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Abstract

Objective: In analyses without adjustment for World Trade Center (WTC) noise exposure, 

people with WTC and neighborhood exposures from the September 11, 2001, attacks have 

experienced slightly elevated risks of hearing loss. We investigated incident hearing loss in the 

WTC General Responder Cohort by their levels of WTC exposure, their WTC noise exposure and 

previous occupation.

Methods: Adjusted multivariable log binomial regression models assessed persistent (≥10 

months) hearing loss associated with WTC exposures using 22 years of the monitoring visit data 

(n = 45,537).

Results: Compared with the lowest exposure level without WTC noise exposure, WTC noise 

exposure increased hearing loss risk (adjusted relative risk range: 1.19 [95% confidence interval 

1.08, 1.30] to 1.58 [1.43, 1.76]).

Conclusions: The results clarify the importance of WTC noise when evaluating the associations 

of WTC exposures on hearing loss.
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Worldwide, more than 1.5 billion (one in five) people have hearing loss; 62% are more 

than 50 years old.1,2 Approximately 25% of the hearing loss is moderate to severe. As 

such, hearing loss accounts for nearly two-thirds of standardized years lived with disability, 

which is concentrated in those with moderate or severe hearing loss.1,3 The major causes of 

hearing loss are genetic susceptibility, premature birth, age-related degeneration, ototoxic 

medications, exposure to blasts, loud noise, and traumatic brain injury, brain tumors, 

radiation and cancer therapy.4–15 Hearing loss is also associated with exposure to heavy 

metals, solvents and air pollution, smoking, posttraumatic stress disorder (PTSD), high body 

mass index and chronic conditions including chronic ear infection/otitis media, high blood 

pressure, diabetes, and cardiovascular disease; however, these associations and their causal 

relationships are more tenuous.4,7,8,13,16–21 Hearing loss impairs communication that can 

affect social interaction, economic status, and quality of life; it is associated with depression, 

frailty, dementia, hospitalization, and death.7

People who responded to and/or lived in the areas affected by the September 11, 2001, 

attack on the World Trade Center (WTC) were exposed to noise and an amalgam of toxic 

substances,22,23 and physical and psychological trauma that produced and exacerbated a 

broad spectrum of short- and long-term adverse health conditions.24–27 Those considered 

to have the greatest WTC exposures include: people exposed to the dust cloud and airplane-

related physical and chemical debris produced by the destruction of the towers; people with 

the earliest and longest duration of WTC-exposures; and people working on the debris pile. 

Within 3 years of the attack, survivors of neighboring collapsed or damaged buildings who 

had been exposed to the dust and debris cloud were estimated to have a 70% increased 

risk of hearing problems including hearing loss.28 Increased risk of self-reported hearing 

problems or loss was also identified in disaster-affected area nonresponders who reported 

they were able to hear during their WTC dust cloud exposure (adjusted odds ratio [AOR] 

1.4, 95% confidence interval [CI] 1.1, 1.7); those who reported being unable to hear during 

their dust cloud exposure had even higher risk (AOR 3.0, 95% CI 2.2, 4.0).29 Similar results 

were observed when comparing the highest to lowest quartile of an environmental exposure 

score in rescue and recovery workers in the WTC Health Registry.30 Subsequent studies 

have found increased risks of self-reported ear congestion, pain or ringing (AOR 1.3, 95% 

CI 1.1, 1.6) and persistent hearing loss (AOR 1.2, 95% CI 0.9, 1.5) in surviving New York 

City Fire Department (FDNY) firefighters with high WTC exposures.31 FDNY firefighters 

and emergency medical services (EMS) workers with the highest levels of WTC exposure 

had increased risk of low- and high-frequency hearing loss assessed via pure-tone threshold 

audiograms, compared with those with the lowest WTC exposure (AOR 1.3, 95% CI 1.1, 

1.6; AOR 1.4, 95% CI 1.2, 1.5, respectively).32

We present an assessment of WTC-exposures and subsequent hearing loss, tinnitus, and 

ear pain for the General Responder Cohort (GRC), a large and diverse group of volunteers 

who are non-FDNY responders.33 The assessment yields novel evidence regarding the 
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associations between incident GRC hearing loss and impairment after WTC exposure with 

the level and duration of on-site response work engaged in, exposures to on-site noise, and 

occupation immediately before September 11, 2001.

METHODS

Data Source

The Centers for Disease Control and Prevention/National Institute for Occupational Safety 

and Health has supported multiple clinical centers to assess the health effects of the attack 

and provide medical monitoring and treatment for people directly affected by the September 

11, 2001, attacks. These services, initiated on July 1, 2002, evolved into the WTC Health 

Program, established by law under the James Zadroga 9/11 Health and Compensation 

Act of 2010. Five WTC Health Program clinical centers of excellence provide periodic 

health monitoring, diagnosis and treatment for the GRC members located in the New York—

New Jersey—Connecticut tristate area. Using program questionnaires, clinical center staff 

collect sociodemographic status and WTC response exposure information at the members’ 

first health monitoring visit (V1), and, at all visits, self-reported physician diagnoses and 

medication use. The members also receive a physical examination at each visit.

Ethics Review and Approval

This research is approved by the GRC Clinical Centers of Excellence and Data Center 

Institutional Review Boards. The research was conducted in concurrence with the World 

Medical Association Declaration of Helsinki (1975, revised 2013) and with national and 

institutional committees’ standards regarding the conduct of human studies. All members 

included in the study provided written, informed consent. This manuscript follows the 

Strengthening the Reporting of Observational Studies in Epidemiology guidelines for cohort 

studies.

Inclusions/Exclusions

Of 55,470 GRC members who attended Program monitoring visits from July 1, 2002 

through June 30, 2024, written, informed consent for data aggregation and analysis was 

provided by 51,297 members. Of those, this analysis excluded members whose last 

monitoring visit was before 2006, when hearing loss information began to be collected (n 
= 2028), and one person missing age information. Program members who reported incident 

hearing loss, ear ringing (tinnitus), or ear pain during or after their WTC response were 

included in the analyses of those outcomes except when they did not report their earliest 

dates of experiencing those conditions (respectively, n = 48; n = 49; n = 106).

Outcomes

The primary outcome is persistent hearing loss; tinnitus and ear pain are secondary 

outcomes. All conditions were self-reported during monitoring visits that generally occur 

12 or more months apart. Persistence of the hearing outcomes was classified as reported 

experience of the condition on at least two occasions that were 10 or more months apart 

if the earliest date of the condition occurred after WTC exposure. Questions regarding 

hearing impairment during the responders’ first monitoring visit ascertained the initial date 
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as well as the current status of the condition. This enabled inference of hearing impairment 

persistence regardless of the number of monitoring visits.

WTC Exposure Variables

We assessed three WTC exposure measures: i) a four-level composite estimate of WTC 

exposure (Exp4); ii) having worked on the pile of the destroyed buildings (EverPile); and 

iii) the duration of working on the WTC effort (DaysWTC). Exp4 classified responders 

as having low, intermediate, high, and very high WTC exposures (Table 1). This analysis 

used stratification categories to assess the combined effect of exposure to noise while 

working on the WTC effort and Exp4, EverPile, and DaysWTC. Members who did not 

report information for Exp4 (n = 2778), EverPile (n = 2553), and DaysWTC (n = 853) were 

excluded from analyses of those exposures. Each WTC exposure variable was stratified by 

whether the responder reported being exposed to noise while working on the WTC effort.

Covariates and Potential Confounders

Characteristics associated with higher and lower levels of hearing loss were assessed. They 

include (reference group; modal value used for imputation) age (20–29 years old; none), sex 

(male; none), race (White; White), ethnicity (non-Hispanic; non-Hispanic), highest level of 

education (<high school graduate; high school graduate), first visit body mass index (BMI 

<25; 25–29; BMI ≥ 30), occupation on the day before the September 11 attack (protective 

services; protective services), and cigarette smoking status (nonsmoker; nonsmoker) prior 

to the earliest outcome date. Missing data for occupation (n = 1640) was retained as a 

category. Missing data for all other covariates were imputed as their mode values in the 

multivariate analyses (race n = 12,969; ethnicity n = 13,312; education n = 6771; BMI n = 

1730; smoking n = 5960).

Comorbidities and Occupational Exposures

While persistent headaches, PTSD, and rhinosinusitis and other chronic conditions (diabetes, 

high cholesterol, hypertension, cardiovascular disease, cancer) have been associated with 

hearing loss, the nature of their associations with hearing loss is equivocal.2,7,10,13,17,18,34 

To minimize potential error and model overspecification, the analyses did not adjust for 

non-WTC occupational exposures or comorbidities other than ideal (<25), overweight (25–

29), and obese (≥30) BMI status.

Statistical Analysis

To describe the sample, we conducted cross-tabulations of its characteristics by persistent 

hearing loss status, the primary outcome. Two-tailed, 95% Pearson’s chi-square probability 

values are presented.

As the incidence of hearing impairment was greater than 10%, log binomial regression 

analyses were performed to independently investigate the associations of Exp4, EverPile, 

and DaysWTC with hearing loss, tinnitus, and ear pain.35,36 The models adjusted for age, 

sex, race, Hispanic ethnicity, highest level of education, first visit BMI, occupation on 

September 10, 2001, and cigarette smoking status as potential confounders. To determine 

the extent to which follow-up, multiple visits, and type of imputation of missing covariate 
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values may have modified the results, we conducted respective sensitivity analyses of the 

primary outcome using Cox proportional hazards analysis, limiting analyses to members 

with more than one monitoring visit (n = 42,379; excludes 6889 responders), and deriving 

missing covariate data using fully conditional specification multiple imputation by logistic 

equations.37 Results are presented as relative risks with two-tailed, Wald 95% confidence 

intervals (CI). With a maximum of eight exposure/noise strata, the cohort supported testing 

a relative risk of ≥1.25 with ≥90% statistical power. To compare our results with those 

published for other WTC responders and for disaster-affected area nonresponders, we also 

present logistic regression odds ratios for hearing loss and Exp4 with and without WTC 

noise.29–32,38

All statistical analyses except the multiple imputation of missing values and the log binomial 

regression analyses were conducted using SPSS for Windows version 28.0.1.1(15) (IBM 

Corp., Armonk, NY). The log binomial regression and multiple imputation analyses were 

respectively conducted using proc genmod and proc MI SAS 9.4 (SAS Institute, Cary, NC). 

The Figure 1 Venn diagram and Figure 2 graph were produced in RStudio 4.4.0 (RStudio 

Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA URL 

http://www.rstudio.com/) using the eulerr and ellipse packages. The study report conforms 

with the Strengthening the Reporting of Observational Studies in Epidemiology statement 

(Supplementary Digital Content 1, http://links.lww.com/JOM/B941).39

RESULTS

The mean (± standard deviation) age of the cohort with any outcome data (n = 49,266) on 

September 11, 2001, was 38.3 ± 8.8 years. Incident ear pain occurred younger (ear pain 

mean age 48.5 ± 9.2) than hearing loss (mean age 53.4 ± 9.4) and tinnitus (52.1 ± 9.1 

years old) (Table 2). Those experiencing incident hearing loss were younger than those 

not experiencing hearing loss (mean age 55.2 ± 9.6), although they were older than those 

without hearing loss on September 11, 2001, and at their last visit. The average observation 

time (last vs first visit) was longer for cases than noncases (hearing loss: 12.1 ± 6.1 vs 7.9 ± 

6.7 years; tinnitus: 10.6 ± 6.6 vs 7.8 ± 6.7 years; and ear pain: 11.4 ± 6.4 vs 7.8 ± 6.7 years, 

all P ≤ 0.001). However, the average follow-up time from the first day worked on the WTC 

effort until the event (cases) or until last visit (noncases) was 11.9 ± 4.6 years and 18.2 ± 5.3 

years for members with and without persistent hearing loss, 14.8 ± 5.6 years and 17.9 ± 5.5 

years with and without persistent tinnitus, and 14.6 ± 6.7 years and 18.4 ± 5.2 years with and 

without persistent ear pain (all P ≤ 0.001). Forty percent of the cohort experienced one of 

the three outcomes, with substantial intersection among the three (Fig. 1). Of those studied, 

12,479 (25.4%) reported persistent hearing loss, 12,379 (25.1%) reported persistent tinnitus, 

and 7490 (15.2%) reported persistent ear pain (Fig. 3). Another 17.4% reported short term 

hearing loss (duration of <10 months) after their participation in the WTC work effort (data 

not shown).

Most of the sociodemographic and BMI characteristic distributions were statistically 

significantly different between those with and without persistent hearing loss, yet, except 

for smoking cigarettes, the magnitude of the differences were generally small (Table 2). 
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Members engaged in occupations other than protective services (including ~1% military) on 

September 10, 2001, had higher risks of hearing loss, tinnitus, and ear pain (Tables 3–5).

Without considering other measures of WTC exposure, exposure to noise while working 

on the WTC effort increased the risk of incident hearing loss (adjusted relative risk [ARR] 

1.23 [1.18, 1.27]), tinnitus (ARR 1.17 [1.13, 1.22]), and ear pain (ARR 1.33 [1.26, 1.41]). 

However, the combined effects of WTC noise and other measures of WTC exposure 

revealed dose-response relationships where members who experienced noise while working 

on the WTC effort consistently had higher risk of hearing loss (Table 3, Fig. 2), tinnitus 

(Table 4), and ear pain (Table 5).

Compared with members with the lowest Exp4 level without WTC noise exposure, the 

risk of hearing loss increased with higher exposure among those who did not have WTC 

noise exposure, except in the group with very high Exp4, which had a small sample size 

(n = 103) and unstable risk estimate (Table 3, Table 6). While significantly higher risk 

of hearing loss was associated with ever working on the WTC debris pile and with the 

number of days worked on the WTC effort, those risks were only similar to the range of 

Exp4 risk through intermediate exposure with WTC noise. Similar patterns, but lower risk 

of tinnitus than hearing loss, were associated with Exp4, EverPile and DaysWTC (Table 

4). Similar patterns, but higher risk of ear pain, were observed with Exp4, ever working on 

the debris pile and number of days worked on the WTC site (Table 5). Cox proportional 

hazards sensitivity analyses accounting for time-to-event produced stronger results (Table 

7), similar to the odds ratios from logistic analyses of WTC exposures and noise (Table 8). 

The log binomial regression analyses produced more conservative (lower) estimates than 

the logistic regression analyses (Table 8). The sensitivity analyses limited to members with 

two or more monitoring visits produced similar results to the analyses including members 

with a single monitoring visit (data not shown). For example, the association of persistent 

hearing loss and intermediate Exp4 without WTC noise exposure was ARR 1.10 (1.01, 

1.19 when limited to members with ≥2 visits; the full sample was ARR 1.11 [1.02, 1.21]). 

For very high Exp4 with WTC noise exposure, members with ≥2 visits had ARR 1.52 

(1.38, 1.69; the full sample had ARR 1.58 [1.43, 1.76]). Sensitivity analyses using multiple 

imputation of missing values for covariates also produced almost identical results as the 

main analyses assigning the missing values to the mode value for the all outcomes (data not 

shown). For example, the adjusted risk ratio for the association of persistent hearing loss and 

intermediate (Exp4) without noise was ARR 1.12 (1.09, 1.15) and for very high Exp4 with 

WTC noise exposure was ARR 1.59 (1.54, 1.65).

Compared with members engaged in protective services the day before the attack, all 

members reporting other occupations, particularly those engaged in construction work or 

who reported being unemployed or retired, had higher risk of hearing loss (Table 2), tinnitus 

(Table 4) and ear pain (Table 5). The results of primary outcome sensitivity analyses 

excluding occupational status (data not shown) were almost identical (for hearing loss, 

intermediate Exp4 without WTC noise ARR 1.12 [1.03, 1.22], and very high Exp4 with 

WTC noise ARR 1.51 [1.36, 1.68]).
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DISCUSSION

This study found GRC members with more intense WTC exposures and WTC noise 

exposure had significantly elevated risk of persistent, post-September 11, 2001, incident 

hearing loss, tinnitus, and ear pain. The results of our sensitivity analyses were similar. Our 

results in GRC members without WTC noise exposure are also consistent with the direction 

and magnitude of the associations observed in studies of people who had WTC exposures, 

including FDNY firefighters and EMS workers, disaster-affected area nonresponders, as 

well as WTC Health Registry rescue and recovery workers.28–32 Among the GRC sample, 

the risk was greatest for those with high and very high WTC exposure who were also 

exposed to noise while working on the WTC effort. Similarly, for the WTC Health Registry 

studies, the highest rates of hearing impairment were found in those who had dust cloud 

exposure during which they reported being unable to hear.29,30 The shorter observation 

time between first and last visits in members without hearing impairment does not reflect 

underidentification among them as their retrospective reporting period began from their 

date of birth (per the questions “have you ever had”). Case follow-up time-to-event was 

substantially shorter than the follow-up times of members without hearing impairment, 

so follow-up duration was unlikely to meaningfully bias the results, as reflected in the 

proportional hazards results.

Evidence suggests that noise exposure increases the risk of hearing impairment and 

exacerbates the effects of other environmental exposures.8,14,15 Members employed in 

construction, telecommunications, and other installation and repair and in transportation and 

material moving before the attack may also have had past occupational exposure to noise 

and hand-arm vibration that contributed to their hearing impairment; however, excluding 

occupation on September 10, 2001, from the log binomial analyses did not meaningfully 

change the associations.15,40 These members had elevated risks of hearing loss compared 

with members occupied in protective services. While military service has been associated 

with increased risk of hearing loss, very few members who were engaged in protective 

services were in jobs directly related to the military on September 10, 2001.12 Some 

evidence suggests exposure to air pollution and solvents such as those present in the WTC 

collapse are also associated with hearing impairment.8,16 Thus, the associations observed 

between WTC exposures and hearing impairment are coherent with biologic mechanisms 

leading to hearing impairment.

The study strengths include a 22-year cohort of nearly 50,000 members. The data are 

captured by five clinical centers that serve WTC responders in the New York—New Jersey

—Connecticut tristate area. The cohort sample size supported the assessment of the adjusted 

log binomial regression analyses producing reasonably tight confidence limits. The only 

WTC exposure ARRs to cross the null value for the associations of WTC exposure with 

hearing loss, tinnitus, and ear pain was the sparse category of GRC members who had very 

high Exp4 but no WTC noise. The strength of the associations was similar for hearing 

loss and ear pain, with weaker associations observed for tinnitus. However, consistent 

dose-response patterns of level and duration with WTC noise exposures were evident across 

all analyses. We believe that our results are generalizable to the full GRC as 92% attending 
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monitoring visits between July 1, 2002, and June 30, 2024, consented to their data being 

used for research, with 89% included in these analyses and results.

The study weaknesses include the use of self-reported outcomes, possible underadjustment 

of potential confounders, and lack of direct evidence to explain the mechanisms of hearing 

impairment. Most of the evidence regarding the associations of WTC exposures and hearing 

problems is based upon self-reported outcomes.28–31 While agreement between self-reported 

and audiometric assessment of hearing loss varies somewhat by age, sex, and race, it 

is a more objective measure than self-reported status with an accuracy generally above 

70%.41 One study conducted in FDNY firefighters and EMS workers compared the results 

of examinations, conducted in sound booths within 2 years of WTC exposure and the 

last examination before September 11, 2001, of pure-tone audiograms using supra-aural 

earphones.32 That study found smaller associations of short-term low and high frequency 

hearing loss than we observed with Exp4 and WTC noise, similar to those we observed 

with Exp4 in GRC without WTC noise exposure. The consistency of the associations of 

WTC exposures with both self-reported and examination-based hearing loss and the stronger 

joint associations of WTC noise and other WTC exposures also supports the validity of our 

self-reported outcomes and results.

Our analyses adjusted for occupation on September 10, 2001, as a surrogate measure of 

occupational exposures. The analyses did not adjust for comorbidities other than having 

overweight or obese status at the members’ first monitoring visit. The Exp4 WTC noise 

associations from our unadjusted models were somewhat suppressed by the adjusted 

analyses confounder variables. Nevertheless, our data were insufficiently sound to adjust 

for other occupational exposures and head injury, and we did not have information regarding 

risk factors such as genetic susceptibility or premature birth.

Noise can mechanically, ischemically and/or metabolically damage the inner ear sensory 

hair cells and cause permanent or temporary hearing impairment.7 The fact that exposure 

to WTC noise systematically increased the risk of hearing impairment above and beyond 

that of level and duration of WTC exposures suggests some increased risk may be due 

to acceleration of sensorineural impairment. Our data cannot directly test the mechanisms 

leading to hearing loss in the GRC.

CONCLUSIONS

Current evidence indicates that the level of GRC on-site WTC work and WTC-related 

noise exposures is associated with increased risk and incidence of hearing loss. Twenty-five 

percent of GRC reported persistent hearing loss and 40% reported some persistent hearing 

impairment. The associations for WTC exposure and increased risk of hearing loss, with its 

broad health and social consequences, are consistent across the general responders, FDNY 

firefighters and EMS workers, and the WTC Health Registry members. This study clarifies 

the importance of WTC-noise exposure when evaluating the effects of WTC exposures on 

hearing loss.
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Refer to Web version on PubMed Central for supplementary material.
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LEARNING OUTCOMES

• Identify multiple causes of hearing loss other than age

• Specify the global prevalence of hearing loss

• Specify whether, in addition to responders’ intensity and duration of WTC 

toxic exposures, occupations before the attack and on-site WTC noise are 

associated with hearing loss
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FIGURE 1. 
Distribution of incident, persistent hearing loss, tinnitus, and ear pain on or after September 

11, 2001.
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FIGURE 2. 
Adjusted relative risk for incident hearing loss on or after September 11 by Exp4 WTC 

composite exposure levels and WTC noise exposure.
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FIGURE 3. 
Cumulative incidence of persistent hearing loss, tinnitus, and ear pain in the World Trade 

Center General Responder Cohort.
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TABLE 1.
Classification of Levels for Composite Measure of WTC Exposures (Exp4)

Exp4 Level Was in the Dust Cloud Worked on the Debris Pile Total Days Worked on the WTC Effort

Very high Yes Yes >90 days

High Yes No >90 days

High Yes Yes ≤90 days

Intermediate No Yes <40 days

Intermediate No No ≥40 days

Low No No <40 days

WTC, World Trade Center.
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