performed to verify the robustness of the results.

Results Univariate analysis revealed significant associations between the NHHR and hearing threshold at all
categorized frequency (low, speech, or high-frequency) (P<0.001). Three models were used: an unadjusted model,

a model adjusted for age, sex, and race, and a model further adjusted for PIR, BMI, and diabetes. Multiple regression
analysis confirmed these associations consistently across all models. When considered as a continuous variable, NHHR
had a significant association with enhanced hearing thresholds at all categorized frequencies: low-frequency (3:0.56,
95% Cl: 0.36-0.75), speech-frequency (3:0.55, 95% Cl: 0.36-0.7), and high-frequency (3:0.55, 95% Cl: 0.36-0.74). The
adjusted models showed persistent positive correlations after controlling for covariates. The NHHR was consistently
positively associated with hearing loss. The NHHR and auditory thresholds showed a general dose-response
association across all frequencies.
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Conclusions NHHR is a promising biomarker for predicting adolescent hearing threshold shifts and hearing loss. The
study highlights the importance of early lipid monitoring and management as strategies to prevent or reduce hearing

impairment.

Keywords NHHR, Hearing, NHANES, Children, Adolescents, Cross-sectional study

Background

Hearing loss (HL) affects millions in the United States of
America (USA), with 12.5% of children aged 6-19, based
on NHANES data (HL is defined as a pure-tone audiom-
etry>15 dB in one ear. Its prevalence among adolescents
aged 12-19 has increased over the past decade, making it
a growing public health concern [1]. Sensorineural hear-
ing loss (SNHL) has significant medical, social, and cul-
tural impacts [2]. Individuals from families staying under
the federal poverty line are more likely to have HL than
those living above the federal poverty line. Some patients
are likely to have mild congenital HL that is not detected
until early childhood. Surveys have shown that more
youths have measured HL than self-reporting indicates,
suggesting that self-report screenings may miss mild HL
cases [3]. Current perspectives focus on mild HL, which
affects 10-15% of pupils, school performance, and social
interactions [4, 5]. Strong evidence shows that HL>40
dB negatively affects classroom learning and vocational
achievement [3].

Although HL has various causes, the hypothesis that
inner ear microcirculatory disorders contribute to it
remains debated and challenging. Atherosclerosis, dia-
betes, lipid disorders, and hypertension have recently
been associated with cardiovascular degeneration [6—
8]. Hyperlipidemia reduces blood vessel elasticity and
induces atherosclerosis, leading to microangiopathy. The
susceptibility of the cochlea to hemodynamics can be
attributed to its anatomy. The cochlea, relying on a single
artery supply and having few collateral arteries, is weak
and very sensitive to vascular alterations [9, 10]. Hyper-
glycemia, combined with hyperlipidemia and athero-
sclerosis, can worsen HL in apolipoprotein E knockout
(ApoE-KO) mice by accelerating cell apoptosis [11]. Ani-
mal experiments have shown that dyslipidemia can cause
sudden sensorineural hearing loss (SSNHL), affecting the
blood supply to the cochlea [12]. Statistical data from
various populations have also confirmed that dyslipid-
emia can serve as a predictive factor for SSNHL [8, 13].
Dyslipidemia, which is characterized by abnormal blood
lipid levels, is associated with various vascular disorders
that can affect hearing. Studies have shown that individu-
als with elevated cholesterol and triglyceride levels may
have a higher risk of HL owing to compromised blood
flow to the auditory system [14, 15]. For example, spe-
cific studies have found a significant correlation between
hyperlipidemia and an increased incidence of SSNHL [8,

16, 17], suggesting that lipid imbalances can contribute to
inner ear damage.

Therefore, potential indicators of lipid metabolism
may be important in identifying early-stage HL risk and
facilitating timely intervention, although further research
is needed to confirm their role. Various lipid indicators
including low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), and total
cholesterol have been investigated for their potential
link to HL. Compared to traditional lipid markers, the
non-high-density lipoprotein cholesterol to high-density
lipoprotein cholesterol ratio (NHHR) offers a more com-
prehensive reflection of an individual’s lipid metabolism
status [18-20]. In adult populations, the NHHR is closely
associated with the occurrence of cardiovascular events
and can effectively predict the risk of atherosclerotic car-
diovascular disease [21]. However, the application and
research of the NHHR in children and adolescents, a key
demographic, remains relatively understudied.

Childhood and adolescence are periods of rapid physi-
cal growth and development, critical for preventing
future cardiovascular diseases. During this phase, lipid
levels affect short-term health and have far-reaching
implications for cardiovascular health in adulthood.
Studies have shown that lipid abnormalities in childhood
can persist into adulthood, increasing the risk of cardio-
vascular diseases [22]. Therefore, early identification and
intervention for lipid metabolism abnormalities in this
population are particularly important.

Most existing studies have focused on the relationship
between the NHHR and cardiovascular health in adults,
with relatively few studies on children and adolescents.
This knowledge gap limits the ability to utilize NHHR
for risk assessment and early intervention in this popu-
lation. Additionally, with the rising prevalence of obe-
sity and metabolic syndrome in children, exploring the
predictive value of the NHHR in this group is becom-
ing increasingly urgent. This study addresses this gap by
investigating the role of NHHR in hearing impairment.
This unique lipoprotein ratio accounts for both HDL-C
and non-HDL-C, minimizing the restrictions of previous
lipid-only research [18, 23]. The NHHR includes all ath-
erogenic lipoproteins, potentially linked more closely to
HL pathophysiology than HDL-C or LDL-C levels alone.
It was hypothesized that the NHHR could serve as a sen-
sitive and comprehensive biomarker for identifying the
potential impact of lipid metabolism abnormalities on
children’s health. This research aims to provide scientific
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evidence for the establishment of new screening stan-
dards and early intervention strategies to improve long-
term health outcomes in children. This will aid the
development of more effective public health strategies to
improve the health of children and adolescents.

NHANES data from 2005-2006,2007-2008,2009-2010
and 2017-2018 were used for this cross-sectional investi-
gation. These statistics include complete nutritional and
health information, including detailed audiometric mea-
surements and lipid profiles, thus forming a robust foun-
dation for analysis.

Methods

This study used the data from the National Health and
Nutrition Examination Survey (NHANES) data. The cur-
rent analysis used data from the 2005-2006, 2007—-2008,
2009-2010, and 2017-2018 survey cycles, including
socioeconomic, demographic, nutritional, and health-
related information. The study protocol was approved by
the Research Ethics Review Board of the National Health
and Nutrition Examination Survey.

40288 individuals of NHANES
in 2005-2010,2017-2018
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Study population

The analysis included subjects from the four NHANES
cycles spanning 2005-2010 and 2017-2018, focus-
ing exclusively on children and adolescents aged 6 to
19 years. Additional exclusion criteria were as follows:
(1) missing complete NHHR data. (2) missing complete
audiometric data. (3) ear examinations were not eligi-
ble for inclusion, for example, ear tubes, infected cases,
abnormal otoscopic findings, cerumen blockage, or sub-
standard tympanometry. (4) lack of completed essen-
tial covariates such as Body Mass Index (BMI), Poverty
Income Ratio (PIR), and diabetes. A total of 40,228 par-
ticipants were initially enrolled; after exclusion, 4,296
eligible individuals were included in the final analysis.
(Fig. 1).

NHHR assessment

The primary independent variable of the study was
NHHR, which was determined from lipid levels mea-
sured using Roche Cobas 6000 and Modular P analyzers
through enzymatic methods. NHHR was calculated as
non-HDL-C (Total Cholesterol minus HDL-C) divided
by the HDL-C level.

22701 Excluded

|

17587 individuals
(Age 6-19)

v

(Age <6 and >19)

12156 Excluded

|

5431 individuals

No NHHR and audiometric data

729 Excluded

|

4702 individuals

Abnormal tympanometry or
otoscopicexam

406 Excluded

|

4296 individuals

Inadequate covariatesdata

Fig. 1 Selection procedure for study participants. This figure illustrates the participant selection process from the National Health and Nutrition Exami-
nation Survey (NHANES) data spanning 2005-2010 and 2017-2018. Adolescents aged 6-19 years were initially considered. Exclusions were applied for
incomplete data on hearing assessments, otoscopic examinations, tympanograms, or NHHR. Additional exclusions were made for abnormal otoscopic
findings, poor-quality tympanogram results, or tympanograms showing a compliance of <0.3 mL. The final study cohort comprised 4,296 adolescents
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Hearing assessment

This study assessed the association between NHHR and
hearing in American adolescents, using both categorical
(binary yes/no HL) and continuous (pure-tone audiom-
etry, PTA) statistical approaches. In an acoustically con-
trolled setting, experienced audiologists performed PTA
to assess hearing. Testing covered frequencies from 0.5 to
8 kHz, with duplicate tests at 1 kHz to ensure reliability.
HL was defined as the PTA greater than or equal to 20 dB
within each categorized frequency range (low-, speech-,
or high-frequency), following the recommendations of
the World Health Organization (2021) [24]. HL was fur-
ther categorized as low-frequency HL, speech-frequency
HL, and high-frequency HL. The results were categorized
into low-frequency (0.5, 1, 2 kHz) [15, 25, 26], speech-
frequency (0.5, 1, 2, 4 kHz) [26-28], and high-frequency
(4, 6, 8 kHz) hearing thresholds [15, 26]. For each cat-
egory, the hearing thresholds were averaged across the
specified frequencies to provide an overall threshold for
low-, speech-, and high-frequency hearing loss.

Covariates

Potential covariates that could confound the relation-
ship between the NHHR and auditory threshold were
accounted for in the multivariate-adjusted model. The
covariates included age, sex, race, PIR, BMI, and diabetes
status.

Demographic details including age, sex, race, PIR, and
diabetes status were obtained using a standardized ques-
tionnaire. Physical examinations were used to obtain
BMI data, which was divided into three categories: nor-
mal weight (<25 kg/m?), overweight (=25 kg/m?* and <30
kg/m?), and obese (=30 kg/m?) [29]. Household income
levels were determined using the self-reported family
PIR, which was divided into tertiles for subgroup analy-
sis. Diabetes was defined as either a self-reported medical
diagnosis or the use of antihyperglycemic medications.
Participants who answered ‘yes’ or ‘borderline’ to either
question were classified as having diabetes [15, 30].

Statistical analysis

Data from the 2005-2010 and 2017-2018 NHANES
cycles were combined, and 8-year sampling weights were
created using the 2-year sampling weights (WTME-
C2YR) provided by the NHANES. These weights account
for oversampling, survey non-response, and post-strat-
ification inherent in the complex survey design. All the
analyses followed the National Center for Health Statis-
tics (NCHS) analytical guidelines to account for the com-
plex survey design [31].

Analyses were conducted using EmpowerStats (ver-
sion 4.2) and R (version 3.4.3). Continuous data were
given as median (Q1-Q3), whereas categorized variables
were presented as weighted percentages. To analyze
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differences in continuous variables among groups, a
weighted linear regression model or Kruskal-Wallis non-
parametric analysis of variance was applied to the data,
while a weighted chi-square test was used for categorical
variables. Multiple logistic regression was used to inves-
tigate the relationship between hearing threshold or HL
and NHHR. Three distinct models were developed: an
unadjusted model; a second model adjusted for age, sex,
and race; and a third model with further adjustments for
PIR, BMI, and diabetes. Smoothed curve fitting and sub-
group analyses were also performed.

To control for the potential inflation of type I errors
due to multiple comparisons, we applied the Benjamini-
Hochberg (BH) correction to the p-values generated in
the analysis. This correction method was used to adjust
for multiple testing in the regression models across dif-
ferent hearing frequencies (low, speech, and high) and
HL models, ensuring a controlled false discovery rate
while maintaining statistical power.

Results

Characteristics of participation

Table 1 demonstrates how the 4,296 individuals’ charac-
teristics were stratified based on NHHR index tertiles.
Among the participants, 956 (22.25%) were aged 6-12
years, and 3,340 (77.75%) were aged 13-19 years. This
study included 2,252 males (52.42%) and 2,044 females
(47.58%). Of the participants, 26 (0.61%) had diabetes,
and the median BMI was 22.29 (19.42-26.55) kg/m>.
The median (Q1-Q3) for low, speech and high-frequency
thresholds in no HL group were 5.00 (2.50-8.33) dB, 5.00
(2.50-7.81) dB, and 5.00 (2.50-7.97) dB, respectively. The
median (Q1-Q3) for low, speech, and high-frequency
thresholds in the HL group were 25.21 (21.25-34.27)
dB, 27.97 (23.05-35.16) dB, and 27.08 (21.90-35.35) dB,
respectively. In addition, 78 participants (1.81%) had low-
frequency HL, 68 (1.58%) had speech-frequency HL, and
70 (1.63%) had high-frequency HL. The detailed char-
acteristics of the participants with HL are presented in
Tables 2.

When the NHHR index was divided into tertiles,
greater NHHR index values were associated with a
greater hearing threshold. In the highest NHHR tertile
group, the percentage of participants with HL at all fre-
quencies was significantly higher, with statistically sig-
nificant differences between groups. This group also had
a slightly larger number of men than women and a higher
proportion of Mexican Americans and Non-Hispanic
White than other races. Additionally, participants in the
highest NHHR tertile had higher BMIs and lower PIRs.
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Table 1 Participant characteristics according to the tertiles of NHHR index

Characteristics Overall Tertiles of NHHR Index P-value

Tertile 1 Tertile 2 Tertile 3
(0.406-1.684) (1.685-2.364) (2.365-8.120)

Continuous variables, Median No HL / HL

(Q1-Q3)

Low-frequency PTA (dB) 5.00 (2.50-8.33) / 458 (2.08-7.92) 5.00 (2.50-7.92) 5.83(3.33-9.17) <0.001
2521 (21.25-34.27)

Speech-frequency PTA (dB) 5.00(2.50-7.81)/ 4.38(2.19-7.73) 469 (2.19-7.81) 562 (3.12-8.75) <0.001
27.97 (23.05-35.16)

High-frequency PTA (dB) 5.00 (2.50-7.97)/ 4.64 (2.19-7.76) 4.79 (2.40-7.86) 5.83 (3.07-8.96) <0.001
27.08 (21.90-35.35)

PIR 1.65 (0.87-3.25) 1.71(0.92-3.42) 1.69 (0.88-3.28) 1.55 (0.82-2.99) <0.001

BMI (kg/m2) 22.29 (19.42-26.55) 2049 (18.27-23.25) 21.90 (19.38-25.40) 25.78(21.85-30.78) <0.001

Categorical variables, %

Gender N (%) <0.001

Male 2252 (52.42%) 716 (50.07%) 689 (48.08%) 847 (59.11%)

Female 2044 (47.58%) 714 (49.93%) 744 (51.92%) 586 (40.89%)

Age (years) N (%) <0.001

6-12 956 (22.25%) 365 (25.52%) 324 (22.61%) 267 (18.63%)

13-19 3340 (77.75%) 1065 (74.48%) 1109 (77.39%) 1166 (81.37%)

Race N (%) <0.001

Mexican American 1123 (26.14%) 327 (22. 87%) 356 (24.84%) 440 (30.70%)

Other Hispanic 341 (7.94%) 7 (8.1 102 (7.12%) 122 (8.51%)

Non-Hispanic White 1296 (30.17%) 396 (27. 69%) 429 (29.94%) 471 (32.87%)

Non-Hispanic Black 1129 (26.28%) 442 (30.91%) 400 (27.91%) 287 (20.03%)

Other Race 407 (9.47%) 148 (10.35%) 146 (10.19%) 3(7.89%)

Diabetes N (%) 0.241

Yes 26 (0.61%) 5(0.35%) 9 (0.63%) 12 (0.84%)

No 4270 (99.39%) 1425 (99.65%) 1424 (99.37%) 1421 (99.16%)

Low-frequency HL N (%) 0.001

No 4218 (98.18%) 1411 (98.67%) 1415 (98.74%) 1392 (97.14%)

Yes 78 (1.81%) 19 (1.33%) 18 (1.26%) 41 (2.86%)

Speech-frequency HL N (%) 0.011

No 4228 (98.42%) 1411 (98.67%) 1418 (98.95%) 1399 (97.63%)

Yes 68 (1.58%) 19 (1.33%) 5(1.05%) 34 (2.37%)

High-frequency HL N (%) 0.002

No 4226 (98.37%) 1413 (98.81%) 1417 (98.88%) 1396 (97.42%)

Yes 70 (1.63%) 17 (1.19%) 16 (1.12%) 37 (2.58%)

For categorical variables: survey-weighted percentage (95% Cl), P-value was by survey-weighted Chi-square test

Footnote:

Low-frequency: averaged of 0.5, 1, 2 kHz

Speech-frequency: averaged of 0.5, 1, 2, 4 kHz

High-frequency: averaged of 4, 6, 8 kHz

BMI: Body Mass Index; PIR: Income-Poverty Ratio; PTA: Pure-Tone Audiometry

Associations between the NHHR index and auditory
threshold

The findings demonstrated a relationship between the
NHHR and variations in hearing thresholds across all fre-
quencies (Table 3). In the unadjusted models, each unit
increase in the NHHR index has a regression coefficient
of 0.65 for hearing thresholds, indicating a significant
positive correlation between NHHR and hearing thresh-
olds. After controlling for sex, age, and race, Model II
revealed a positive correlation between the NHHR and

hearing threshold changes at all frequencies. To further
reduce the impact of additional confounding variables,
the covariates from Model II were retained, and adjust-
ments for PIR, BMI, and diabetes were incorporated in
Model III. The NHHR index showed a positive connec-
tion with hearing threshold alterations, including low-
frequency (B:0.37; 95% CI: 0.16—0.58), speech-frequency
(B:0.32; 95% CI: 0.12-0.5), and high-frequency (p:0.35;
95% CI: 0.14-0.55).
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Table 2 Participant characteristics according to hearing loss (HL)
Characteristics Low-frequency HL Speech-frequency HL High-frequency HL
No Yes P-value No Yes P-value No Yes P-value
N 4218 78 4228 68 4226 70
Median (Q1-Q3) 5.00 2521 5.00 2797 5.00 27.08
(2.50-8.33) (21.25- (2.50-7.81) (23.05- (250-797)  (21.90-35.35)
34.27) 35.16)
Continuous
variables,
Median (Q1-Q3)
BMI (kg/mz) 22.25 24.01 0.017 22.26 23.22 0.107 22.26 23.66 0.077
(1941-26.50) (20.14- (19.42-26.50)  (19.99- (19.42-26.50) (19.76-29.90)
30.12) 29.05)
PIR 1.65 1.50 0.629 1.65 1.58 0.800 1.65 1.58 0.657
(0.87-3.25) (0.88-2.88) (0.87-3.25) (0.93-2.91) (0.88-325)  (0.86-3.04)
NHHR 1.98 249 <0.001 1.98 234 0.003 1.98 248 <0.001
(1.53-2.60) (1.71-3.38) (1.53-2.60) (1.63-3.24) (1.53-2.60) (1.73-3.33)
Categorical
variables,
N (%)
Gender 0.104 0.287 0.200
Male 2204 (52.25%) 48 (61.54%) 2212 (52.32%) 40 (58.82%) 2210 42 (60.00%)
(52.30%)
Female 2014 (47.75%) 30 (38.46%) 2016 (47.68%) 28 (41.18%) 2016 28 (40.00%)
(47.70%)
Age (years) 0.709 0.969 0.903
6-12 940 (22.3%) 16 (20.5%) 941 (22.3%) 15 (22.1%) 940 (22.2%) 16 (22.9%)
13-19 3278(77.7%) 62 (79.5%) 3287 (77.7%) 53 (77.9%) 3286 (77.8%) 54 (77.1%)
Race 0.078 0476 0214
Mexican American 1110 (26.32%) 13 (16.67%) 1111 (26.28%) 12 (17.65%) 1112 11 (15.71%)
(26.31%)
Other Hispanic 330 (7.82%) 11 (14.10%) 335 (7.92%) 6 (8.82%) 334 (7.90%) 7 (10.00%)
Non-Hispanic White 1274 (30.20%) 22 (28.21%) 1275 (30.16%) 21 (30.88%) 1275 21 (30.00%)
(30.17%)
Non-Hispanic Black 1103 (26.15%) 26 (33.33%) 1106 (26.16%) 23 (33.82%) 1104 25 (35.71%)
(26.12%)
Other Race 401 (9.51%) 6 (7.69%) 401 (9.48%) 6 (8.82%) 401 (949%) 6 (857%)
Diabetes 0487 0517 0510
Yes 26 (0.62%) 0 (0.00%) 26 (0.61%) 0 (0.00%) 26 (0.62%) 0 (0.00%)
No 4192 (99.38%) 78 4202 (99.39%) 68 4200 70 (100.00%)
(100.00%) (100.00%) (99.38%)
Footnote:

Low-frequency: averaged of 0.5, 1, 2 kHz

Speech-frequency: averaged of 0.5, 1, 2, 4 kHz

High-frequency: averaged of 4, 6, 8 kHz

BMI: Body Mass Index; PIR: Income-Poverty Ratio; PTA: Pure-Tone Audiometry

To improve the reliability of the outcomes, a sensitiv-
ity analysis was performed by dividing the NHHR scores
into tertiles. Results were statistically significant. Nota-
bly, in the low-frequency, speech-frequency, and high-
frequency hearing thresholds, the  values were higher
for individuals in the highest NHHR index tertile com-
pared to those in the lowest tertile, with a Pfor trend less
than 0.05. (Table 3).

To further eliminate the influence of diabetes and
BMI on the correlation between NHHR and hearing, a

correlation analysis was conducted excluding individuals
with diabetes. The results are shown in Supplementary
Materials Table 3-1 and Table 3-2. Additionally, another
analysis was performed excluding both individuals with
diabetes and those with a BMI greater than 30. The
results are shown in Supplementary Materials Table 4-1
and Table 4-2. This re-evaluation confirms that the asso-
ciation between NHHR and both hearing threshold lev-
els and HL remains statistically significant, although
the strength of the association slightly decreases after
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Table 3 Logistic regression analysis between NHHR index with hearing-frequency prevalence
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Characteristics

B (95% ClI) Pvalue of PTA levels, dB

Model 1

Model 2

Model 3

Low-frequency PTA
NHHR Index
NHHR Tertile
Low (0.406-1.684)
Middle (1.685-2.364)
High (2.365-8.120)
P fortrend
Speech-frequency PTA
NHHR Index
NHHR Tertile
Low (0.406-1.684)
Middle (1.685-2.364)
High (2.365-8.120)
P for trend
High-frequency PTA
NHHR Index
NHHR Tertile
Low (0.406-1.684)
Middle (1.685-2.364)
High (2.365-8.120)
P for trend

0.65 (0.46, 0.84) <0.0002

Reference

0.64 (0.22,1.07) 0.0041
1.32(0.89, 1.75) <0.0002
<0.0002

0.66 (0.47, 0.85) <0.0002

Reference

0.63 (0.21, 1.05) 0.0041
1.32(0.90, 1.74) < 0.0002
<0.0002

0.66 (047, 0.84) <0.0002

Reference

0.64 (0.22, 1.06) 0.0041
1.32(0.90, 1.74) < 0.0002
<0.0002

0.56 (0.36, 0.75) <0.0002

Reference

0.65 (0.22,1.07) 0.0041
1.13(0.70, 1.57) <0.0002
<0.0002

0.55 (0.36, 0.74) < 0.0002

Reference

0.63 (0.21, 1.05) 0.0041
1.10 (0.68, 1.53) <0.0002
<0.0002

0.55 (0.36, 0.74) < 0.0002

Reference

0.64 (0.22,1.06) 0.0041
1.12(0.69, 1.54) <0.0002
<0.0002

0.37(0.16,0.58) 0.0013

Reference
0.53(0.10,0.96) 0.0157
0.71(0.25,1.17) 0.0041
0.0041

0.32(0.12,0.53) 0.0090

Reference

0.50 (0.08,0.91) 0.0201
0.61(0.16, 1.06) 0.0130
0.0041

0.35(0.14,0.55) 0.00198

Reference
0.51(0.09,0.93) 0.0168
0.66 (0.21,1.11) 0.0052
0.0075

Model 1: No adjustment for co-variables; Model 2: Adjusted for age, gender, race; Model 3: Adjusted for age, gender, race, BMI, PIR, diabetes

Table 4 Logistic regression analysis between NHHR index with HL

NHHR Index OR (95% Cl) Pvalue of HL

Model 1

Model 2 Model 3

1.47(1.21,1.77) <0.0003
143 (1.16,1.75) 0.0011
147 (1.20,1.79) 0.00045

Low-frequency HL
Speech-frequency HL
High-frequency HL

1.49 (1.22,1.80) <0.0003 1.35(1.08,1.69) 0.0102
146 (1.18,1.80) 0.0009 1.36 (1.07,1.73) 0.0130
1.50 (1.23,1.84) <0.0003 1.39(1.10,1.76) 0.0071

Model 1: No adjustment for co-variables, Model 2: Adjusted for age, gender, race, Model 3: Adjusted for age, gender, race, BMI, PIR, diabetes

excluding the diabetic and obese populations. These find-
ings suggest that while diabetes and BMI may influence
the relationship, NHHR still independently contributes
to HL risk.

Moreover, to account for the potential influence of
noise exposure on the NHHR-hearing correlation, a re-
analysis was conducted with noise exposure included
as a covariate. The results are provided in Supplemen-
tary Materials Table 5-1 and Table 5-2. This additional
analysis similarly confirms that the association between
NHHR and both hearing threshold levels and HL
remains statistically significant, although the strength of
the association decreases slightly when noise exposure is
considered. Overall, these findings suggest that NHHR
independently contributes to HL risk, even when con-
trolling for diabetes, BMI, and noise exposure.

Associations between NHHR index and HL

Weighted logistic regression was used to investigate the
possible connections between HL status and the NHHR
index. In the analysis with HL as the outcome, NHHR

is positively correlated with HL across all frequencies,
low-frequency (OR:1.35, 95% CI: 1.08, 1.69;); Speech-
frequency (OR:1.36, 95% CI: 1.07, 1.73); High-frequency
(OR:1.39, 95% CI: 1.10, 1.76). (Table 4). To control for the
potential inflation of type I errors due to multiple com-
parisons, the BH correction was applied to the p-values.
The corrected p-values are provided in the supplemen-
tary materials.

Relationship between NHHR index and hearing threshold
visualization

A smoothed curve fit was used to illustrate the associa-
tion between the NHHR and hearing threshold at three
frequencies, with the necessary variables controlled
for. (Fig. 2). In-transformation of NHHR helped to
smooth the curve and stabilize the fitting, particularly
in the higher NHHR values (Supplementary Materials
Figs. 2-1). The analysis revealed a general dose-response
relationship between the NHHR and the average hearing
thresholds at low, speech, and high frequencies.
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Fig. 2 Relationship between NHHR and hearing threshold shifts. Panel A: Low-frequency Pure Tone Audiometry (PTA). Panel B: Speech-frequency PTA.
Panel C: High-frequency PTA. Each panel displays a smoothed red line representing the median hearing threshold shift, accompanied by dotted grey lines
depicting the 95% confidence intervals. The x-axis represents the NHHR values, while the y-axis shows hearing threshold levels measured in decibels (dB).
Below each graph, histograms illustrate the distribution of NHHR values among the study population. This analysis emphasizes how various NHHR levels

correlate with hearing sensitivity across different frequency ranges

Subgroup analyses

Figure 3 presents an examination of the NHHR for
speech-frequency PTA according to sex, age, race, PIR,
BMI, and diabetes. Interaction tests revealed no signifi-
cant differences in the relationship between the NHHR
and speech frequency among the subgroups. The covari-
ates included in the adjustments did not have a signifi-
cant effect on favorable associations. (P>0.05) for all
interactions.

Discussion
The NHHR was selected as the primary indicator. NHHR
is a recently discovered composite biomarker of athero-
genic lipids [32]. The NHHR measures harmful (LDL-C
and VLDL-C) and beneficial (HDL-C) lipoproteins and
offers a comprehensive view of lipid abnormalities suit-
able for large-scale screening. Compared to standard
lipid parameters, the NHHR offers an improved assess-
ment of cardiovascular and cerebrovascular disease risk
[18]. Unlike TyG, which focuses on insulin resistance, and
AIP, which targets lipid imbalance, the NHHR provides a
broader assessment of cardiovascular health. This makes
the NHHR useful for exploring its correlation with ado-
lescent hearing health and identifying early risk factors.

This study assessed the association between NHHR
and hearing in American adolescents. After controlling
for variables, NHHR was associated with a higher preva-
lence of HL across all frequency categories. Furthermore,
a linear dose-dependent association was found between
NHHR and hearing thresholds at all frequencies. Sub-
group analysis indicated that factors such as sex, age,
race, PIR, BMI, and diabetes did not appear to have a
substantial impact on favorable connections.

NHHR is a unique lipid ratio that can be used to assess
atherogenic lipid levels. While no prior studies have
specifically examined NHHR’s role in HL, a broader

association between lipids and hearing function is well
documented. A retrospective study indicated a positive
correlation between fasting plasma cholesterol levels and
elevated hearing thresholds [33]. Early studies found that
the triglyceride—glucose (TyG) index and atherogenic
index of plasma (AIP) positively correlate with HL, par-
ticularly at high frequencies [34—36]. This may be related
to differences in lipid metabolism and oxidative energy
supply between Hensen’s cells of the cochlear apex and
the basal turn [37]. The TyG showed a nonlinear relation-
ship with speech and high-frequency thresholds [15].
These findings suggest that abnormalities in lipid metab-
olism affect hearing. However, these studies have focused
on adults, and similar research on adolescents is lack-
ing. Mixed outcomes in teenagers may be attributed to
individual differences, ethnic diversity, and variations in
the timing and methodology of lipid and hearing assess-
ments [38]. Some studies have suggested that blood lipid
levels do not effectively predict hearing threshold levels
[38, 39]. Evidence that hyperlipidemia causes hearing
problems is contradictory [40]. However, the inconsis-
tency in sample sizes, population heterogeneity, and dif-
fering focus on metrics may have influenced the results.
Nonetheless, given the importance of lipid metabolism
in the normal function of the inner ear, further research
and exploration of its impact on inner ear function are
critical.

The continuous and categorical models showed a posi-
tive association, however, these results should be inter-
preted with caution. HL can be influenced by multiple
factors, including genetics, environment, and medication.
While there is a positive association between NHHR and
hearing thresholds and HL, it is important not to over-
emphasize the direct effect of NHHR on HL in clinical
decision-making. NHHR is just one aspect influencing
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Variable B 95%ClI P for interaction
Gender 0.0683
Male E B 0.78 (0.55, 1.02)
Female —i— 0.43 (0.13,0.73)
Age 0.2969
6-12 —— 0.48 (0.07, 0.90)
12-19 - 0.73 (0.53, 0.93)
Race 0.9866
Mexican American —— 0.67 (0.33, 1.02)
Other Hispanic s 0:73 (0.08, 1.38)
Non-Hispanic White i 0.78 (0.46, 1.09)
Non-Hispanic Black —— 0.64 (0.24, 1.04)
Other Race . 0.76 (0.08, 1.43)
PIR 0.2809
0-1.08 —l— 0.55 (0.23, 0.86)
1.09 - 2.54 —— 0.87 (0.56, 1.18)
255-5 —— 0.58 (0.25, 0.90)
BMI 0.4009
<25 — 0.41 (0.13, 0.69)
>=25, <30 —— 0.75 (0.34, 1.16)
>=30 —— 0.50 (0.10, 0.91)
Diabetes 0.3571
No : - i -0.30 (-2.43, 1.83)

0.70 (0.52, 0.89)

Yes '
> - 5

Fig. 3 Impact of NHHR on speech-frequency PTA by subgroups. This forest plot illustrates the association between the NHHR and speech-frequency PTA
across various factors, including gender, age, race, PIR, BMI, and diabetes. Each point represents the regression coefficient (B), with bars indicating 95%
confidence intervals. The P-values for interaction are also provided to assess the statistical significance of differences between groups. The inclusion of
covariates in the adjustments did not significantly alter the positive association observed (all interaction p-values>0.05)

hearing. However, it does highlight the significance of
maintaining lipid homeostasis for hearing health.

Few studies have investigated the mechanisms that link
lipid profiles to hearing. Dyslipidemia can cause micro-
circulatory disturbances in the cochlea [19, 20]. Steno-
sis of the spiral modiolar artery (SMA) can cause ear
ischemia, low oxygen levels, impaired endothelial func-
tion, and reduced eNOS activity, potentially leading to

hearing damage [41]. Dyslipidemia may also alter cellular
lipid components and increase reactive oxygen species
(ROS) production [42, 43]. Accumulated oxidative dam-
age in mitochondria due to ROS can cause mitochon-
drial dysfunction and apoptosis [44, 45]. Researchers
used an apolipoprotein E-knockout (ApoE-KO) mouse
model fed a high-cholesterol diet to study this mecha-
nism. Compared with wild-type mice, ApoE-KO mice
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exhibit significant hyperlipidemia, atherosclerosis, endo-
thelial dysfunction, and hearing impairment, indicat-
ing that hyperlipidemia can alter cochlear morphology
and function [41]. It has been suggested that cholesterol
is crucial for inner ear function, and both excessive and
insufficient levels are harmful [46]. Hypercholesterol-
emia-related hearing impairment may lead to DPOAE
abnormalities before hearing threshold changes [47].
The outer hair cells (OHC), which are most sensitive to
injury, are also affected by lipid disorders. The proper-
ties of the OHC plasma membrane, including its lipid
makeup, fluidity, and stiffness, are essential for maintain-
ing the normal electromotive function and operation of
the cochlear amplifier [48]. The lipid component of the
OHC lateral wall plasma membrane plays a crucial role
in generating electromotility [49]. Therefore, it is hypoth-
esized that outer hair cells may be especially vulnerable
to dyslipidemia.

This study identifies NHHR as a potential biomarker
for the early detection of adolescents at risk for HL, pro-
viding a reference value for integrating lipid management
into routine health assessments for preventive care. By
recognizing the link between dyslipidemia and HL, it
offers early detection assessments and explores the pos-
sibility of promoting cardiovascular health to potentially
reduce the risk of hearing damage. The study empha-
sizes the importance of educating patients, families, and
healthcare professionals about the interaction between
lipid profiles and hearing health to encourage healthier
lifestyle choices.

Strengths and limitations
The primary advantage of our study is the use of a large,
nationally representative group of US adolescents. To
guarantee reliable results, several variables were evalu-
ated and confounding variables were controlled for.
However, this study has several limitations. First, the
cross-sectional design prevented us from determining
the causal relationship between NHHR and HL. Second,
the observed association between NHHR and HL raises
concerns about the direction of causality. Third, only fast-
ing cholesterol data were used, which may introduce bias
compared with non-fasting data. Fourth, although noise
exposure was included as a covariate, the significant
amount of missing data warrants cautious interpretation
of the results. Noise is a known factor in hearing loss and
may interact with metabolic health. Further research is
needed to explore their combined effects on hearing.
These limitations suggest that although the findings are
insightful, the current results need to be interpreted cau-
tiously. Further validation through prospective studies
and randomized controlled trials is required to confirm
these observations and explore the underlying mecha-
nisms linking the NHHR to auditory health.
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Conclusions

The study confirmed that the NHHR is associated with a
higher risk of increased hearing thresholds among ado-
lescents in the USA. Given the increasing prevalence of
dyslipidemia among young people, the study highlights
the importance of early lipid monitoring and manage-
ment as strategies to prevent or reduce hearing impair-
ment. Additional prospective studies and randomized
controlled trials are required to confirm these findings.
Further research is needed to better understand the
underlying processes and investigate potential treatment
strategies.
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