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The Interrelationship of Tinnitus and Hearing Loss Secondary
to Age, Noise Exposure, and Traumatic Brain Injury

Royce Ellen Clifford,"** VA Million Veteran Prograi

Objective:Tinnitus has been the No. 1 disability at the Veteran Administration
for the last 15 years, yet its interaction with hearing loss secondary to eti-
ologies such as age, noise trauma, and traumatic brain injuries remains
poorly characterized. Our objective was to analyze hearing loss and tin-
nitus, including audiogram data, of the Million Veteran Program within the
context of military exposures in an aging population.

Design: Health records, questionnaires, audiograms, and military data
were aggregated for 758,005 Veteran participants in the Million Veteran
Program 2011 to 2020, with relative risks (RR) calculated for ancestries,
sex, hearing loss and military exposures such as combat, blast, and mili-
tary era served. A multivariate model with significant demographic mea-
sures and exposures was then analyzed. Next, audiogram data stratified
by sex were compared for those with and without tinnitus by two meth-
ods: first, mean thresholds at standard frequencies were compared to
thresholds adjusted per ISO 7029:2000E age and sex formulae. Second,
levels for those <40 years of age were compared with those 41 and older.
Finally, a proportional hazards model was examined to ascertain the tim-
ing between the onset of tinnitus and hearing loss, calculated separately
for electronic health record diagnoses (ICD) and self-report.

Results: 375%(95%G-3+4+19-37-6)-gave-evidencetortinnitus, mean
age 61.5(95% Cl, 61.4 to 61.5), range 18 to 112 years. Those with hear-
ing loss were 4.15 times (95% Cl, 4.12 to 4.15) as likely to have tinnitus.
Americans of African descent were less likely to manifest tinnitus (RR
0.61, 95% Cl, 0.60 to 0.61), as were women (RR 0.65, 95% Cl, 0.64 to
0.65). A multivariate model indicated a higher RR of 1.73 for traumatic
brain injury (95% CI ,1.71 to 1.73) and daily combat noise exposure
(1.17, 95% CI, 1.14 to 1.17) than age (0.998, 95% Cl, 0.997 to 0.998).
Subjects <40 years of age had small but significantly elevated hearing
thresholds through all standard frequencies compared to Veterans with-
out tinnitus, and the effect of tinnitus on hearing thresholds diminished
with age. In the hazard model, those >40 with new onset of tinnitus were
at risk for hearing loss sooner and with greater incidence than those who
were younger. The rate of hearing loss following tinnitus approached
100%. In contrast, only approximately 50% of those who self-reported
hearing loss initially were at risk for later hearing loss, in contrast to ICD
comparison, where those with ICD of hearing loss were more likely to
sustain an ICD of tinnitus subsequently.

Conclusions: Evidence suggests that the occurrence of tinnitus in the
military is more closely related to environmental exposures than to
aging. The finding that tinnitus affects hearing frequencies across the
audiogram spectrum suggests an acoustic injury independent of tono-
topicity. Particularly for males >40, tinnitus may be a harbinger of audio-
logic damage predictive of later hearing loss.

Key Words Age-related hearing loss, Hearing loss, Military, Noise-
induced hearing loss, Tinnitus, Traumatic brain injury

Abbreviations: EHR = electronic health record; ICD = International
Classification of Diseases; ISO = International Standards Organization;

T rch Department, VA Healthcare San Diego, La Jolla, CA; *Division of
Otolaryngology-Head and Neck Surgery, Department of Surgery, University
of California San Diego School of Medicine, La Jolla, CA; and *Visiting
Tl atist, Harvard University School of Public Health, Boston, MA.

access: Individual de-identified data accessible through grant approval
at the Veterans Administration and on VA servers; R Code upon request

ind Allen F. Ryan'?

MVP = Million Veteran Program; R = a statistical program; RR = relative
risk; TBI = traumatic brain injury; VA = Veterans Administration; VINCI =
VA Informatics and Computing Infrastructure.

(Ear & Hearing 2022;00;00-00)

Tinnitus, defined as noise perceived in the absence of exter-
nal sound, has been the number one disability at the US Veteran
Administration for over the last 15 years (Veterans Benefits
Administration 2020). Even when it is not bothersome, tinnitus
is comorbid with hearing loss, cognitive dysfunction, depression
including risk of suicide, neuroticism, sleep disorders, and/or
anxiety, in at least half of tinnitus patients (Cronlein et al. 2016;
Hébert et al. 2011; Maes et al. 2013; McCormack et al. 2014;
Shargorodsky et al. 2010; Stockdale et al. 2017). Societal costs
include loss of productivity, missed days of work, time lost because
of health care visits, expense of palliative treatments such as cogni-
tive behavioral therapy, and equipment for relief from the persistent
phantom sound (Maes et al. 2013; Stockdale et al. 2017). However,
despite its prevalence in an estimated 50 million US adults who
complain of ringing in their ears, with 16 million describing a
daily occurrence, its intimate relationship with hearing difficulties
remains poorly characterized (Shargorodsky et al. 2010).

In addition to extricating tinnitus from hearing loss, finding
a definitive treatment requires mechanistic distinction between
the etiologies of tinnitus, that is, age, chronic acoustic exposure,
traumatic brain injury (TBI), and exposure to blast, since there
is evidence of different patterns of damage (Hoffer et al. 2009).
Age-related and acoustic trauma exhibit different audiogram
signatures, that is, an aging “slope” versus a noise “notch”
(Gates et al. 2000; Rabinowitz et al. 2006). Sorting out dispa-
rate causes has been difficult because of the low numbers of
participants in most studies.

Not a small part of the difficulty in finding a definitive treat-
ment resides in separating the pathophysiologic site of tinnitus
from other auditory impairments. Tinnitus is highly correlated
with hearing loss, both epidemiologically and genetically
(Cederroth et al. 2019; Clifford et al. 2020; Nondahl et al. 2011;
Shargorodsky et al. 2010; Shore et al. 2016). Studies show that
up to 37.3% of those with hearing loss manifest tinnitus, and,
conversely, the majority of those with tinnitus have measur-
able hearing loss (Henry et al. 2014; Shargorodsky et al. 2010).
Recent Mendelian Randomization studies have indicated that the
inference of causality may be bidirectional (Clifford et al. 2020).
However, these two auditory impairments appear to have separate
anatomic pathways: tinnitus is generally thought to be associ-
ated with central neural changes in response to peripheral neural
deafferentation (Eggermont 2015; Elgoyhen et al. 2015), while
hearing loss is more directly related to cochlear sensory damage
(Kujawa & Liberman 2015). The genetic/molecular/anatomic
location where the two may diverge is unknown, and this distinc-
tion is critical for the development of curative treatments.
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Currently, several large-scale research studies are character-
izing and analyzing auditory consequences of military expo-
sures. The Noise Outcomes in Servicemembers Epidemiology
Study (NOISE) is an ongoing, prospective, longitudinal study
collecting comprehensive detailed exposure and audiologic
information on active Servicemembers and recently separated
Veterans. Subjects are enrolled at two sites: Portland, OR and
San Antonio, TX. It employs on-site collection of audiometric
data, historical data, and comprehensive questionnaires on ser-
vice and noise histories. In its first 690 participants, the study
notes a 45% prevalence of tinnitus and at least 22% hearing loss
in a relatively young population (average age 34, range 19 to 61)
(Henry et al. 2021).

The Million Veteran Program (MVP), in contrast, is a retro-
spective mega-study on aging with over 800,000 participants. It
consists of a population with prior exposure to artillery, noise
from ships, guns, TBI, and blast identical to the NOISE study.
MVP contains questionnaires, genomics, and links to electronic
health records (EHR), and is proving particularly beneficial
for the study of complex polygenic traits associated with envi-
ronmental exposure (Clifford et al. 2019; Khera et al. 2018;
Reisberg et al. 2017; Vona et al. 2017). By mining this database,
our objective is to analyze tinnitus within the context of differ-
ent military exposures in an aging population, and to explore
tinnitus’ relationship with hearing loss both within the standard
audiogram and over time.

MATERIALS AND METHODS

Study Population and Tinnitus Assessment

MVP is a retrospective, cohort study with ongoing enroll-
ment since 2011, and its design has been previously described
(Gaziano et al. 2016). Briefly, Veterans have been enrolled
at more than 50 Veteran Administration Medical Centers

nationwide through 2021. At the time of this study, 819,307
participants had filled out surveys, answering questions regard-
ing tinnitus, hearing, military experience, and injuries related
to combat, and/or had EHR information, including clinical
diagnoses, audiograms, and Active-Duty military history infor-
mation. Age and sex were verified in the Defense Enrollment
Eligibility Reporting System. /1 estry was determined genom-
ically based on the most commonly-represented groups at the
VA, that is, European, African, Asian, and Hispanic and those of
overlapping genetic ancestry were eliminated from this category
(Fang et al. 2019).

Tinnitus was ascertained by either self-report or an ICD-9/
ICD-10 diagnosis of tinnitus in the EHR (n = 284,073;
Flowchart, Fig. 1). Subjects with diagnosis codes of “pulsatile”
or “objective” tinnitus were excluded (n = 2,497).

Hearing Assessment

Certified—audiologists at the VA conduct all audiological
examinations in a certified sound-treated booth using a Grason-
Stadler clinical audiometer (Eden Prairie, MN). The QUASAR
Audiogram Module (© Grason-Stadler) software program
automatically enters and transmits all data to the VA Central
Data Warehouse. Hearing loss was determined from audiologic
evidence of any threshold >25 dB in either ear at any standard
frequency (0.5, 1, 2, 3, 4, 6, or 8kHz), self-report of hearing
difficulty, hearing aid use, or diagnosis of sensorineural hearing
loss in the EHR (Flowchart, Fig. 2; Dawes et al. 2014; Henry
et al. 2021; Joseph et al. 2018). Participants with diagnoses of
“conductive hearing loss”, “mixed hearing loss”, “unilateral
hearing loss”, “sudden hearing loss”, “ototoxic”, “acoustic neu-
roma”, or air-bone gap >10 dB at any frequency were excluded
from analyses (n = 60,991).

“Best Hearing Ear ” and “Worst Hearing Ear” were deter-
mined by comparing pure-tone thresholds averages at 0.5, 1, 2,

17.4 million US Veterans -> 9 million enrolled in the VA
819,307 participants the Million Veteran Program v20_2 roster |

351,677
lifestyle forms**

498,598
baseline forms**

814,731
with 1CD9/10*

134,014 170,370 62,181 235,524 with 2,497 cases of
self-reported self-reported self-report of tinnitus diagnosis of objective tinnitus
year of onset tinnitus secondary to TBI tinnitus removed

N\ !

/

758,005 subjects
284,073 cases of tinnitus
473,932 controls

Fig. 1. Flowchart for cases of tinnitus. *Total MVP participants with any in-patient or outpatient diagnoses, available 1991 to 2020. **Excludes participants
who did not answer questions before and after tinnitus questions and had no ICD diagnosis. ICD indicates International Classification of Diseases; and MVP,

Million Veteran Program.
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498,598*
baseline forms

351,677*
lifestyle forms

l l

149,640 88,775
self-report self-report
hearing loss hearing aids

119,265

self-report
year of onset

233,128 814,731
individuals with with any in- or out-patient
audiograms diagnosis**
212,320 429,430 with

with hearing loss diagnosis of
on audiogram*** of hearing loss

| — |

368,439 with diagnosed

" : 60,991 cases of
sensorineural hearing loss

non-SNHL removed

~

758,005 subjects
389,039 with hearing loss
368,966 controls

Fig. 2. Flowchart for cases of hearing difficulties. *Veterans who did not answer questions before or after tinnitus questions and had no ICD diagnosis were
removed. **Total MVP participants with diagnoses available 1991 to 2020. ***Defined as any frequency threshold (0.5, 1, 2, 3, 4, 6, or 8kHz) > 25 dB. ICD
indicates International Classification of Diseases; and MVP, Million Veteran Program.

and 4kHz (Cruickshanks et al. 1998). If the average was equal
in both ears, right ear thresholds were used. Hearing levels were
adjusted for age and sex to obtain “Best Ear — adjusted values”
and “Worst Ear — adjusted values” via International Standards
Organization 7029:2017(E) computations, which corrects to
the median normal hearing for age and sex (see Supplemental
Digital Content 1 http:/links.lww.com/EANDH/BI11, which
describes details of methods) (ISO 2017)

Exposure Assessment

Veterans were queried regarding their era of service, rang-
ing from World War I through post 9/11, and whether they
were deployed to a combat zone during that time (yes or no). If
deployed, they were asked whether they encountered unantici-
pated detonations, blasts, received incoming fire, were under fire
in a vehicle, or engaged in combat, utilizing answers as a surro-
gate for acoustic exposure. Answers from 1 to 5 were scored on
a Likert Scale, from 1 = “never” to 5 = “daily or almost daily”.

Traumatic brain injury (TBI) prevalence was established from
either ICD diagnosis of head injury or any self-reported symp-
tom following head trauma (n = 150,011). Symptoms included
being dazed, confused, or seeing stars, loss of consciousness
from less than a minute through longer than 20 minutes, or self-
report of symptoms following TBI, that is, ringing in the ears,
imbalance, headache, or memory problems. Blast exposure was
ascertained from self-report of proximity to detonated mines or
improvised explosive devices with or without TBI.

Statistical Analysis

Data was extracted from the MVP data bank within the
Structured Query Language Server Management Studio 18 in
VA Informatics and Computing Infrastructure (VINCI) and

analyzed in R version 4.0.2 (OR Foundation for Statistical
Computing). A Poisson model was created with tinnitus as the
outcome and risk ratio as measurement, since for a large dataset,
a Poisson model on a binary variable with robust standard errors
is less biased and error prone than a binomial model (Chen
et al. 2018). Variables were chosen based on their known clini-
cal association with tinnitus as well as inclusion in the MVP
surveys and ICD’s (Tables 1A and 1B in Supplemental Digital
Content, http://links.lww.com/EANDH/B11—Correlations of
Variables, p-values for Correlations).

Unadjusted regression was performed to ascertain significance
of individual variables with tinnitus as a binary outcome. Relative
risk (RR) for tinnitus was calculated for individual variables con-
sisting of sex, ancestry, age at enrollment in MVP, era during
which the Veteran served, frequency of combat acoustic exposure,
TBI, exposure to blast, and/or comorbidity with hearing loss.

A multivariable model was then calculated as an adjusted
model, including only complete cases (N = 142,078). The best-
fitting multivariable logistic model included sex, ancestry, age at
baseline enrollment, era served, a categorical measure of noise
exposure in combat, TBI, blast exposure, and association with
hearing loss, including age’s interaction with military service
and TBI’s interaction with blast. Age was used as a continuous
variable because when used as a categorical variable, the model
failed to converge. Results were tested for multicollinearity via a
generalized variance inflation factor, McFadden’s Pseudo-R? for
goodness-of-fit, and Wald tests for significance of explanatory
variables (Table 2 in Supplemental Digital Content, http://links.
Iww.com/EANDH/B11—Hypothesis Testing). Anova between
models and AIC reduction was used to arrive at the final model.

Females have served in combat since 2015. To assess
whether the lower percentage of tinnitus identified in females
was related to combat exposure, interactive terms of sex with

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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combat exposure was tested in the model and found to be not sig-
nificant (Table 3 in Supplemental Digital Content, Interaction of
Gender and Combat Exposure http://links.lww.com/EANDH/
B11). Since 7 for military service to age ranged from —0.25 to
0.36 (p-v'=5<0.0001, Tables 1 and 2 in Supplemental Digital
Content, ‘"> interaction of military era served with age was
tested. Correlation of TBI and blast was 0.24 (p-value < 0.0001)
and this interaction was tested as well and used in the model.

We used two methods to ascertain the effect of tinnitus on
the audiogram. First, means of each audiogram frequency were
adjusted for sex and age via International Standard Organization
ISO 7029:2017(E) formulae, then compared for those with and
without tinnitus (ISO 2017). Next, unadjusted comparisons
were made between those <40 years of age and those above,
separated by sex.

For incidence, calculations of tinnitus versus onset of hear-
ing loss was fashioned in a Cox cumulative proportional hazard
model, examining those who had a reported year of onset of tin-
nitus and hearing loss either by self-report or ICD diagnosis date

TABLE 1. Demographics of tinnitus in MVP with 95% Cis

(N'=255,409). Left censoring consisting of removal of those who
either had both events during the same year, or removal of those
with the event occurring prior to the predictor. Because clinical
diagnoses are available only from 1981, we analyzed self-reports
and ICD/audiogram data separately. Interval measured was years
between the two events or years between the initial event and
enrollment in MVP, if no final event had been reported.

All de-identified information, including demographics, sur-
veys, diagnoses, and audiogram data is located in VINCI within a
protected workspace on VA computers. This study was approved
by the Veterans Affairs Central institutional review board.

RESULTS

Demographics

The cohort consists of 758,005 Veterans with EHR diag-
noses, surveys, audiograms, and/or demographics (Table 1).
Prevalence of tinnitus overall was 37.5% (95% CI, 37.3 to 37.6).
and overall mean age at time of MVP enrollment was 61.46

N* % of cohort Tinnitus % with tinnitus Relative risk (95% ClI)

Totals 758,005 100% 284,073 37.5%

Hearing loss 389,039 51.3% 231,260 59.4% 4.15 (4.12-4.15)
Sex

Male 686,677 90.6% 266,107 38.8% 1.00

Female 71,209 9.4% 17,960 25.2% 0.65 (0.64-0.65)
Ancestry 599,051 79.0% 227,380 38.0%

European 428,002 56.5% 176,999 41.4% 1.00

Black 115,757 15.3% 28,969 25.0% 0.61 (0.60-0.61)

Hispanic 47,788 6.3% 18,408 38.5% 0.93 (0.92-0.93)

Asian 7,504 1.0% 3,004 40.0% 0.97 (0.94-0.97)
Age at time of enrollment 758,005 100.00% 284,073 37.5%

18-29 22,723 3.0% 6,420 28.2% 1.00

30-39 51,799 6.8% 15,426 29.8% 1.05 (1.03-1.05)

40-49 69,124 9.1% 21,617 31.3% 1.11 (1.08-1.11)

50-59 137,894 18.2% 45,044 32.7% 1.16 (1.13-1.16)

60-69 260,783 34.4% 107,985 41.4% 1.47 (1.43-1.47)

70-79 150,779 19.9% 64,486 42.8% 1.51 (1.48-1.51)

80-89 57,178 7.5% 20,712 36.2% 1.28 (1.25-1.28)

90-100 7,692 1.0% 2,378 30.9% 1.09 (1.05-1.09)

100-110 33 0.0% 5 15.2% 0.54 (0.24-0.54)
Era of military service 730,666 96.4% 278,411 38.1%

Post 9/11 92,840 12.2% 39,763 42.8% 1.00

Gulf War 111,721 14.7% 36,582 32.7% 0.76 (0.76-0.76)

1975-1990 120,534 15.9% 39,546 32.8% 0.77 (0.76-0.77)

Vietnam 305,397 40.3% 126,208 41.3% 0.96 (0.96-0.96)

1955-1964 46,399 6.1% 17,880 38.5% 0.90 (0.89-0.90)

Korea 36,096 4.8% 12,810 35.5% 0.83 (0.82-0.83)

Post-WWII 2,041 0.3% 640 31.4% 0.73 (0.69-0.73)

WWwiIl 15,313 2.0% 4,860 31.7% 0.74 (0.72-0.74)

Pre-WWII 325 0.04% 122 37.5% 0.88 (0.76-0.88)
Combat exposure 264,678 34.9% 123,955

Never deployed 105,599 39.9% 37,299 35.3% 1.00

Not exposed 27,643 10.4% 12,020 43.5% 1.23 (1.21-1.23)

Few times/deployment 39,235 14.8% 19,831 50.5% 1.43 (1.41-1.43)

Few times/mo 19,366 7.3% 10,606 54.8% 1.55 (1.53-1.55)

Few times/wk 23,700 9.0% 13,555 57.2% 1.62 (1.60-1.62)

Daily/almost daily 49,135 18.6% 30,644 62.4% 1.77 (1.75-1.77)
TBIT 150,011 19.8% 93,500 62.3% 1.81 (1.79-1.81)
Blast exposure 67,615 8.9% 41,850 61.9% 1.29 (1.28-1.29)

*Number of those who answered positively to a particular category. Does not include those who did not answwer that category or for which information was not available.

1TBI defined by ICD diagnosis or self-report of symptoms after head injury (list of diagnoses in Supplement:

tincludes 22,431 who stated they sustained a TBI from blast.

secondary to blast.

Cl, confidence interval; ICD, International Classification of Diagnosis; RR, relative risk; TBI, traumatic brain injury.
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(95% CI, 61.42 to 61.49, range 18 to 112). Of these, 7.0% either
self-reported or carried a diagnosis of tinnitus only, 30.5% had
evidence of both tinnitus and hearing loss, and 20.8% hear-
ing difficulties only (Table 4 in Supplemental Digital Content,
http://links.lww.com/EANDH/B11—comparison of frequen-
cies of tinnitus and hearing loss).

Females in this cohort were 0.65 times less at risk to sus-
tain tinnitus than males (95% CI, 0.642 to 0.659). Those of
~“rican ancestry carried a 0.61 relative risk (RR) compared to

ropeans (95% CI, 0.60 to 0.61), and those of Hispanic ances-
try were 0.93 times less likely than Europeans to sustain tin-
nitus (95% CI, 0.92 to 0.93). The highest prevalence of tinnitus
per age bracket occurred at 70-79 (RR 1.51, 95% CI, 1.48 to
1.55), and there was a sequential rise, then a drop in the oldest
brackets, as seen in other studies (Shargorodsky et al. 2010).
In contrast, although the “era of military service” correlation
varied with age from —0.25 to 0.36 (Table 1A in Supplemental
Digital Content, http:/links.lww.com/EANDH/B11), change

in RR over different military eras showed no consistent pattern
overall. Post-9/11 Veterans were more likely to report tinnitus
than in any other era.

Exposures addressed in this study included extent of noise
exposure in a combat zone, traumatic brain injury (TBI) and
blast. Military exposure based on amount of time in combat
revealed an increase in relative risk from 1.23 (95% CI, 1.21 to
1.23) for “a few” exposures during an entire deployment, com-
pared to 1.77 (95% CI, 1.75 to 1.77) for those exposed “daily or
almost daily”. TBI was almost twice as likely to be associated
with tinnitus (RR 1.81, 95% CI, 1.79 to 1.81). Blast exposure
with or without injury incurred a 1.29 times risk of tinnitus
(95% CI, 1.28 to 1.29). By far the biggest risk of tinnitus was
associated with hearing loss, as those with hearing loss were
4.15 times as likely to have tinnitus (95% CI, 4.12 to 4.19).

In the multivariable model, females once again appeared
to be less at risk for tinnitus, with a RR of 0.90 (95% CI,
0.87 to 0.90) compared with males (Table 2). Using genetic

TABLE 2. Multivariable model of tinnitus (N = 142,078 complete cases)

N N With Tinnitus % Tinnitus Risk Ratio (95% CI)

Hearing loss* 76,261 62,781 82.3% 2.48 (2.44-2.48)t
Sex

Male 136,082 73,972 54.4% 1.00

Female 5,996 2,289 38.2% 0.90 (0.87-0.90)t
Ancestry

European 115,513 63,457 54.9% 1.00

African American 16,689 7,044 42.2% 0.89 (0.87-0.89)t

Asian 1,381 760 55.0% 1.03 (0.99-1.03)

Hispanic 8,495 5,000 58.9% 1.01 (0.99-1.01)
Aget 142,078 76,261 53.7% 1.00 (1.00-1.00)
Military era served

Post-9/11 18,619 10,477 56.3% 1.00

Gulf War 15,035 7,983 53.1% 0.73 (0.67-0.73)t

1975-1990 14,183 7,738 54.6% 0.77 (0.69-0.77)t

Vietnam 76,208 42,208 55.4% 0.97 (0.88-0.97)

1955-1964 5,031 2,352 46.8% 1.55 (1.04-1.55)

Korea 7,714 3,443 44.6% 2.09 (1.26-2.09)

Post-WWII 391 169 43.2% 0.64 (0.08-0.64)

Wwil 4,786 1,841 38.5% 2.19 (0.83-2.19)

Pre-WWII 111 50 45.0% 4.35 (1.68-4.4)
Age x military era served

Post-9/11 18,619 10,477 56.3%

Gulf War 15,035 7,983 53.1% 1.00 (1.00-1.00)

1975-1990 14,183 7,738 54.6% 1.00 (1.00-1.00)

Vietnam 76,208 42,208 55.4% 1.00 (1.00-1.00)

1955-1964 5,031 2,352 46.8% 0.99 (0.99-0.99)t

Korea 7,714 3,443 44.6% 0.99 (0.98-0.99)t

Post-WWII 391 169 43.2% 1.00 (0.98-1.00)

Wwil 4,786 1,841 38.5% 0.98 (0.97-0.98)

Pre-WII 111 50 45.0% 0.98 (0.97-0.98)t
Military exposure in combat

Never exposed 2,283 10,016 438.7% 1.10 (1.07-1.10)T

Few times total 32,841 16,624 50.6% 1.13 (1.10-1.13)t

Few time/mo 16,341 8,984 55.0% 1.15 (1.12-1.15)

Few times/wk 19,891 11,380 57.2% 1.14 (1.11-1.14)1

Daily/almost daily 41,512 25,895 62.4% 117 (1.14-117)F
TBI§ 78,101 54,133 69.3% 1.73 (1.71-1.73)t
Blast 57,776 35,644 61.7% 0.98 (0.96-0.99)
TBI x blast 1.03 (1.01-1.03)

*Definition of hearing loss—self-report of hearing difficulties, ICD diagnosis of hearing loss, or any standard pure tone frequency in either ear 25 dB.

1p < Bonferroni correction = 0.05/35 = 1.43x 1075,
tAge was used here as a discrete variable. Binning was removed from this model because it failed to converge.

§TBI either by self-report in combat or ICD.

ICD, International Classification of Diseases; RR, risk ratio; TBI, traumatic brain injury.
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ancestry identification (Fang et al. 2019), those of African
ancestries also appeared to be slightly less likely to sus-
tain tinnitus (RR 0.89, 95% CI, 0.87 to 0.89) than those of
European descent. Hispanics and Asians had non-signifi-
cant differences from Europeans in their susceptibility to
tinnitus. While age interacted with military era significantly
for some eras, the RR was close to 1.0 for all categories. In
the multivariable model, age overall was not a risk, in con-
trast to civilian studies (Nondahl et al. 2011; Shargorodsky
et al. 2010).

Participants who sustained a TBI had a 1.73 times risk of
sustaining tinnitus (95% CI, 1.71 to 1.73), and blast per se did
not appreciably increase the risk of tinnitus (RR 1.03, 95% CI,
1.01 to 1.03). In addition, TBI interaction with blast did not
reach significance (p value 4.89 x 107%). Increasing exposure
to combat showed a minimal increase from a few times during
deployment to almost daily. Once again, the highest risk was
for those with hearing loss, whether by audiogram, diagnosis,
or self-report, with 2.48 times risk of tinnitus (95% CI, 2.44
to 2.48).
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We compared audiograms for those with and without tin-
nitus by adjusting for age in two ways. First, we compared
average hearing thresholds of those with and without tinnitus
(n=233,128 individuals with audiograms) adjusted for age and
sex via ISO 7029:2000E standards (Fig. 3 and Tables 5 and 6 in
Supplemental Digital Content, http://links.lww.com/EANDH/
B11, showing individual mean frequencies). Mean age for
women at time of audiogram was 51.4 (SD 14.8); mean age
for men 64.2 (SD 13.9), thus the unadjusted audios may not
be comparable between sexes. Second, we compared average
hearing threshold for those <40 with those >40 (n = 18,322
and 214,806, respectively) (Fig. 4). At each standard audiogram
frequency, younger and age-adjusted data points demonstrated
small but discernably elevated thresholds for those with tin-
nitus (Tables 7 and 8 in Supplemental Digital Content, http://
links.lww.com/EANDH/B11, mean frequencies for younger
and older Veterans). Women >40 had better hearing than men
> 40, particularly at higher frequencies. Overall, audiograms
for those with and without tinnitus manifest parallel “shapes”.

Worse Hearing Ear
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_._._ Age-adjusted, no tinnitus
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Fig. 3. Audiograms with and without tinnitus. When adjusted for sex and age according to International Standard Organization (ISO 7029:2000E) formulae
(ISO, 2000) participants’ hearing show elevated thresholds compared to non-tinnitus ears. Top audiograms are females, mean age 51.4 (SD 14.8), bottom
audiograms are males, mean age 64.1 (SD 13.9).”“Noise notch” is defined by a higher threshold at mid-frequencies (i.e., 3 to 6 kHz). than at 8 kHz (Rabinowitz
et al. 2006). Error bars are too small to visualize. See Table 5 in Supplemental Digital Content, http://links.lww.com/EANDH/B11 for p-values per frequency.
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When corrected for age, a “noise-notch” or increase in thresh-
old at 3 to 6kHz was evident in both sexes.

Incidence of Tinnitus Versus Incidence of Hearing Loss
We were interested in the sequence of events from tinnitus to
hearing loss and vice versa. Of 211,798 who had data for both
hearing loss and tinnitus, either self-reported or in the EHR,
101,722 or 48.0% sustained hearing loss and tinnitus within
tha same year, and were not considered in this analysis. 55;254
i i i g tnni - Since
ICD’s in the medical record have only been available since
1991, health record diagnoses and self-report were analyzed
separately. Comparing timing of tinnitus to the onset of hearing
deficits, males >40 years of age were at higher risk than other
groups measured by either self-report or ICD (Fig. 5 and Tables
8A to 8D in Supplemental Digital Content, http://links.lww.
com/EANDH/B11, which have individual hazard analyses by
time interval). At 10 years post-onset of tinnitus, males >40 had
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a 68.9% (95% CI, 68.6 to 69.6) incidence of hearing loss ICD,
compared with females >40 with 48.4% (95% CI, 45.8 to 50.8)
incidence. Similarly, self-report indicated that males >40 had
an incidence of 14.7% (95% CI, 14.5 to 15.0), compared with
females of the same age who manifested an 8.3% (95% CI, 7.3
to 9.2) incidence (Figs. SA, C). At the end of reporting periods
older females had “caught up” with males.

In contrast, younger males with hearing loss were at higher
risk for tinnitus than older males, measured either by ICD or
self-report (p-value < 0.0001) (Figs. 5B, D). At the 10-year
mark, 52.1% of males <40 (95% CI, 50.1 to 54.1) carried a
diagnosis of tinnitus, compared with 38.2% (95% CI, 37.9 to
38.5) of older males. Finally, while well over 80% of all those
diagnosed-initially with tinnitus went on to sustain hearing loss
by any mca:i re, self-report revealed that those who reported
hearing loss did not of necessity go on to report tinnitus—only
45.0% of older males (95% CI, 33.7 to 54.3) and 37.7% (95%
CI, 23.8 to 49.1) of older females reported tinnitus at the end
of the period.

Worse Hearing Ear

Tinnitus

_«_«_ <=40, no tinnitus
_e_o_+<=40, tinnitus
> 40, no tinnitus
_____ >40,tinnitus

aje

Fig. 4. Audiograms for participants less than or equal to 40 yrs of age compared with those over 40 yrs old. In younger tinnitus ears, thresholds are significantly
and consistently elevated (p values < 0.001). Audiogram thresholds parallel each other, describing the same “shape”. For older Veterans, thresholds for those
with and without tinnitus are identical. Males have consistently higher thresholds than females. Error bars are too small to visualize. See Table in Supplemental

Digital Content, http://links.lww.com/EANDH/B11 for t-scores and p-values.
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Fig. 5. Hazard models for interval between tinnitus and hearing loss. A, ICD. interval from tinnitus to hearing loss. B, ICD interval hearing loss to tinnitus. C,
Self-reported interval tinnitus to hearing loss. D, Self-reported interval hearing loss to tinnitus. ICD’s only available since 1991. ICD indicates International

Classification of Diagnosis.

DISCUSSION

It is imperative to separate the diverse etiologies of tinni-
o and differentiate its pathology from these-of hearing loss in

>rto develop a focused approach to treatment. Because age-
related hearing loss, noise-induced tinnitus, TBI, and blast expo-
sure appear to have singular mechanisms of injury, approaches
to treatment and ultimate cure may of necessity be targeted to
specific etiologies. Age-related tinnitus in the absence of mea-
surable hearing loss is associated with a decrease in gray matter
volume within the auditory cortex, subcortical auditory nuclei,
and brainstem, including the inferior colliculus (Galazyuk et al.
2012; Landgrebe et al. 2009) with no loss of peripheral sen-
sory cells or cochlear neurons (Longenecker et al. 2014) while
chronic noise leads to more peripheral sensory damage, with
glutamate toxicity leading to loss of cochlear inner hair cell syn-
apses initially, followed by cochlear sensory cell and peripheral
spiral ganglion nerve cell deficits (Kujawa & Liberman 2015).
TBI may be more focused intracranially and associated with
more wide-spread glutamate toxicity and neuroinflammation of
variable areas of the brain and brainstem, with onset of microg-
lial activation, peripheral neutrophil recruitment, and infiltra-
tion of lymphocytes and monocyte-derived macrophages, a
potentially massive initial inflammatory response that may
become chronic over time (Simon et al. 2017). Blast with or

without TBI, on the other hand, is a diffuse intracranial event,
with axonal and small vessel injury in the brain and brainstem,
as well as damage at the interface of areas of different densities,
such as the fluid-filled inner ear adjacent to air-filled middle
ear (Simon et al. 2017; Yamamoto et al. 2018). Thus, with blast
injury, there may be both central and peripheral mechanisms.
These areas of injuries, secondary to different etiologies, can
all lead to tinnitus. Occam’s razor might dictate a consistent
anatomic and pathophysiologic pathway of tinnitus generation
through disparate etiologies; however, a tinnitus mechanism of
onset remains to be discovered.

Prevalence of tinnitus in this MVP cohort is 37.5% com-
pared with 9.6% to 25.3% in US populations with similar
ages (Bhatt et al. 2016; Nondahl et al. 2011; Shargorodsky et
al. 2010). This is lower than the 53% reported in the NOISE
study (Henry et al. 2021). Tinnitus prevalence with hearing loss,
as seen in 51.3% of our cohort, compares to 30.2% in the US
population (Shargorodsky et al. 2010) and tinnitus increases the
risk of hearing loss prevalence by over a factor of 4, as seen in
other studies (Clifford et al. 2019). Comparisons of sex and eth-
nicities in civilian versus military populations show similar pro-
tection from acoustic injury in females and African Americans
(Lin et al. 2011).

When examined alone, relative risk for tinnitus increases
with age, from 1.05 for ages 18-29, to 1.51 at ages 70 to 79, then
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drops off sequentially after age 79, similar to civilian reports
(Gopinath et al. 2010; Shargorodsky et al. 2010). However when
age is examined in the multivariable model, RR = 1.00 (95% CI,
1.00 to 1.00). Similarly, while amount of time in combat shows
a sequential increase related to time of exposure to gunfire,
artillery, mortars, and aircraft noise, among other sources, its
interaction with age is non-significant at any level of exposure
(data not shown).

Another interaction of age with noise trauma may be seen in
the military era served. Those in previous wars are now older
and would be presumed to have increased effects of age; nev-
ertheless, in this study, there is a disruption of this trend, and,
in fact, the most recent eras with the youngest Veterans have
the highest risk. This finding suggests a number of possibili-
ties. On the one hand, military personnel may be more attuned
to reporting hearing loss and tinnitus than in previous wars.
Consistent with this, the NOISE cohort, which reported a 53%
incidence of tinnitus consists of Active-Duty service members
and only recently separated Veterans, with a lower average age
of 34. Another possibility is that the lower 9.4% case fatality
rate in recent wars compared with 13.3% during the Vietnam
conflict has led to higher percentages of morbidities (Nessen
et al. 2018). A third possibility is that acoustic trauma in the
military evinces tinnitus in those genetically susceptible, and
that genetic differences across combat eras overshadow the age-
related influence.

The largest RR for military exposures occurs with TBI
(RR 1.733, 95% CI, 1.71 to 1.73), higher than recurrent noise
exposure in combat, consistent with NOISE results (Henry et
al. 2021). In MVP, exposure to noise in combat and risks of
TBI appear to interfere with the progression of age-related tin-
nitus. Surprisingly, the effects of blast alone, with or without
TBI is statistically non-significant, as is the interaction of TBI
and blast. Thus, it appears to be the effects of blast, rather than
exposure itself, which can lead to tinnitus. The effects may be
secondary to proximity and strength of blast, which was not
measured in this study (Remenschneider et al. 2014).

The correlation of hearing difficulties to tinnitus in this study
is 0.41 (p-value < 0.0001). and the RR of sustaining tinnitus
given hearing loss is 4.15 (95% CI, 4.12 to 4.15). Like tinni-
tus, hearing loss is a consequence of acoustic trauma in combat,
TBI, and aging. We approached this relationship in two ways
— by looking at audiograms of those with and without tinnitus
and by examining the temporal pattern of the onset of tinnitus
versus the onset of hearing loss.

By looking at age-adjusted audiograms as well as hearing
for those under 40 years of age, we attempted to diminish the
effects of age. The finding of parallel audiogram patterns in
younger Veterans may indicate an initial tinnitus injury inde-
pendent of the anatomic/neurologic division of hearing into
its range of frequencies, denoted “tonotopicity”. A tonotopic
arrangement of nerve fibers occurs throughout the cochlea and
auditory pathway, from spiral ganglion nerve fibers through all
cochlear-related nuclei included in the brainstem, intracranial
areas, and up through the primary auditory cortex. If tinnitus
were related to a specific frequency or range of frequencies, it
might reveal itself through the audiogram. While the standard
audiogram does not reflect the entire range of human hearing;
nevertheless, although the differences were not clinically sig-
nificant (<5 dB at all frequencies), the pattern was consistent
across frequencies studied (Shim et al. 2009; Wiley et al. 1998).

In addition, the cumulative hazard model shows that tinnitus
can be a harbinger of hearing loss, and this is influenced by
age: those over 40 years of age were at more risk for tinnitus
progressing to hearing loss than younger participants, who were
somewhat more vulnerable to tinnitus after manifesting hearing
loss (p-value < 0.0001). It is well known that hearing loss can
occur prior to tinnitus; however, our finding of the onset of tinni-
tus prior to measurable auditory injury may dictate a closer look
at changes in audiograms that are considered “within normal
limits” and lead to earlier protection of vulnerable individuals
from further auditory trauma. Other studies have also proposed
tinnitus as a harbinger of future hearing loss (Griest & Bishop
1998). Cochlear synaptopathy, or permanent loss of synapses
from the inner hair cell to the cochlear neuron has been shown
in both aged and noise-exposed animals to occur prior to any
detectable hearing loss on audiogram and could play a role
in the initial auditory injury, leading to self-reported hearing
loss, tinnitus, or both, depending on the integral genomic vul-
nerabilities of an individual (Kujawa & Liberman 2015). The
fact that either by self-report or ICD diagnosis, all males and
females over 40 with tinnitus are >80% likely to sustain hearing
difficulties indicates that tinnitus may predict hearing loss, and
warrants increased caution for self-protection of susceptible
individuals from further environmental noise damage.

Limitations to this investigation include variations in the
definition of hearing loss, ranging from self-report of hearing
difficulties to pure-tone averages, to overall audiogram levels
within standard audiogram frequencies. These variations in
phenotype definition have led to disparities in the comparison
of different studies of tinnitus and hearing (Guest et al. 2016;
Spankovich et al. 2017; Wells et al. 2019). The study of tinnitus
is also hampered by its subjective nature. Changes in reporting
requirements for disability occurred in the VA system in 2006,
after which it was incumbent upon the VA to award disability
based on subjective findings, a fact which may have increased
reporting of tinnitus. In addition, this study currently has no
access to records outside the military nor are any VA diagno-
ses available for the period prior to 1992, thus limiting further
diagnostic verification. Nevertheless, it should be noted that the
self-report questionnaire specifically asked about the diagnosis
and 66.4% of those reporting tinnitus carriec = /A diagnosis,
indicating a reasonable verification of findings.

Another consideration is the fact that -=!*reported hearing
difficulty followed over time led to tinn ‘= less than 50% of
the time, while the €D had an inexorable course to 100%. One
possibility is reporting bias. Since this lack of tinnitus report-
ing involves fairly elderly Veterans, this may be an artifact of
generational stoicism. On the other hand, it may be that those
who carried an ICD of hearing loss had more severe hearing
loss than those who self-reported and those with self-reported
hearing loss never reached some threshold of injury necessary
for tinnitus to manifest itself.

Here, we take note of three findings. First, the interaction of
etiologies, that is, chronic noise and TBI, appears to interrupt
the civilian age-related progression of tinnitus in the military
population. Second, this hearing loss associated with tinnitus
affects all standard frequencies of the audiogram. This sug-
gests that the physiologic injury and repair pathway for acoustic
injury may branch off to tinnitus and hearing loss outside of
the tonotopic separation of the hearing pathway. Further studies
of high-frequency audiometry will be required for verification.
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Third, individuals with tinnitus, particularly those over 40, are
at high risk for subsequent hearing loss.

This study is unique in that it affords researchers a first look
at the rich acoustic data in the Million Veteran Program, includ-
ing tinnitus and hearing loss, associated with audiograms and
VA health records of over three-quarters of a million Veterans.
Future studies will include closer examination of effects of TBI
and blast injury and identifying the genomic underpinnings of
these separate etiologies. The enormous amount of data within
the MVP will allow researchers to study these concepts in
greater detail than ever before possible.
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