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ORIGINAL ARTICLE

Cohort difference in the association between use of recreational firearms and
hearing loss: findings from the HUNT study

Bo Engdahla and Lisa Aarhusb

aDepartment of Physical Health and Ageing, Norwegian Institute of Public Health, Oslo, Norway; bDepartment of Occupational Medicine and
Epidemiology, National Institute of Occupational Health, Oslo, Norway

ABSTRACT
Objectives: The risk of noise injury from recreational firearm use is well known. Despite preventive meas-
ures it is uncertain whether it has become less harmful. We assessed whether the association between
recreational firearm use and hearing has changed during the last two decades.
Design: We used a repeated cross-sectional design and determined hearing thresholds by pure-tone audi-
ometry. Frequency-specific associations between recreational firearm use and hearing thresholds were
assessed by multivariate linear regression stratified by sex and adjusted for age and other covariates.
Study sample: Two cross-sectional population-based cohorts 20years apart (1998 and 2018) comprised 27,580
(53% women, mean age 53years) and 26,606 individuals (56% women, mean age 54years), respectively.
Results: Recreational firearm use was reported by 28% in 1998 and 30% in 2018. The proportion that
reported wearing hearing protection increased. Exposure to recreational firearms was associated with ele-
vated thresholds at 3-6 kHz in both cohorts. The association increased with the number of lifetime shots.
The associations increased by age and were substantially smaller in the most recent cohort.
Conclusions: Analyses of two cohorts revealed a reduction in the association between recreational fire-
arm use and hearing over 20 years, coinciding with the introduction of hearing preservation measures.
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Introduction

Impulse noise from firearms can cause serious, irreversible
mechanical and metabolic damage to the cochlea, resulting in
high-frequency hearing loss (Ylikoski 1987). The use of recre-
ational firearms has been suggested to be the most important
source of excessive noise outside the workplace (Clark and
Bohne 1999) and is associated with hearing loss (Taylor and
Williams 1966; Johnson and Riffle 1982; Prosser et al. 1988;
Kryter 1991; Pekkarinen et al. 1993; Nondahl et al. 2000; Stewart
et al. 2001; Marlenga et al. 2012; Hoffman et al. 2017).

The prevalence of hunting and sport shooting in the general
population varies widely between countries. Exposure to firearms is
highly prevalent, especially in the USA, where life-time exposure
rates of 37% are reported for adults >18years old (Bhatt et al.
2017) and a high prevalence of 18% among children <18 years old
(Bhatt et al. 2020). Gunfire noise exposure (i.e. lifetime exposure
exceeding a total of 10 rounds from a shotgun or military rifle, not
counting a .22 rifle), was reported by approximately 3% of a popu-
lation of young adults in England in both 1980 and 1994 (Smith
et al. 2000). Hunting and sport shooting are relatively popular activ-
ities in Norway, with roughly 4% of the population paying hunting
fees in 1997 (Statistics Norway 1998) and 2017 (Statistics Norway
2021). Four percent of the population registered as active shooters

in the Norwegian Civilian Marksmanship Association in 1997, and
3% of the population registered in 2020 (DFS 2021).

The sound from a recreational firearm typically reaches peak
sound pressure levels of 150-175 dB (Meinke et al. 2017), but
protection by hearing protection devices (HPDs) such as earplugs
and earmuffs is effective because of the relatively high-frequency
content of the sound, with attenuation of up to 30 dB (Ylikoski
et al. 1987; Dancer et al. 1992; P€a€akk€onen and Lehtom€aki 2005).
Double hearing protection (earplugs plus earmuffs) may add
15–20 dB of peak reduction (Murphy and Tubbs 2007).
Protection may also be obtained by optimising the shooting
environment and the type of ammunition, reducing the distance
between shooters, and by using suppressors (Finan et al. 2017;
Meinke et al. 2017; Murphy et al. 2018). There has been
increased effort in regards to preventive measures, such as the
use of HPDs becoming mandatory at all Norwegian shooting
ranges. Therefore, updated studies are needed to assess the risk
of recreational firearm use and hearing loss.

The present study was based on two large population-based
cross-sectional hearing studies performed 20 years apart. The
main objective was to assess whether recreational firearm use has
become less harmful by assessing whether the association
between recreational firearm use and hearing threshold has
changed over the last 20 years.
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Methods

Participants

The Trøndelag Health (HUNT) Study is a large general health-
screening study for the entire adult population of Nord-
Trøndelag County, Norway. It consists of four surveys conducted
between 1984 and 2019 (Krokstad et al. 2013). We used data
from two hearing surveys: HUNT2 Hearing (1996–1998) and
HUNT4 Hearing (2017–2019).

HUNT2 Hearing included 17 of the 24 municipalities in the
county. The participation rate was 63%, and a total of 51,529
persons attended. Valid audiometry and data from a question-
naire (HUNT2-Q1) that was distributed to all participants and
returned at the site of the examination were available for 49,594
participants. A second questionnaire (HUNT2-Q2) was distrib-
uted to cases with a certain degree of hearing loss, as well as a
control group, and returned by mail. Cases were individuals with
at least one hearing threshold of 25 dB or more at 0.25–2 kHz or
one age-adjusted threshold of 25 dB or more at 3–8 kHz in at
least one ear. The present study included these participants.
Valid audiometric and HUNT2-Q2 data were available for
27,580 adult respondents.

HUNT4 Hearing was carried out in the six larger municipal-
ities, representing approximately two-thirds of Nord-Trøndelag
County. The participation rate was 43%, and a total of 28,388
persons attended. Valid audiometry and data from a question-
naire (HUNT4-Q) that was distributed to all participants and
returned at the site of the examination were available for 26,606
participants. The hearing studies are described in detail elsewhere
(Engdahl et al. 2005; Engdahl et al. 2021).

The present study included a pooled cross-sectional sample of
54,186 observations from 47,340 subjects attending HUNT2 or
HUNT4 Hearing (27,580 and 26,606 observations, respectively).
The two cohorts will be referred to as the 1998 cohort and
2018 cohort.

Measurement

In addition to the questionnaires, both hearing studies included the
same otoscopy and audiometric procedure. Pure-tone air-conduc-
tion hearing threshold levels were determined in accordance with
ISO 8253-1, with fixed frequencies at eight test frequencies between
0.25–8 kHz using an automatic procedure with the ascending
method. Hearing thresholds were defined relative to the hearing
threshold levels of a population of otologically normal subjects aged
19–23 years (Engdahl, Strand, and Aarhus 2021; Strand et al. 2021).

Outcome measures
We determined the worst ear hearing thresholds at each fre-
quency tested. The worst ear was chosen because firearms are
known to result in asymmetric hearing loss affecting mostly the
left ear (Chung et al. 1981). As secondary outcomes, we deter-
mined the left-right ear difference in hearing thresholds at the
same frequency as the difference between the left and right hear-
ing threshold (i.e. positive when the left ear is worse than the
right ear) and asymmetric hearing thresholds as the absolute
value of the ear side difference.

Exposure
HUNT2 included data on the number of shots, HUNT4 only
included a yes/no measure. Accordingly, the analyses of the

amount of use were restricted to the HUNT2 cohort. HUNT2-
Q2 included questions on the duration of firearm use in years
and the number of shots per year. In the analyses restricted to
the 1998 cohort, we defined recreational firearm use as the life-
time number of shots, which was calculated as the number of
years times the number of shots per year.

Exposure to firearms in hunting or sport or recreational
shooting was determined from identical questions in HUNT2-Q2
and HUNT4-Q: “Have you ever been hunting?” “Have you been
involved in sport or recreational shooting?” The possible answers
in HUNT2 were “no” or “yes”, and in HUNT4 “no”, “don’t
know”, or “yes”. “Don’t know” was coded as “yes” in HUNT4
(0.1% of hunting, 0.2% of sport shooting). Missing values on
hunting or sport shooting were coded as “no” (2% of hunting,
5% sport shooting). We defined recreational firearm use as “yes”
for participants who had either been hunting or been involved in
sport or recreational shooting.

Each question was followed by a question on the use of hear-
ing protection: “Did you use hearing protection? (never, some-
times, always)” on HUNT2-Q2; “Did you normally use hearing
protection? (no, don’t know, yes)” on HUNT4-Q. Use of hearing
protection was coded as “no” (“never” or “sometimes” in
HUNT2 and “no” or “don’t know” in HUNT4) and “yes”
(“always” in HUNT2 and “yes” in HUNT4).

Finally, impulse noise exposure in general was measured in
HUNT2-Q1 by the following question: “Have you, more often
than most people, been exposed to impulse noise (explosions,
shooting etc.)? (no, yes, don’t know).”

Covariates
From similar questions in HUNT2 and HUNT4, we obtained
estimates of risk factors for hearing loss: occupational noise
(regularly been exposed to loud noise at your present or previous
work [no/less than 5 hours/week, 5–15 hours/week, > 15 hours/
week]); recurrent ear infections (no, maybe, yes), and hospitalisa-
tion for head injuries (no, maybe, yes). We treated missing val-
ues on any of these covariates as no exposure, which accounted
for < 5% in each variable. We obtained information on educa-
tion from national registers (primary school, secondary school,
university < 4 years, university � 4 years). All covariates were
treated as continuous variables in the analyses.

Statistical analysis

We used Stata version 16.0. The effect of exposure to recre-
ational firearm use was estimated by multivariate regression
(mvreg in Stata) with each hearing threshold from 0.25–8 kHz
serving as the dependent variables. The secondary analyses
included left-right ear differences and asymmetric hearing
thresholds as dependent variables.

First, we analysed the 1998 cohort, which included more
details on the amount of firearm use. Firearm use was quantified
as log10(lifetime number of shots þ 1), where one unit corre-
sponded to an increase in number of shots by a factor of 10.
The analyses were stratified by sex. To assess whether the associ-
ation depended on age, we included two-way interactions
between the amount of recreational firearm use and age.

Second, to assess whether the association between firearm use
(yes/no) and hearing was different in the two cohorts, we
assessed associations in the pooled sample including two-way
interactions between firearm use and cohort. By including a
three-way interaction between firearm use, age, and cohort, we
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finally estimated whether the influence of age was different in
the two cohorts. The number of exposed women was very low,
female shooters tended to shoot much less than men, and the
initial analyses in the HUNT2 cohort revealed no association
between shooting and hearing threshold among women; there-
fore, we restricted the cohort analyses to men only. We also per-
formed supplementary analyses on the impact of self-reported
use of hearing protection.

All analyses were adjusted for other covariates. We predicted
the average marginal effects from the interaction models with
the margins command in Stata and 95% confidence intervals.

The relationship between age and hearing threshold is highly
nonlinear. Therefore, age was modelled as a restricted cubic
spline with five knots, which created a better model fit than sim-
pler models with age as a linear variable at all tested frequencies
(likelihood-ratio test, p< 0.001). Selecting fewer or more knots
did not improve the fit. To account for dependency in the
pooled data because of subjects participating in both surveys,
cluster-robust standard errors were estimated using cluster boot-
strapping with 1000 replications.

To account for possible selection bias caused by non-random
selection of participants in the 1998 cohort, we used inverse
probability weighting (IPW) (Cole and Hern�an 2008). This
methodology allowed us to correct the analysis by weighting the
observations with the probability of being selected using infor-
mation from the whole 1998 sample, including data from
HUNT2-Q1. Variables included in predicting selection were age,
sex, hearing thresholds at 0.25-8 kHz, all covariates mentioned
above, and the impulse noise exposure in general from HUNT2-
Q1. We then took the inverse of the predicted probability to
attempt to account for potential selection bias. Finally, we per-
formed sensitivity analyses using list-wise deletion instead of
imputing missing responses as no exposure.

Results

The 1998 cohort included 27,580 participants (53% women) with
a mean age of 53 years. The 2018 cohort included 26,606 partici-
pants (56% women) with a mean age of 54 years (Table 1). The
proportion of participants who reported hunting increased from

23% in 1998 to 26% in 2018, whereas the number involved in
sport shooting decreased from 17% to 14%. The reported overall
use of recreational firearms (hunting or sport shooting) was 28%
in 1998 and 30% in 2018. This number increased in women
from 6% to 14%. The proportion reporting wearing hearing pro-
tection increased and was higher among younger subjects. Use of
recreational firearms was more common among younger subjects
and men in both cohorts. In 1998, 14% of men (13% in aged
20–44 years and 14% in aged 45 and older) and only 0.4% of
women had shot more than 5000 rounds.

There was a highly significant overall association between
firearm use quantified as lifetime number of shots and hearing
threshold among men in the 1998 cohort (F(8, 12,211) ¼ 54.6,
p< 0.0001; Figure 1, Supplementary Table 1). We found positive
associations at single frequencies in the range 2–8 kHz, with the
largest effect at 4 kHz (1.6 dB per 10-times increase in number of
lifetime shots [95% CI, 1.4–1.8]). We found no associations

Table 1. Sample description.

HUNT2 (1996–1998) HUNT4 (2017–2019) Pooled sample

All Female Male All Female Male All Female Male
n¼ 27,580 n¼ 14,540 n¼ 13,040 n¼ 26,606 n¼ 14,981 n¼ 11,625 n¼ 54,186a n¼ 29,521b n¼ 24,665c

Age, years, mean (sd) 53.1 (16.9) 52.8 (17.2) 53.4 (16.5) 53.6 (16.9) 52.8 (16.9) 54.6 (16.8) 53.4 (16.9) 52.8 (17.0) 54.0 (16.6)
PTA 3-6 kHz, dB, mean (sd) 26.4 (23.4) 20.4 (19.8) 33.1 (25.1) 21.7 (20.5) 17.5 (17.4) 27.2 (22.7) 24.1 (22.1) 18.9 (18.7) 30.3 (24.2)
Hunting (%) 7292 (56%) – – 6424 (55%) – – 13,716 (56%) – –
Self-reported use of HPDs 6224 (23%) 476 (3%) 5748 (44%) 6876 (26%) 1675 (11%) 5201 (45%) 13,100 (24%) 2151 (7%) 10,949 (44%)
Sports- or recreational shooting (%) 613 (10%) 79 (17%) 534 (9%) 2609 (38%) 577 (34%) 2032 (39%) 3222 (25%) 656 (30%) 2566 (23%)
Self-reported use of HPDs 4722 (17%) 539 (4%) 4183 (32%) 3767 (14%) 828 (6%) 2939 (25%) 8489 (16%) 1367 (5%) 7122 (29%)
Any recreational firearm use (%) 2384 (50%) 296 (55%) 2088 (50%) 3306 (88%) 657 (79%) 2649 (90%) 5690 (67%) 953 (70%) 4737 (67%)
20–44 y 7784 (28%) 859 (6%) 6925 (53%) 7930 (30%) 2091 (14%) 5839 (50%) 15,714 (29%) 2950 (10%) 12,764 (52%)
> ¼ 45 y 3075 (33%) 592 (12%) 2483 (59%) 2791 (35%) 1073 (23%) 1718 (53%) 5866 (34%) 1665 (17%) 4201 (57%)

Self-reported use of HPDs 4709 (26%) 267 (3%) 4442 (50%) 5139 (28%) 1018 (10%) 4121 (49%) 9848 (27%) 1285 (7%) 8563 (50%)
20–44 y 1482 (19%) 338 (39%) 1144 (17%) 3667 (46%) 958 (46%) 2709 (46%) 5149 (33%) 1296 (44%) 3853 (30%)
> ¼ 45 y 819 (27%) 241 (41%) 578 (23%) 1361 (49%) 535 (50%) 826 (48%) 2180 (37%) 776 (47%) 1404 (33%)

Number of lifetime
shots > 5000 (%)

663 (14%) 97 (36%) 566 (13%) 2306 (45%) 423 (42%) 1883 (46%) 2969 (30%) 520 (40%) 2449 (29%)

20–44 y 1870 (7%) 54 (0.4%) 1816 (14%) – – – – – –
> ¼ 45 y 578 (6%) 36 (0.7%) 542 (13%) – – – – – –

PTA: Pure tone average.
an¼ 6846 subjects with repeated measure.
bn¼ 3834 subjects with repeated measure.
cn¼ 3012 subjects with repeated measure.

Figure 1. Hearing thresholds, firearm use, and sex. Regression coefficients are
given in dB with 95% confidence intervals for log10(lifetime number of shots) as
a function of sex, adjusted for age, education, occupational noise exposure,
recurrent ear infections, and head injury. The regression coefficients represent
mean differences in the worst ear hearing threshold for each increase in the
number of lifetime shots by a factor of 10.
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among women (F(8, 14,254) ¼ 1.33, p¼ 0.22). Due to the nega-
tive results and the low number of highly exposed women, we
restricted further analyses to men. We identified a significant
two-way interaction between the number of shots and age (F(32,
12,207) ¼ 3.49, p< 0.0001), with stronger associations at older
age and at 2 kHz (Figure 2).

We estimated whether the associations between firearm use
and the hearing threshold were different in the two cohorts by
including a two-way interaction term between firearm use and
cohort in the pooled sample, which was significant (F(8, 24,647)
¼ 3.67, p< 0.0001). Positive associations were present at
2–8 kHz in both cohorts but significantly weaker in the more
recent cohort at 3–6 kHz (Figure 3, Supplementary Table 2). The
effect at 4 kHz decreased from 4.5 dB (95% CI, 3.8–5.1) in 1998
to 2.8 dB (95% CI, 2.1–3.5) in 2018.

We found a significant three-way interaction between recre-
ational firearm use, cohort, and age (F(32, 24,635) ¼1.53,
p¼ 0.029; Figure 4). The age effect at 3–8 kHz was delayed in
the 2018 cohort. Though the association started to increase
already at the age of 20–30 years in 1998, there was little evi-
dence of an association among subjects < 40 years old in 2018.
Accordingly, the cohort effect increased with age up to
40–50 years, and then decreased in those > 50 years old. The
association observed among 50-year-olds in 2018 was similar to
the association observed among 35-year-olds in 2018. Thus, the
cohort difference in 50-year-olds was of the same magnitude as
an increase in age of 15 years in the 1998 cohort.

To evaluate whether the cohort effect could be explained by
an increase in self-reported use of HPDs, we estimated the inter-
action between recreational firearm use and cohort with and
without controlling for self-reported use of HPDs. The inter-
action was reduced at 3, 4, 6, and 8 kHz, but by less than 0.4 dB.
However, analyses restricted to the 1998 cohort revealed that
HPD use was positively associated with the number of shots;
non-users reported 1703 (95% CI, 205 to 3,202) fewer shots than
users of HPDs.

The cohort effects were also analysed with the secondary out-
comes asymmetric and left-right ear difference in hearing thresh-
olds. The two-way interaction term between firearm use and
cohort in the pooled sample was significant for the left-right ear
difference (F(8, 24,618)¼3.03, p¼ 0.002; Supplementary Table 3)
but not for asymmetric hearing threshold (F(8, 24,618)¼1.29,
p¼ 0.241; Supplementary Table 4). The largest association
between firearm use and left-right ear difference in hearing
threshold was found at 6 kHz, at which the association was
reduced from 2.0 dB (95% CI, 1.4–2.6) in 1998 to 0.8 dB (95%
CI, 0.2–1.5) in 2018.

Figure 2. Hearing thresholds, firearm use, and age in men. Average marginal
effects on the hearing threshold are given in dB with 95% confidence intervals
for log10(lifetime number of shots) as a function of age in men, adjusted for
education, occupational noise exposure, recurrent ear infections, and head injury.
Average marginal effects represent mean differences in the worst ear hearing
threshold for each increase in the number of lifetime shots by a factor of 10.

Figure 3. Hearing thresholds, firearm use, and cohort in men. Average marginal
effects on the hearing threshold are given in dB with 95% confidence intervals
for exposure to recreational firearm use as a function of cohort in men, adjusted
for age, education, occupational noise exposure, recurrent ear infections, and
head injury. Average marginal effects represent mean differences in the worst
ear hearing threshold between exposed and non-exposed groups.

Figure 4. Hearing thresholds, firearm use, cohort, and age in men. Average mar-
ginal effects on the hearing threshold are given in dB with 95% confidence inter-
vals for exposure to recreational firearm use as a function of cohort and age in
men, adjusted for sex, education, occupational noise exposure, recurrent ear
infections, and head injury. Average marginal effects represent mean differences
in the worst ear hearing threshold between exposed and non-exposed groups.
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Finally, we performed regression analysis restricted to the
1998 sample with and without IPW for selection. The weighting
reduced the observed effect estimates of recreational firearm use
� 0.3 dB. List-wise deletion resulted in effect estimates that dif-
fered no more than 0.2 dB from estimates when imputing miss-
ing responses as no exposure.

Discussion

Principal findings

Our study showed an association between recreational firearm
use and hearing thresholds at 3–6 kHz in both 1998 and 2018.
Analysis of the 1998 cohort showed that the association was
dose-dependent, increasing by the number of lifetime shots. The
association was weaker in the more recent cohort and stronger
in older participants. Among older participants, the association
expanded to 2 kHz. The influence of age on the association
became less evident in the more recent cohort. Accordingly, the
difference between the two cohorts depended on age, with the
largest difference at 40–50 years old. In 50-year-olds, the 20-year
cohort effect matched the effect of reducing age by 15 years.
Finally, the association between firearm use and the left-right dif-
ference in the hearing threshold was weaker in the more
recent cohort.

Comparison to other studies

In the present study, exposure to recreational firearms was asso-
ciated with elevated hearing thresholds, mainly at 3–6 kHz, in
both cohorts. In the 2018 cohort, the effect was approximately
3 dB at 4 kHz. Most studies of the effect of recreational firearm
use on hearing are older (Taylor and Williams 1966; Johnson
and Riffle 1982; Kryter 1991; Iki et al. 1993; Pekkarinen et al.
1993; Cruickshanks et al. 2000; Nondahl et al. 2000; Stewart,
Konkle, and Simpson 2001; Konkle et al. 2001), with few studies
representative of the last two decades. A longitudinal study fol-
lowed a cohort of young workers for 16 years and found odds
ratios (ORs) for any gun use of 3.1 (95% CI, 1.6 to 5.9) on high
frequency hearing loss (3, 4, or 6 kHz) (Berg et al. 2012;
Marlenga et al. 2012). A cross-sectional study of 202 Swedish
hunters showed no effect of the number of reported rifle shots
(protected and unprotected), but a small effect of 1 to 6 unpro-
tected shots on high-frequency hearing loss (prevalence ratio, 1.5
[95% CI, 1.1 to 2.1]) (Honeth et al. 2015). Furthermore, a cross-
sectional study based on the 2011-2012 cycle of the US National
Health and Nutrition Examination Survey found high gunfire
exposure (� 1000 lifetime firearm rounds) to be associated with
hearing loss at speech frequencies (OR, 1.8 [95% CI, 1.1 to 3.0])
(Dobie et al. 2017; Hoffman et al. 2017).

To the best of our knowledge, this is the first study to show
generational or cohort changes in the effect of recreational fire-
arm use on hearing. There has been increased effort in regards
to preventive measures. In 1987, a mandatory course was intro-
duced in Norway for hunters that included education and train-
ing on using HPDs. In 1988, the regulations on the construction,
control, and approval of civilian shooting ranges was introduced
and the use of HPDs became mandatory at all civilian shooting
ranges, though some efforts may have been introduced much
earlier. The Norwegian Civilian Marksmanship Association
(DFS) claims to have introduced mandatory use of HPDs at their
shooting ranges already in the late 1960s. The introduction of
electronic target systems at shooting ranges, which became the

norm after 2005, has improved safety and reduced the likelihood
of being exposed to noise. Since 1993, DFS has received annual
funds earmarked for noise reduction measures at their firing
ranges. Moreover, the use of suppressors has become more com-
mon. The use of suppressors became legal and freely available in
Norway in 2008. The use of ammunition has probably not
changed much since 1960, though indoor shooting with .220’
calibre has increased in the last few years. Most rifle shooting is
with 6.5� 55mm or similar calibres. Shooting with a shotgun
mostly uses 12mm, though some use 20mm and 16mm.
Norway has implemented regulations to limit workers’ exposure
to loud sounds, with limits of 85 dB set in 1982. The generational
improvement was found to be greatest in 50-year-olds. Assuming
that hearing conservation measures became evident at the end of
the 1980s, 60-year-olds in 2018 were then in their 20 s, whereas
60-year-olds in 1998 were in their 30 s and had already been
shooting up to 20 years. We can only speculate, but we believe
that the present observed cohort effect is related to these pre-
ventive measures. For example, some part of the cohort effect
may reflect changes in the use of HPDs over time; participants
who were born later are less exposed because of more wide-
spread use of HPDs even though they report the same level of
noise exposure.

The rate of HPD use while hunting was low in our study
(38% in 2018) but comparable to a study of Swedish hunters in
which 39% always, 21% often, and 19% never used HPDs while
hunting (Honeth et al. 2015; Str€om et al. 2015) and an American
study reporting that 95% of hunters never wore HPDs while
shooting in the past year (Nondahl et al. 2000; Cruickshanks
et al. 2000). We registered an increase in self-reported use of
HPDs that did not seem to fully explain the cohort effect.
However, self-reported use of HPDs was positively associated
with the amount of shooting; thus, it is plausible that increased
shooting offset the positive effect of hearing protection. In add-
ition, hearing impairment may affect the use of HPDs, so HPD
use may act as a collider variable in the relationship between
shooting and hearing loss. Conditioning on a collider may
impose a non-causal association that further distorts
the assessment.

The fact that the association between firearm use and the left-
right ear difference was weaker in the in the more recent cohort,
suggests that asymmetric exposure associated with the shooter’s
own activity has been reduced. The shadow effect results in
more exposure in the left ear among right-handed shooters.

Prior cross-sectional studies have suggested that the relation-
ship between firearm use and hearing threshold is stronger
among older subjects. Our finding, namely that the associations
between exposure to firearm use and hearing threshold increased
and expanded to lower-frequency hearing with higher age, con-
firms previous results from the 1998 cohort on impulse noise in
general (Tambs et al. 2006). However, our analyses indicate that
some of the increased effect observed among older participants
in 1998 could be explained by a cohort effect, and that a 20-year
cohort effect corresponded to a 15-year age effect. These findings
indicate that the age effect found in the previous study also rep-
resents, to some extent, a cohort effect. However, we cannot con-
fidently determine whether the interaction between age and
firearm use in our most recent cohort represents actual age dif-
ferences or a continued secular trend of better hearing protec-
tion. Regarding actual age differences, they could reflect that
older subjects are more vulnerable to noise than younger subjects
or that the effect of noise and age are super-additive, so that
noise exposure accelerates age-related hearing loss. That older
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subjects are more vulnerable to noise than younger subjects is
not very plausible (Ohlemiller et al. 2000). However, there is
some evidence for the effect of noise exposure and age being
super-additive (Gates et al. 2000; Kujawa and Liberman 2006;
Xiong et al. 2014; WHO 2015), though others suggest it to be
additive (Rosenhall 2003). Finally, we cannot exclude that some
of the age difference is due to accumulated exposure, though we
also found age differences in association with the number of life-
time shots.

Strength and limitations

The major strength of our study is the large sample size with
cohorts separated by 20 years and the use of a standardised
audiometric procedure with equal exposure measures in the two
cohorts. We cannot fully reject the possible influences of selec-
tion bias. Most concerns apply to the 1998 cohort, which con-
sisted of cases with a certain degree of hearing loss and a control
group. The sample, however, was very large, containing more
than half of the original population-based sample. By including a
general question of impulse noise in the whole original sample,
IPW indicated that the possible bias due to selection from the
original sample was small. As with all studies using self-reported
exposure, the results may have been affected by differential recall
bias. However, it is not very likely that recall bias is frequency-
specific or different in the two cohorts.

Conclusions

Cross-sectional analyses of two cohorts 20 years apart showed a
reduction in the association between recreational firearm use and
hearing. This reduction coincides with the introduction of hear-
ing preservation measures in Norway. However, the size of the
association is substantial and there is a need to further focus on
preventive measures.
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