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Coexposure to Solvents and Noise as a Risk Factor for Hearing
Loss in Agricultural Workers
Alexandra A. Farfalla, MPH, Cheryl Beseler, PhD, Chandran Achutan, PhD, and Risto Rautiainen, PhD
Objective: This study addressed the relationship of hearing loss and coexposure
to solvents and noise among farmers and ranchers in central United States.
Methods: The surveillance study included surveys to stratified random
samples of operations in 2018 and 2020 (n = 34,146), requesting informa-
tion on injuries, illnesses, exposures, and preventive measures. Responses
(n = 7495) were analyzed using hierarchical multinomial logistic regres-
sion, adjusting for personal and work characteristics. Results: Nearly 60%
of respondents exposed to both solvents and noise reported hearing loss.
The exposures increased the adjusted odds of moderate/severe hearing loss
as follows: solvents alone, (odds ratio [OR], 1.49; 95% confidence interval
[CI], 0.93–2.38), noise alone (OR, 4.42; 95% CI, 3.39–5.76), and coexposure
to both noise and solvents (OR, 6.03; 95% CI, 4.67–7.78). Conclusions: Sol-
vent exposure, along with noise, should be considered in hearing conservation
programs among farmers and ranchers.
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Farming is a hazardous occupation, with countless ways workers are
unintentionally injured both acutely and chronically; for farmers and

ranchers, the deleterious loss of hearing can be both. Work-related hear-
ing loss remains one of the most prevalent yet preventable health ail-
ments adversely impacting the lives of workers in the United States.1

Annually, at least 22 million US workers are exposed to occupational
noise at hazardous levels, and nearly 30 million workers are exposed
to chemicals—many of which are ototoxic.1

Noise exposure is themost probative cause of occupational hearing
loss among farmers.2,3 Among workers of similar age, farmers experience
higher rates of noise-induced hearing loss (NIHL) than nonfarmers.4

Farmers are exposed to hazardous levels of noise on a daily basis, as ma-
chinery,5 equipment,6 and livestock7 are frequent sources of occupational
exposure. However, noise is not the only etiology of hearing loss. Epide-
miological and laboratory studies since the 1970s8 have investigated
ototraumatic agents that enter the body through absorption, inhalation,
and ingestion exposure routes.9 Chemical substances including fuels,
solvents, pharmaceuticals, and pesticides can adversely affect hearing
and how the ear functions.9,10 Essentially toxic to the ear, ototoxicants
affect the inner ear or auditory nerve causing damage to the sensory
cells used in hearing and balance, and they may also impact the vestib-
ular system regardless of noise exposure.11–13
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Occupational exposure scenarios for noise and solvents in agri-
culture are complex, changing over time and by the season, task, and
environmental conditions. Occupational exposures are not measured and
documented on farms on a regular basis, but studies have reported dermal
and respiratory exposures to solvents in mixing and spraying pesticides,14

general maintenance, and repair of equipment and machinery15; cleaning
livestock confinements with disinfectants and detergents; fueling and
operating engines16; and using paints, adhesives, and epoxies.14,16 Be-
cause of their frequent use, exposure to solvents is a concern among
those living and working on agricultural operations.

When combined, noise and ototoxic substances have a greater
propensity to adversely contribute to hearing loss than each individual
exposure alone.17,18 Of considerable concern is the joint effect of noise
and ototoxic solvent exposure, as it has been suggested that a single
exposure to both, even when noise is within the permissible exposure limit,
increases the risk of hearing loss through synergism of exposures.19,20

A 2017 systematic review and meta-analysis revealed that
coexposure to noise and mixed solvents increased the risk of hearing
loss nearly threefold (odds ratio [OR], 2.95) in comparison with a non-
exposed reference group.21 Moreover, the risk of hearing loss from
coexposurewas considerably greater than predicted by either noise ex-
posure or mixed solvent exposure alone21—validating concerns that this
coexposuremay bemissed by employers and health professionals alike.20,22

Controlling known hazardous exposures is essential to preserve
the hearing of those affected, but there are also broader consequences;
hearing loss is associated with more workplace injuries23 and has even
been found to double the risk of injury in agricultural workers.24,25

Nevertheless, occupational health research often examines and charac-
terizes work-related hazards and their potential contributions to injury
and illness as single causative agents.10 Although this approach is effica-
cious in identifying and controlling undue risks to workers,26 exposures
to hazards hardly occur as independent agents20—especially among
thoseworking in agriculture.14,27 Ototoxic hearing loss with and without
noise in occupational settings is not new28,29; however, there remains a
paucity of research concerning the combined effects of solvents and
noise in agricultural workers who are frequently exposed to both.

This study was based on data from the FRHSS administered by the
Central States Center for Agricultural Safety and Health (CS-CASH)
in 2018 and 2020. The primary aim of this study was to evaluate
whether hearing loss among farmers and ranchers is associated with
exposure to noise, solvents, and both combined. We hypothesized that
noise would be a primary contributor to hearing loss, but that solvent
exposure would also contribute independently. We further hypothe-
sized that coexposure of noise and solvents would further elevate the
risk of hearing loss compared with either exposure alone. A secondary
aimwas to evaluate factors that modify this association and increase or
decrease the risk of hearing loss.

METHODS AND MEASURES

Study Design and Population
The CS-CASH is one of ten regional centers funded by NIOSH,

established to address the safety and health issues of agricultural pro-
ducers and workers. It projects involved research, education, and pre-
vention efforts aimed to protect those working in agriculture in the
seven central states of Iowa, Kansas, Minnesota, Missouri, Nebraska,
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TABLE 1. Association of Hearing Loss and Farm/Ranch Operator
Characteristics (n = 7495)

None
(n = 3504)

Mild
(n = 2504)

Moderate/
Severe

(n = 1487)
χ2

(P Value)n % n % n %

Sex
Male 2733 78.0 2210 88.3 1401 94.2 249 (<0.0001)
Female 771 22.0 294 11.7 86 5.8

Operator
Principal operator 1918 54.7 2034 81.2 1291 86.8 739 (<0.0001)
Operators 2, 3 1586 45.3 470 18.8 196 13.2

Operation
Farm 2505 71.5 1842 73.5 1016 68.3 12.1 (0.002)
Ranch/both 741 21.1 462 18.5 335 22.5
Missing 258 7.4 200 8.0 136 9.2

Primary occupation
Farm/ranch work 2519 71.9 2002 80.0 1244 83.7 98.7 (<0.0001)
Other 940 26.8 483 19.3 228 15.3
Missing 45 1.3 19 0.7 15 1.0

Time on farm/ranch work
100% 1497 42.7 1243 49.6 767 51.6 88.3 (<0.0001)
75%–99% 628 17.9 497 19.8 257 17.3
50%–74% 414 11.8 264 10.5 178 12.0
25%–49% 524 15.0 312 12.5 166 11.1
0%–24% 403 11.5 174 7.0 101 6.8
Missing 38 1.1 14 0.6 18 1.2
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North Dakota, and South Dakota. One of the center's research initiatives
involves surveillance of agricultural injuries, illnesses, and exposures
using surveys,30 media monitoring,31 and analyses of existing data
sources. The current study analyzed data from the Farm and Ranch
Health and Safety Survey (FRHSS), administered to randomly se-
lected farms and ranches, stratified by state (2500 per state). Contact
information with selected farm production variables was obtained
from FarmMarket iD, a commercial agricultural data service provider,
currently part of DTN Industries (DTN LLC, Burnsville, MN).

The FRHSS surveys were administered by the University of
Nebraska Medical Center's College of Public Health in the spring of
2018 and 2020 via postal service. Respondents were asked to provide
information on work-related injuries, chronic health conditions, expo-
sures, and preventive practices for up to three operators on the farm or
ranch operation. In 2018, returned responses were entered by members
of the CS-CASH team into University of Nebraska Medical Center's
Research Electronic Data Capture secure web platform. In 2020, the re-
turned forms were scanned into OpenText TeleForm OCR software
(Waterloo, ON, Canada) and quality checked manually. Before mailing,
paper surveys were coded with unique identification numbers to enable
repeat mailings to nonrespondents and merging of agricultural produc-
tion variables from Farm Market iD data set to survey data.

Self-assessed or Diagnosed Hearing Loss Measures
The primary outcome in this study was hearing loss, queried

by a question “Does the operator have hearing loss (diagnosed or
self-assessed)?”. Participants were asked to select one of the fol-
lowing response options: none, mild, moderate, or severe. We chose
to collapse the responses into three categories (none, mild, moderate/
severe) because of a relatively small number of respondents reporting
severe hearing loss (n = 264, <4%) and because of the difficulty of dis-
criminating between moderate and severe hearing loss without audio-
metric testing, resulting in potential misclassification of the outcome.

Occupational Noise and Solvent Exposures
The main independent variables of interest included farmers'

self-reported noise exposures and chemical exposures to solvents.
Noise exposure was measured with the following question: “Was the
operator exposed to high levels of noise from any of the following
sources during the past 12 months? (Mark all that apply)”. Response
options included tractor, combine, implements, power tools, and other
noise. We combined the response options into a single binary variable
for any noise exposure = 1 and no noise exposure = 0.

Chemical exposure via inhalation was measured through the
following question: “Was the operator exposed to high levels of any
of the following air contaminants during the past 12 months? (Mark
all that apply)”. The response options were categorized as none, grain/
feed/hay dust, animal confinement dust, field/road dust, manure/silage
gases, anhydrous ammonia, fuels/solvents/paints, and other. Chemical
exposures via dermal/skin contact were measured through the following
question: “Was the operator exposed to any of the following chemicals
or animal-based allergens while working during the past 12 months?
(Mark all that apply)”. The response options were categorized as none,
pesticides/fertilizers, animal/livestock, detergents/disinfectants, fuels/
solvents/paints, and other. Because solvent exposure was indicated
in two different exposure routes (inhalation and dermal/skin) with
the same response option (fuels/solvents/paints), we created a new var-
iable where the response categories were combined into any solvent
exposure = 1 and no solvent exposure = 0.

Finally, we created indicator variables for solvent exposure only
(yes = 1), noise exposure only (yes = 1), and both exposures present
(yes = 1)with no solvent or noise exposure as the reference group. It should
be noted that, although solvent exposures can also occur from detergents/
disinfectants and pesticides/fertilizers, we limited the analysis to “fuels/
solvents/paints” responses through inhalation and dermal/skin routes.
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
Individual and Work-Related Covariates
Covariates from the data set were included in the analyses if they

had an association with hearing loss in at least one peer-reviewed study
or an association with hearing loss was considered biologically plausi-
ble. Covariates included individual characteristics and work-related fac-
tors. Individual level factors included respondent age (in years) and sex
(male, female). Work-related covariates included primary occupation
(farm/ranch work, other work), percent of time spent on farm/ranch
(vs other) work (0%–24%, 25%–49%, 50%–74%, 75%–99%, and
100%), percentage of time using hearing protection when needed, op-
erator status (primary, second, third), and type of agricultural operation
(farm, ranch, both). Operator status was collapsed into primary versus
second/third in the analysis because of a relatively low number of third
operators. Agricultural operation type was also dichotomized as
farm = 1 versus ranch/both = 0 because of similar exposures related
to animal production.

Statistical Analysis
Observations with missing data in key variables were excluded,

namely, hearing loss (n = 289) and covariates sex (n = 86) and age
(n = 68). Respondents younger than 18 years (n = 50) were also ex-
cluded; they were not included in the mailing, but some respondents
chose to enter data for persons younger than 18 years. After deleting
observations with missing outcome and demographic variables, we
used listwise deletion in the analyses and reported missing values on
covariates in Table 1. Analyses were performed using SAS version
9.4 (Cary, NC). Results were considered significant at α = 0.05.

We began with a contingency table analysis to test for mutual,
joint, and marginal independence between solvent exposure, noise ex-
posure, and hearing loss. We calculated conditional ORs for hearing
loss using solvent exposure as the explanatory variable and noise ex-
posure as the stratification variable. Mutual independence was tested
using a loglinear model containing all three effects. Joint indepen-
dence testing was conducted using χ2 tests for independence on the
four categories with hearing loss (4 � 3 table). Marginal probabilities
were calculated by summing over the noise categories in a 2� 2 table
merican College of Occupational and Environmental Medicine. 755



FIGURE 1. Flow chart of study population and sample size used
for analysis.
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and testing for independence of solvent exposure on hearing loss.
Conditional ORs were tested for equality using the Cochran-Mantel-
Haenszel χ2 test.

We calculated means and standard deviations (SDs) and used
an analysis of variance to assess the association between age as a con-
tinuous variable and the three-level hearing loss variable. The
Jonckheere-Terpstra test was used to test whether the frequencies in
the percentage of time spent working on the operation were increasing
across levels of hearing loss. Percentage of time using hearing protection
was highly skewed (median, 10), so comparisons across hearing loss
categories used the nonparametric Kruskal-Wallis test. Chi-square tests
and t tests were used to assess potential confounders and statistically sig-
nificant associations among variables.

A total of six potential confounding variables were associated
with our exposure groups and hearing loss and were entered into a full
multinomial regressionmodel.We used a generalized logit link function
because the proportional odds assumption did not hold (P < 0.0001).
Treating hearing loss as a nominal variable allowed us to compare
the mild andmoderate/severe groups to the group without hearing loss
separately. We used a hierarchical approach by first examining the in-
dicator variables for the combined solvent and noise exposure
followed by adding individual (sex and age) and work-related charac-
teristics. For each adjusted model tested, explanatory variables were
added incrementally and remained in the model if their input produced
a decrease in the Akaike information criteria fit statistics or produced a
significant likelihood ratio test. We estimated effect sizes using ORs
and their 95% confidence intervals (CIs).
FIGURE 2. Noise and solvent exposure frequencies associated
with hearing loss among operators (n = 7495).
RESULTS

Descriptive Statistics
The 2018 and 2020 combined FRHSS produced data for 5651

farming operations and 7915 individual operators. The response rate at
756 © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on
the farm level was 19% in 2018 and 14% in 2020. Of the 7915 individ-
ual operators, a total of 7495 respondents met our inclusion criteria and
were selected for statistical analysis (Fig. 1). From this sample, respon-
dents who identified as males represented 85% (n = 6344) of our re-
spondents with females representing 15% (n = 1151). More than half
(n = 3991 [53%]) of the operators specified some degree of hearing loss
as diagnosed by a physician or self-assessed, of which mild hearing loss
wasmost prevalent at 63% (n= 2504). Significantly elevated differences
in hearing losswere found for males, primary operators, operators work-
ing on a farm, and those whose primary occupation was farming and/or
ranching (Table 1). Severity of hearing loss had a positive linear trend
in association with participant age. The mean ages were 52.4 years
(SD, 15.5 years) for those without hearing loss, 60.8 years
(SD, 11.0 years) for those with mild hearing loss, and 66.9 years
(SD, 10.2 years) for those with moderate/severe hearing loss. The dif-
ferences were highly significant (P < 0.0001). Percentage of time
spent farming (vs other occupation) also showed a positive increase
over hearing loss categories (P < 0.0001).

Characteristics of those exposed to only noise, only solvents,
both noise and solvents, or neither were similarly distributed among
respondents who indicated mild or moderate/severe hearing loss. Of
the 3955 respondents who indicated coexposure to noise and solvents,
59% (n = 2337) indicated some degree of hearing loss. In those with-
out exposure to both noise and solvents, noise exposure was more
prevalent than solvent exposure (Fig. 2).

Solvent exposure, noise exposure, and hearing loss were not
mutually independent (χ2

7 =1507, P < 0.0001). The hypothesis test
for joint independence asking whether solvent and noise exposure were
jointly independent of hearing loss was strongly rejected (χ2

3 = 341,
P < 0.0001). As expected, marginal independence testing whether sol-
vents were associated with hearing loss summing over noise exposure
was rejected (χ2

2 = 74.5; P < 0.0001; marginal OR, 1.53; 95% CI,
1.38–1.70). The conditional OR (95% CI) for the association of sol-
vent exposure without noise exposure was smaller 1.10 (0.98–1.25)
than for solvent exposure with noise exposure 1.50 (1.11–2.02). The
Cochran-Mantel-Haenszel test showed theseORs to be significantly dif-
ferent (P = 0.047). Taken together, these results suggested a joint effect
of solvent and noise exposure on hearing loss.
behalf of the American College of Occupational and Environmental Medicine.



TABLE 2. Multinomial Models of Unadjusted and Adjusted
Associations between Solvent Exposure, Noise Exposure, and
Hearing Loss, 2018 and 2020

Exposure Hearing Loss OR 95% CI P

Unadjusted model (n = 7495)
Noise*
None 1.00 — <0.0001
Mild 3.00 2.51–3.58 <0.0001
Moderate/severe 3.13 2.52–3.88

Solvents†

None 1.00 — 0.009
Mild 1.50 1.11–2.02 0.36
Moderate/severe 1.20 0.81–1.78

Noise and solvents‡

None 1.00 — <0.0001
Mild 3.31 2.81–3.90 <0.0001
Moderate/severe 3.24 2.65–3.95

Partial adjusted model: sex and age (n = 7495)
Noise*
None 1.00 — <0.0001
Mild 3.59 2.97–4.33 <0.0001
Moderate/severe 4.46 3.50–5.69

Solvents†

None 1.00 — 0.003
Mild 1.62 1.18–2.22 0.11
Moderate/severe 1.42 0.92–2.19

Noise and solvents‡

None 1.00 — <0.0001
Mild 4.49 3.75–5.37 <0.0001
Moderate/severe 5.91 4.68–7.46

Final adjusted model: sex, age, and farm/ranch characteristics§ (n = 6831)
Noise*
None 1.00 — <0.0001
Mild 3.46 2.82–4.23 <0.0001
Moderate/severe 4.42 3.39–5.76

Solvents†

None 1.00 — 0.0007
Mild 1.78 1.28–2.49 0.09
Moderate/severe 1.49 0.93–2.38

Noise and solvents‡

None 1.00 — <0.0001
Mild 4.32 3.56–5.25 <0.0001
Moderate/severe 6.03 4.67–7.78

CI, confidence interval; OR, odds ratio.
*Noise exposures included tractor, combine, implements, power tools, and other noise

sources.
†Solvent exposures included dermal and inhalation as categorized as fuels/solvents/

paints.
‡Participants with coexposures to noise exposures and solvent exposures listed previously.
§Farm or ranch characteristic included primary operator, primary occupation of opera-

tor, and farm operation.
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Multinomial Logistic Regression
Table 2 presents the unadjusted odds of having hearing loss

(mild or moderate/severe) by exposures to noise, solvents, and both
combined. Respondents exposed to noise only as well as noise and sol-
vents together had more than three times higher odds of having mild
hearing loss and moderate/severe hearing loss. For solvents and hear-
ing loss, the association was significant with mild hearing loss but not
moderate/severe hearing loss.

Controlling the multinomial model for age and sex increased the
ORs of mild hearing loss with noise, solvents, and the combination of
both exposures. In the partially adjusted model, noise exposure
(OR, 4.46) and both noise and solvents (OR, 5.91) also increased the odds
of having moderate/severe hearing. In the partially adjusted model, expo-
sures to solvents alone did not demonstrate a statistically significant asso-
ciation withmoderate/severe hearing loss (OR, 1.42; 95%CI, 0.92–2.19).
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the A
In the final fully adjusted model, age, sex, and farm/ranch charac-
teristics were added into the model. When examining exposures to noise
only in the fully adjustedmodel, ORs slightly decreased from our partially
adjusted model for both mild (OR, 3.46) and moderate/severe (OR, 4.42)
hearing loss outcomes. Compared with our unadjusted (OR, 1.50) and
partially adjusted (OR, 1.62) models, mild hearing loss among those ex-
posed only to solvents demonstrated its largest increase in the final, fully
adjusted model (OR, 1.78). Furthermore, farmers and ranchers with
moderate/severe hearing losswere over six timesmore likely to have been
exposed to a combination of noise and solvent exposures than thosewith-
out hearing loss (OR, 6.03), the highest effect size among all models.

Effect Modifiers
In our secondary aim, we hypothesized that the use of hearing

protectionmaymodify the effects of our exposures of interest; however,
there was no significant association between hearing loss and percent-
age of time wearing hearing protection (Kruskal-Wallis χ2 = 2.06,
P = 0.36). Of those respondents who reported any use of hearing protec-
tion (n = 3680), the mean percentage using hearing protection was low,
approximately 31% in each hearing loss group with a median of 10%.

DISCUSSION
The current study used an analytical approach to investigating

the multifactor effects of noise and solvent exposures on hearing loss
among farmers and ranchers in the seven US states using data col-
lected from the CS-CASH FRHSS in 2018 and 2020. After applying
inclusion criteria, this study provided hearing loss data for 7495 re-
spondents. The prevalence of mild and moderate/severe hearing loss
in operators from the current study was 33% and 20%, respectively.
Although there is difficulty in estimating the true prevalence of hear-
ing loss among farmers and ranchers with estimates ranging from
11% to 80%, our estimates may be representative of the population
within the geographical area sampled.32–35 Hearing loss characterized
by pure tone audiometry is considered the criterion standard for
assessing hearing loss; however, research has indicated perceived hear-
ing loss among agriculturalworkers to be fairly representative of actual
hearing loss36,37 and perhaps even a stronger predictor of injuries than
pure tone audiometry.24,38

We found significant associations between hearing loss and
work-related characteristics. The highest hearing loss prevalence was
in primary operators, those with primary occupation as farm/ranch
work, and those who spent greater than 75% of their time performing
farm/ranch work. These findings are in concordancewith other studies
on the prevalence of hearing loss in farmers, and their role and level of
participation in agricultural work.2,6,24,25,32

Age and sex as biological factors have been previously linkedwith
hearing loss among unexposed and noise exposed populations.39–41

Age and sex were significantly associated with hearing loss also in
the current study; as age increased, hearing loss also increased. How-
ever, deciphering whether hearing loss is a consequence of age, noise,
or a combination of both cannot be discerned without more extensive
occupational history and hearing test results. In a 2019 systematic re-
view of occupational hearing loss, the authors iterated the difficulty to
distinguish NIHL from age-related hearing loss (ARHL), as ARHL in-
creases with age, but NIHL also often begins after years of excessive
occupational noise exposure.42

Sex is also important in the etiology of hearing loss and model-
ing factor associated with hearing loss.41 Like age, sex differences
have been observed in ARHL and NIHL.41–43 A lifetime prevalence
of physical and chemical exposures, genetic and heritability factors,
and physiological changes associated with aging limit the assessment
of sex as a causative contributing factor to hearing loss.41 However,
evidence among agricultural populations has suggested that men have
a higher propensity to experience hearing loss younger27,44 and at
higher frequencies.45
merican College of Occupational and Environmental Medicine. 757
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We hypothesized that coexposure of noise and solvents would
elevate the risk of hearing loss more than either exposure alone. We
found this to be the case, in univariable and adjusted regression
models. The analysis of mutual, joint, and marginal independence of
noise exposure, solvent exposure, and hearing loss showed no mutual
dependence. This analysis indicated a joint effect of solvent and noise
exposures on hearing loss.

In our unadjusted, partial, and fully adjusted models, the ORs
suggested that respondents with both solvent and noise exposure were
at higher odds of either degree of hearing loss comparedwith noise ex-
posure alone or solvent exposure alone. Controlling for sex, age, pri-
mary operator, primary occupation of operator, and working on a farm
strengthened these associations. However, most of the increased odds
were due to adjusting for sex and age with farm characteristics incre-
mentally increasing the effect size.

We found that nearly 60% of participants who indicated mild or
moderate/severe hearing loss were exposed to a combination of noise
and solvents. The relationship of hearing loss with coexposures to
noise and solvents is complicated because previous research has dem-
onstrated that exposures to solvents occur from a range of activities in
farmwork and often when using, maintaining, and repairing noise pro-
ducing machinery and equipment.14,15,46,47 For decades, hazardous
noise from agricultural equipment and machinery has been implicated
with NIHL among farmers and ranchers.5,6,32,48,49

Although advancements in technology and design of agricul-
tural machinery and equipment have aided in reducing excessive
noise, evidence suggests that farmers are still often using and servicing
decades-old vehicles, machinery, and equipment.14,15,46,48 Consequently,
servicing of farm equipment is connected with ototoxic chemicals
that include solvents. A study in Kentucky found repeated dermal
contact with solvents during farm equipment repair/maintenance/
service multiple times a month.15 Various types of solvents were
used including gasoline, diesel fuel, degreasers, oils, and hydraulic
fluid.15 Although hearing loss was not examined in the Kentucky
study, chemical solvents previously demonstrated as ototoxic in either
animal or human studies50,51 were found as high as 36000 μg for tol-
uene and 5700 μg for xylene on farmer's hands in the Kentucky study,
with no statistical difference indicated between personal protective
equipment use and exposure.15

The Agricultural Health Study addressed activities involving
solvent exposure (painting, solvents used for cleaning, and gasoline
used for cleaning) and found that all metrics using solvents were asso-
ciated with elevated odds of wheeze.16 Monthly solvent use ranged
from 23% to 40% among those with wheeze and 21% to 37% without
wheeze.16 Together, these studies affirm that solvents are used fre-
quently in agricultural work and that solvent exposure is a risk factor
for multiple health outcomes.

To our knowledge, the current study is the first epidemiological
study to quantify the coexposure of solvents and noise with hearing loss
among farmers and ranchers. Previous studies have found an association
between pesticides and/or disinfectants with hearing loss among agri-
cultural workers.52–54 As noted in our methodology, the FRHSS also in-
cluded questions on pesticides/fertilizers and detergents/disinfectants;
however, their associationwith hearing losswas not a focus in this study.

Noise exposure is awell-recognized contributor to hearing loss,
but distinguishing the causative, additive, or cumulative contribution
of solvent exposure to hearing loss remains challenging—especially
among agricultural workers. This ambiguity is partially related to var-
iability in agricultural farmwork and how exposures to solvents occur.
Exposures may include machinery repair and maintenance,14–16,46,47

spray painting farm equipment or structures,14,47 or mixing and apply-
ing pesticides14,27,52–54—all activities in a typical days' work for farmers
and ranchers. There is variability also in the types of solvents used, the
duration and frequency of use, and whether one chemical agent or a
mixture of solvents is used—adding complexity to identifying potential
causal agents to hearing loss among agricultural workers.14–16,53
758 © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on
Studies of the association of hearing loss with solvent expo-
sure, alone or in combination with noise exposure, have only recently
emerged among agricultural workers.27,52,54 Physiologically, hear-
ing loss is a quantifiable condition; it is the differences of expected
(healthy) and actual (impaired) sound levels (in decibels) required
to hear sounds at specified frequencies (in hertz) in the audible
range. What cannot be measured is the insidious detriment of los-
ing something that was once had and will never be fully replaced—
the ability to hear. Although there are great difficulties convincing
farmers to wearing hearing protection,35,55 the effect of solvent ex-
posure, either alone or combined with noise exposures, is an added
risk that should be addressed in educating farmers about prevention
of hearing loss.

Strengths and Limitations
The Farm and Ranch Health and Safety Surveys offer an op-

portunity to evaluate a wide range of injury and illness outcomes,
and potential demographic and farm production risk factor vari-
ables from a large sample of farmers and ranchers (N = 7495) in a
region that represents about 20% of the agricultural workers and
products in the United States. The survey questions enabled evalu-
ating the prevalence of hearing loss at different severity levels,
based on self-report of a condition that was either diagnosed or
self-assed. The questions also enabled quantifying the presence of
exposure to solvents, by respiratory or dermal exposure. With the
available demographic and farm production variables, it was possible
to design statistical analyses to evaluate the risk factors for hearing
loss, including noise exposures, and chemical/solvent exposures, alone
or in combination.

The limitations of the study included a low response rate, 16%
overall in the two survey years. However, the potential biases from
nonresponse may be limited based on analyses of respondent and non-
respondent characteristics, where only minor differences were identi-
fied between respondents and nonrespondents.56 Another limitation
involves the quality of data for self-reported outcomes and exposures.
Although many respondents may have had hearing tests, and perhaps
hearing aids, we did not ask separately whether the reported hearing
loss was diagnosed or just one’s own assessment. Similarly, we could
not objectively quantify the exposures, rather than just relying on the
respondents' own assessment of their exposures.

Both the hearing loss outcome and the associated solvent expo-
sures may have occurred gradually over a long timewith no possibility
to establish a temporal relationship between exposure and outcome.
Furthermore, combining a broad range of chemical agents into one
group “fuels/solvents/paints” provides no specificity for identifying
agents that are most harmful. Without detailed chemical exposure his-
tory, including specific solvent types, doses, and frequency of use, it is
not possible to identify etiological agents for hearing impairment with-
out potential measurement bias.

Many other potential contributors to hearing loss, and con-
founders, could have been missed; for example, shooting guns, listen-
ing to loud music, and motorsport hobbies, or personal exposures like
smoking, alcohol consumption, medications, and other lifestyle mea-
sureswere not addressed in this study. There is also emerging evidence
in the association of noise and hand-arm vibration exposure's induced
hearing loss.57 Similar to solvents, hand-arm vibration may be another
occupational exposure missed when studying hearing loss among
working populations, especially among agricultural workers.58

CONCLUSIONS
A high percentage of farmers and ranchers (33% mild, 20%

moderate/severe) reported having diagnosed or self-assessed hearing
loss. Noise exposure is a known contributor to hearing loss, and the
odds of having hearing loss were higher for those exposed to loud
noise in all models. In addition, our study provided new evidence on
behalf of the American College of Occupational and Environmental Medicine.
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the association of hearing loss and solvent exposures, either alone or
combined with noise exposure. Adjusting for personal and work
characteristics the risk of hearing loss was about threefold in those
exposed to noise and as high as sixfold among those who were ex-
posed to both noise and solvents. This finding emphasizes the need
to reduce noise exposures and also exposure to chemicals and sol-
vents. Prevention of chemical and solvent exposures is important
for reducing the risk of many chronic conditions, but it is also im-
portant in preventing hearing loss.
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