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Abstract
In-ear dosimetry and noise exposure feedback were used to modify worker
attitude and behavior regarding hearing protection use. The study specifically
addressed whether providing in-ear noise exposure data to workers resulted
in a reduction in average noise dose rate equivalent continuous levels. Nineteen combat arms instructors (impulse noise group) and heavy equipment
operators (continuous noise group) working for the United States Air Force
volunteered to participate in a six-month field study using in-ear dosimeters
to collect daily noise level data. Participants served as their own control
group, receiving periodic noise exposure feedback reports in the latter half of
the study only. The control and feedback phase noise exposure data were
examined using analysis of variance for differences that could be indicative of
more effective hearing protection device use. Additionally, a 7-point Likert
survey was used to monitor worker attitude towards hearing protection use,
and worker medical histories were examined for evidence of previous hearing
loss. Overall, this research found a significant reduction in noise dose rate
equivalent continuous level (−2.5 dB with p = 0.019) for the continuous noise
group following periodic noise exposure feedback on in-ear noise levels. This
effect was not detected at the individual level due to limited samples. No effect was detected in the impulse noise population, likely due to limitations of
dosimeter technology in response to impulse noise. No correlation between
worker attitudes towards hearing protection and noise dose rate equivalent
continuous level was detected for either group (continuous p = 0.249; impulse
p = 0.478). While workers reported that in-ear dosimeters and noise exposure
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feedback helped them control their exposures, few reported using immediate
feedback functions to control noise exposures within a work shift. These results indicate that in-ear dosimetry and noise exposure feedback could provide an effective tool to reduce worker noise exposures over time. However,
advances in dosimeter technology are necessary before it can be evaluated for
impulse noise. Additionally, further research is necessary to understand the
link between worker attitude and hearing protection device use.
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1. Introduction
The overall prevalence of noise-related illnesses among United States Air Force
personnel could partly be attributed to the limitations of using noise reduction
ratings (NRRs) to estimate at-ear noise levels under hearing protection devices
(HPDs); however, the Air Force does not currently have an established procedure for performing measurement of at-ear noise levels directly. The lack of
at-ear noise level data makes it difficult to determine how effective HPDs are at
mitigating noise exposures or what excess health risk is associated with improper
HPD use. Additionally, for impulse noise, the auditory risk models recommended by Air Force Instruction (AFI) 48-127 and MIL-STD-1474E have recently been shown to contradict each other, providing recommended allowable
exposures numbers that differ drastically [1]. Due to equipment and resource
limitations, calculations of these allowable exposures often require blanket assumptions that may underestimate the risk of hearing damage for small arms
gunfire or complex noise, consisting of both impulse and continuous noise
sources [1] [2]. Given the current inaccuracies of the models for impulse and
complex noise and conflicting auditory risk approximations, there has been increased interest in at-ear dosimetry measured at the eardrum. This measurement
location bypasses the need for assumptions and correction factors for microphone placement, potentially providing a more accurate representation of auditory risk of hearing loss [2]. Smalt et al. [2] described the assumptions required
to estimate at-the-eardrum hearing risk from HPD attenuation data applied to
area or personal noise exposure. They recognized the utility of in-ear noise dosimetry to estimate risk at the eardrum, bypassing the transfer function calculations [2].
The largest effort to address the limitations of current methods of performing
noise exposure assessments has been through a series of studies at Alcoa Incorporated, an aluminum manufacturing company operating across the United
States. Prior to 2005, Alcoa utilized a hearing conservation program (HCP) that
exceeded the requirements dictated by the US Occupational Safety and Health
Administration (OSHA), to include yearly fit tests for earplug-type HPDs and an
DOI: 10.4236/ojsst.2019.92005
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action level of 82 dBA in an attempt to control worker noise exposures [3] [4].
Despite these efforts, threshold shifts continued to occur at an average rate of 1.7
dB per year [5].
In March of 2005, Alcoa incorporated daily exposure monitoring utilizing a
Field Microphone in Real Ear (F-MIRE) dosimeter into their HCP at one of
their factories in Washington state [3]. All workers who demonstrated a 5 dB
permanent threshold shift (PTS) were required to utilize this equipment to
continue employment. A group of Yale researchers conducted a retrospective
analysis of audiometric data from 2000 to 2010, which included both pre- and
post-intervention threshold shift data [5]. The results of this study showed that
the average threshold shift was reduced from 1.7 to −0.5 dB/year after beginning
continuous monitoring utilizing F-MIRE dosimetry, which indicates that use of
this method assisted in mitigating exposures to the point that even temporary
threshold shifts (TTSs) were being addressed. When compared to workers at
other Alcoa factories, the intervention group achieved a 1.7 dB per year greater
reduction in threshold shift rates than their peers [5].
Following the compulsory study in Washington, a voluntary study was conducted at three additional Alcoa factories utilizing the same system [6]. Subjects
were offered a cash incentive for active participation over the course of 6
months. The results of this study indicated that utilizing daily monitoring with
F-MIRE devices significantly reduced the percentage of exposures exceeding 85
dBA time-weighted average (TWA) from 14% to 8% and exposures over 90 dBA
TWA from 4% to 2%. Additionally, by collecting at-ear measurements and providing that data to workers, worker self-efficacy regarding hearing health was
improved. Of those who continuously used the F-MIRE dosimeter, “89% believed it helped them control their noise exposure and 96% say it helped them
preserve their hearing” [6].
While the Alcoa studies do show consistent support both for the use of frequent exposure monitoring and intervention, and the use of F-MIRE dosimeters
as an integral part of an HCP, there are limits to the generalization of these results. First, the subjects of these studies tended to be older and already exhibiting
symptoms of NIHL [5] [7]. Research shows that NIHL accelerates at a faster rate
during the first 10 to 15 years of exposure [8]. The possibility exists that the reduction in threshold shifts among the subjects could be partially attributed to
normal slowing of hearing loss due to age. Second, the noise exposures measured
during these studies all came from a manufacturing environment, where ambient noise levels are rather consistent over a given shift for a given task. Utilizing this system in different work environments or on batch processes may yield
different results. Lastly, the use of the F-MIRE dosimeters was paired with a
significant training and supervisory intervention regarding proper use of hearing
protection [5]. These efforts, rather than the use of the F-MIRE dosimeters,
could explain the results of these studies. Therefore, more research utilizing
F-MIRE dosimeters in a military population, with types of noise exposures other
DOI: 10.4236/ojsst.2019.92005
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than manufacturing and in absence of other extensive intervention measures is
necessary.
A recent field study compared F-MIRE to on-body impulse noise measurements to explore the factors affecting noise attenuation. Researchers found that
the measured estimate of dose in the ear canal varied more than would be expected by assuming an impulse noise insertion loss and applying it to the pressure wave. They successfully demonstrated a wearable F-MIRE dosimeter designed for impulse noise environments [9]. Another research effort occurred in a
hospital environment in Brazil among hospital nutrition staff. In addition to the
F-MIRE dosimeter, the Brazilian study measured the ambient noise dose on the
shoulder to evaluate the effectiveness of the HPDs worn by the subjects. This
study, however, was cross-sectional rather than longitudinal; therefore, no conclusions can be drawn on whether the devices influenced workers’ noise exposures levels [10].
Given the state of research concerning F-MIRE noise dosimetry, this study
focused on utilizing these devices on a military population and on both continuous and impulse noise exposures.
F-MIRE dosimeters have been shown not only as a useful option for estimating risk, the previously cited studies also suggest they can be useful to help control risk. The hierarchy of controls for occupational health hazards rightly demands the implementation of engineered or administrative controls before resorting to personal protective equipment. However there are many situations
where personal protective equipment is part of the appropriate suite of controls.
Industrial hygienists often prescribe HPDs for noise hazards, but HPD effectiveness is a function of individual motivation to use them correctly and consistently.
The subject of motivation is one that has received significant attention–both
inside of industrial hygiene and in general. How does one create an organizational culture that encourages individuals, with all their quirks and differences,
to uniformly act in a way that may deviate from their natural inclinations? In the
case of occupational health and safety, how does one get a worker to put their
long-term health above more immediate concerns such as the job task, comfort,
or speed? For occupational noise exposures that cannot be completely mitigated
through engineering controls, the worker’s motivation to protect themselves
by using HPDs consistently and effectively is often the last line of defense
against NIHL. Thus, it is imperative that an organization understand worker
motivation and the factors that have the greatest impact on proper HPD use.
There are several theories applied to understand individual motivation in making health-related decisions.
The Health Belief Model (HBM) was developed by the US Public Health Service in the 1950’s and has been widely used in both practice and research to this
day [11]. The theory of planned behavior (TPB) has been applied to hearing research in coal mines [12]. These models generally hinge on a perception of the
possible benefit of an action. The attitude-behavior relation has long been a subDOI: 10.4236/ojsst.2019.92005
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ject of much study in psychology, with the tripartite theory of attitudes being
one of the oldest and most prominent areas of research. The tripartite theory of
attitudes dates back to the early 1960’s, when it was first theorized that attitudes
were made up of affective, cognitive and behavioral components [13]. The tripartite theory of attitudes has undergone several transformations since first
conceived, however, the core concepts remain relatively constant. First, the
affective component relates to an individual’s beliefs and feelings towards an attitude object, while cognitive attitudes are rooted in thoughts and reasoning towards an attitude object [13] [14] [15] [16]. The behavioral component refers to
responses and actions towards the attitude object. Each of these components is
considered separable and independently measurable, although they do have high
correlation with one another [13].
In the prediction of behavior, the general consensus is that people seek to
maintain consistency in affect, cognition, and behavior. This means that individuals that have high consistency in the affective and cognitive components of
their attitude are more likely to behave in line with those components. This
concept, called Affective Cognitive Consistency (ACC), has been studied extensively and received significant support [15] [17] [18]. The largest amount of
application research in using the tripartite theory of attitudes is in effectiveness
of behavioral persuasion using cognitively or affectively focused advertising
[19] [20]. Studies of the job satisfaction-job performance relationship have also
been explored and found support for the moderating role of ACC in the attitude-behavior relationship [21]. There has, however, been no notable research
concerning affective and cognitive attitudes and their relationship to occupational safety behavior. Given the current lack of occupational safety research utilizing the tripartite theory of attitudes, there is a need to further explore this area
of research. Additionally, of the models explored so far, the tripartite theory of
attitudes holds the most promise for a study of this size. The primary constructs
(affect and cognition) should present themselves strongly and provide enough
nuance to be detected even in a small study group, unlike HBM or TPB. By
ranking an individual’s attitude relative to their peers, subjects can be stratified
into tiers of more or less motivated individuals, which should correlate with
HPD use effectiveness. In the case of a mismatch in ACC, either the cognitive or
affective component should still be a predictor for HPD use.
For noise exposure, the US Air Force uses a criterion level of 85 dBA
time-weighted average and a 3 dB exchange rate. Workers exposed at or above
85 dBA are recommended for enrolment in a hearing conservation program.
The Air Force has an effective HCP with expert HPD selection and fitting, annual training, HPD enforcement of use, and annual audiograms [22]. An epidemiologic study of hearing loss rates by job classifications indicated that 2.5% to
8.3% of Air Force personnel experience permanent hearing loss. While similar to
civilian job classifications, there are some with little expected noise exposure
(e.g., contracting, medical) that experience higher rates than their civilian counDOI: 10.4236/ojsst.2019.92005
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terparts [23]. However, Air Force and Department of Defense workers still experience an exceptional level of morbidity from hearing-related illnesses, with
NIHL or tinnitus comprising by far the most prevalent compensated disability,
making up 12.7% of all disabilities [24].
This project attempted to replicate the foundry study using in-ear dosimeters
on continuous and impulse noise-exposed Air Force workers, and included an
attitude questionnaire to assess motivation in HPD use.

2. Methods
2.1. Attitude Assessment by Participant Questionnaire
In order to understand worker motivation and health behavior, a 7-point Likert
questionnaire was administered at three points during the field study: once during recruitment, once at the end of the control phase, and again at the end of the
feedback phase. The questionnaires collected basic subject information (age,
military rank, gender, etc.), information on work habits and noise exposures,
and worker attitude towards hearing protection device use and hearing health.
The worker attitude questions were written based on the Affective-Cognitive
Consistency (ACC) attitude-behavior model, particularly research on job performance by Schleider, Watt, and Greguras [21]. Additionally, questions about
the usability of the F-MIRE dosimeter were included in the questionnaire administered at the end of the field study. The questionnaire asked for a Likert scale
value of 1 to 7 with 1 being “strongly disagree” and 7 being “strongly agree”.
Questions were worded in such a way that the higher number corresponded to a
more positive perception of the usability of the F-MIRE dosimeter. A copy of the
final questionnaire is provided as a supplemental file.
In order to establish construct validity for the worker attitude questions, three
subject matter experts were asked to categorize each question as either affectively
or cognitively focused. Only questions that achieved concurrence between all
three experts were utilized in data analysis. Of the 31 original questions, thirteen
affective and nine cognitive questions remained. Each construct (affect and cognition) had a final Cronbach’s alpha of 0.8607 and 0.8698, respectively. Removing any one question had no significant impact on overall reliability of either
question set.

2.2. Field Study
This field study was broken into three phases: recruitment phase, control phase,
and feedback phase. These phases did not coincide for both the continuous and
impulse noise populations and phase length was adjusted due to volunteer work
schedules. However, the general framework remained constant and the study did
not exceed six months overall. Each phase is briefly explained in the sections below.
2.2.1. Recruitment Phase
In this phase, subjects were recruited and evaluated to determine if they could
DOI: 10.4236/ojsst.2019.92005
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safely proceed with the rest of the field study without impacting their ability to
work in high-noise environments. Subjects were recruited from a population of
combat arms instructors and heavy equipment operators that were collocated at
an Air Force base with the researchers. Air Force combat arms instructors teach
military personnel how to maintain and use their firearms. They typically teach
several classes each week with a class culminating in a weapons firing exercise on
the firing range. The instructors are routinely exposed to the impulse noise from
weapons firing. Personal noise dosimetry performed by the servicing industrial
hygienists on the combat arms instructors resulted in time-weighted average
(TWA) exposures of 115 deciBels, A-weighted (dBA). Within this impulse
noise-exposed combat arms instructor group, there were some active duty military personnel exposed very routinely, and some Air Force Reserve personnel.
The Air Force reservists perform some other job most of their working lives, but
report for combat arms instructor duties two days per month, and for a
two-week period usually in the summers. Therefore the reservists’ impulse noise
exposures are intermittent. When they are on duty one weekend per month, they
have normal high level impulse exposures. For the rest of their working lives
they may have some or no occupational noise exposure.
The heavy equipment operators performed routine grounds maintenance
across the base. For the period of the study, their primary noise exposure was
continuous noise from grass-mowing equipment. Their TWA noise dose equivalent level (Leq) was estimated at 90 dBA. These particular populations were selected due to having regular and significant noise exposures. In order to participate, the volunteer had to be at least 18 years old, must have been either a military or civilian Air Force employee, and must have been projected to continue
their duties at that base for at least 6 months. No incentive or condition for continued employment was provided for participation and supervisors were not
permitted to influence recruitment.
During recruitment, subjects underwent a Personal Attenuation Rating (PAR)
test using the FitCheck Solo system (ProtectEar USA, Las Vegas, Nevada) to
evaluate whether sufficient attenuation could be achieved using the in-ear dosimeter earplugs. Subjects that could not obtain at least as much attenuation as
required by their hearing conservation program were not permitted to continue
with the field study. For instance, the grounds maintenance continuous group
had a TWA Leq of 90 dBA, so they required a PAR of at least 5 dB to reduce their
Leq to no more than 85 dBA.
2.2.2. Control Phase
During the control phase, each subject’s baseline noise exposure profile was established without intervention or treatment from the research team. Subjects
were provided an F-MIRE dosimeter (QuietDose Exposure Smart Protector,
Howard Leight, San Diego, California) to wear whenever noise exposures were
expected. They were, however, not informed about any of the device feedback
DOI: 10.4236/ojsst.2019.92005
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features and any visual indicators were obscured by taping over the readout
screen. Any data collected during this phase was not provided to the subject until the start of the feedback phase.
The device was collected, data was downloaded, and calibration was performed on a weekly basis. While the goal of this phase was to collect six control
data points per subject, this was not possible for all subject groups due to individual work schedules. In particular, Air Force Reserve participants only work
one weekend per month, severely limiting the number of data points attainable
in each phase of this study. In these cases, a decision to proceed to the feedback
phase with less than six control data points was made with the understanding
that it may hinder the ability to detect effects between phases.
2.2.3. Feedback Phase
At the start of the feedback phase, subjects were informed of all dosimeter feedback features, to include light-emitting diode (LED) lights and display information. Additionally, a report containing all noise exposure data collected during
the control phase was provided to each individual. This report included data on
shift length, percent noise dose, TWAs, and number of seconds the device read
over 115 dB during a shift. At this point, as well as whenever an updated report
was provided, subjects were allowed to ask questions about the metrics and their
interpretation.
During the remainder of this phase, subjects continued to wear the F-MIRE
dosimeter and were provided periodic feedback reports on their noise exposure
levels in all previous work shifts. While the original intent of the study was to
allow the subject to download device data themselves on a daily basis and receive
immediate feedback, download errors in the commercial user interface limited
this capability and threatened the effectiveness of the treatment. Instead, the researchers collected the devices on a weekly basis, downloaded the raw data manually, and provided an updated paper report before the start of the next work
week. While this change limited the overall effectiveness of the treatment plan, it
avoided frustrating the subjects such that they might lose faith in the data provided or use the device less to avoid the frequent errors.

3. Results
3.1. Study Demographics
Overall, 19 subjects, five grounds maintenance personnel and 14 combat arms
instructors, volunteered to participate in the field study. The study population
was 76% male and 24% female. There were 12% active duty military, 29% civilian, and 59% reserve military. It should be noted that the study population contained more females than is typical of the general Air Force population on HCPs,
which is closer to 9% [23]. Additionally, while the majority of volunteers were
younger than 40 years of age, there were four individuals that were old enough
to potentially exhibit normal presbycusis. Only one of those individuals, howevDOI: 10.4236/ojsst.2019.92005
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er, reported being diagnosed with a permanent threshold shift (PTS). Finally,
the majority of the study population was sampled from the Air Force Reserves,
who express less frequent noise exposures due to their occupation in the Reserves and may have occupational noise exposures in their primary job. Only
five individuals reported having a primary occupation that may involve high
levels of noise exposure.
The subjects were also asked to describe their typical work week. The majority
of the subjects reported a five day work week with between six and ten hour
work days. The study population overall reported being noise exposed less days
than they typically work, and less hours per day than they typically work. This
trend supports the assumption of intermittent noise exposures for the study
population. The majority of volunteers reported using both earplugs and muffs,
which is expected due to the HCP of the combat arms instructors requiring
double hearing protection.
In order to describe external factors that may influence this research, the subjects were also asked about their hobbies and other occupations which may involve high levels of noise exposure. Over half the study population reported
having a noisy hobby, with 60% of those individuals engaging in firearms related
activities. This statistic indicates that there are likely high levels of impulse noise
that were external to this study and therefore were not measured. Additionally,
two individuals reported having firearms related occupations outside of their Air
Force duties, while three reported other occupations that involve high levels of
continuous noise.
In the field study questionnaire, 12% of the subjects reported having been diagnosed with a PTS and 24% with tinnitus. When compared to data obtained
from the Defense Occupational and Environmental Health Readiness System
(DOERHS), which contains medical and occupational exposure data for all Air
Force personnel, higher rates of PTS were discovered on record for the same
subjects. The exact difference could not be verified due to some subjects declining to provide information required to access their medical records. This difference in reported and recorded PTS rates could be explained by a subject’s reluctance to provide accurate medical information; however, it could also be attributed to the Air Force’s policy to record a PTS if the member does not complete
a follow-up exam after identifying a temporary threshold shift (TTS). Of those individuals whose medical records were accessed, one third had a TTS on record.

3.2. Analysis of Variance (ANOVA) of Field Study Phases
Dosimetry results varied by duration of exposure as well as the level and types of
exposure. In order to normalize the variability, the firing range instructors’ dose
( %D85.3 ) was converted to a percent dose rate per 1000 rounds fired
( %D1000 rounds ), per Equation (1). The dose rate per 1000 rounds was converted to
an equivalent continuous sound level per 1000 rounds ( Leq1000 rounds ) using Equation (2).
DOI: 10.4236/ojsst.2019.92005
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% D85.3
=
% D1000 rounds 
 ∗1000
 # of rounds fired 

(

)

Leq1000 rounds =
10 ∗ log10 % D1000 rounds + 85

(1)
(2)

The continuous noise group was normalized to a percent noise dose rate per
hour ( % Dhr ), per Equation (3). Similarly, the continuous noise dose per hour
was converted to equivalent continuous sound level per hour ( Leqhr ) with Equation (4).


% D85.3
=
% Dhr 
 ∗ 60
 shift duration in minutes 
Leqhr =
10 ∗ log10 ( % Dhr ) + 85

(3)
(4)

3.2.1. Continuous Noise Group
Researchers conducted an ANOVA test on the continuous noise dose rate
blocked by individuals’ subject identification (ID) and study phase. The overall
full factorial model in Table 1 was significant (p = 0.0099), and the results in
Table 2 indicate that both the individual subject and the study phase were significant (p = 0.0092 and 0.019, respectively). The interaction was not significant.
Converting the dose rate to equivalent level, the results showed an overall group
change in Leqhr of −2.5 dBA/hour when workers started receiving dose feedback.
The overall model had an R-squared value of 0.313 (0.210 adjusted R-squared)
and the sum of squares for the error was twice that of the model. This indicates
that, while the factors included in the model were significant, there are other
significant effects that were not measured that may be influencing the outcome.
Additionally, the significant effects detected for subject ID highlights the fact
that subject background and attitudes may continue to play a large part in
worker safety and health behavior. The effects are also presented graphically in
Figure 1.
One subject experienced significantly lower noise dose rates than two other
individuals and about the same level of exposure as the fourth. This individual
typically performed noisy tasks more intermittently than the other subjects,
which could account for this difference in noise dose rate. While some of the
overall noise dose reduction is likely attributable to this one factor, noise exposure feedback still played a significant role. The noise dose rate equivalent continuous level (Leqhr) reduction of 2.5 dB (p = 0.019) between the control and
feedback phases was found after accounting for individual differences in the
subjects. However, two individuals did see a non-significant reduction in the
mean hourly dose equivalent continuous level of 3 dB and 6.4 dB, with p values
of 0.1299 and 0.0757, respectively. Due to the small number of samples for these
two subjects, the ANOVA test likely lacked the statistical power to effectively
reduce the chance of Type II error occurring. If more samples were available for
these individuals, there is a possibility that significance could be achieved. The
remaining subjects’ noise dose rate equivalent continuous levels between the
control and feedback phases were similar, varying by only ±1 dB.
DOI: 10.4236/ojsst.2019.92005

70

Open Journal of Safety Science and Technology

J. Trawick et al.

Figure 1. Effects of (a) Subject Identification (ID) and (b) Phase on Equivalent Sound
Level per hour for the Continuous Noise Group.
Table 1. Full Factorial ANOVA and Effects for Continuous Noise Group.
Source

Degrees of
Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Model

7

263.58

37.66

3.05

0.0099

Error

47

579.60

12.33

C Total

54

843.19

Table 2. ANOVA Results of Continuous Noise Group.
Source

Degrees of
Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Subject

3

159.14

53.05

4.30

0.0092

Phase

1

72.73

72.73

5.90

0.019

Subject*Phase

3

84.31

28.10

2.28

0.0917

3.2.2. Impulse Noise Group
There was no significant effect detected for the impulse noise group as a whole.
As shown in Table 3 for the overall model, and Table 4 for the two factors in the
model, neither subject nor phase appeared to have a measurable impact on noise
dose rates. Overall, there was a nonsignificant increase in noise dose rate equivalent continuous levels for the impulse group of about 2.6 dB between the control and feedback phase.
The only significant result for an individual was a 10.5 dB increase at a
p-value of 0.0083, which is the opposite of the hypothesized effect. Additionally, most of the remaining individuals in the impulse noise group experienced a
non-significant increase in their noise dose rate equivalent continuous level of
between 2.1 dB and 5.2 dB. Only one subject had a reduction in noise dose rate
equivalent continuous level of about 8.9 dB; although, only 5 total samples were
available for both the control and feedback phase for that subject. Like the individuals in the continuous noise group, the sample size was not large enough to
obtain the statistical power necessary to mitigate Type II error.
Some other results that were surprising were the degree of variability in the
data. As an example, one impulse noise subject had a range of F-MIRE doses
from 14% to 2792% under double hearing protection. This caused us to look
deeper into the performance of the F-MIRE system in a laboratory setting.
DOI: 10.4236/ojsst.2019.92005
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Table 3. Full Factorial ANOVA and Effects for Impulse Noise Group.
Source

Degrees of
Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Model

13

704.59

54.20

1.30

0.2578

Error

36

1500.78

41.69

C Total

49

2205.36

Table 4. ANOVA Results of Impulse Noise Group.
Source

Degrees of
Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Subject

6

248.49

41.42

0.99

0.4445

Phase

1

77.20

77.20

1.85

0.182

Subject * Phase

6

286.80

47.80

1.15

0.356

The combination F-MIRE dosimeter and earmuff (Impact Sport, Howard
Leight, Smithfield, RI) used by the impulse noise group was tested at the National Institute for Occupational Safety and Health (NIOSH) impulse noise laboratory. It was observed on the acoustic test fixture (ATF) manikin that the stem of
the F-MIRE earplug contacted the interior of the low-profile muff, and the cable
from the plug’s microphone to the dosimeter interfered with the seal of the earmuff pad. Testing indicated that the F-MIRE microphone did not match the
phase of the impulse waveform measured at the “eardrum” microphone of the
ATF manikin. Researchers hypothesized that the F-MIRE microphone housed in
the earplug stem was responding to the impulse at the stem more profoundly
than the interior of the ATF ear canal. The difference in phase was not observed
with a deeper cup earmuff where the ear plug stem did not contact the interior
of the muff.
This effect greatly amplifies the impact of air leaks on measured noise levels,
inflating the highest recorded noise levels artificially and increasing the weight
those data points had on the final outcome. This effect is not always expected to
occur and is difficult to account for without detailed information on the subject’s
daily earmuff fit. Additionally, some subjects may experience this effect more
than others due to physiological differences in ear canal sizes that could make
achieving sufficient earplug insertion depth more difficult, thus increasing the
likelihood of contact with the earmuff and a broken seal. This may explain some
of the observed variability in impulse noise dose measurements which also
overwhelmed the ANOVA model.
3.2.3. Worker Attitude Analysis
According to the results of ANOVA analyses on the study phase and Affective-Cognitive Consistency (ACC) attitude effect on the noise dose rate equivalent continuous level, there was no detectable effect of any of the tripartite
theory constructs or feedback on average noise dose rates for either the contiDOI: 10.4236/ojsst.2019.92005
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nuous or impulse noise groups (p = 0.249, 0.478, respectively) as shown in Table
5 and Table 6 for the overall attitude models. This result could either be a true
indicator of the effect, or, like previous analyses, be dependent on lack of statistical power due to small sample size and Type II error. No support was found for
the moderating effects of affect, cognition or affective-cognitive consistency on
HPD performance, as direct effects were not detected for either the moderator or
independent variables.
When asked to rate the ease of use, effectiveness, and comfort of the F-MIRE
device itself, respondents generally had a positive impression of the device and
the usefulness of the noise reports. However, as seen in Table 7, subjects responded negatively (a score below 4) to both questions about if they used the
immediate feedback to help control noise exposures from moment to moment.
This trend is further supported by verbal accounts by the subjects to the researchers. Several individuals reported that the noise reports were useful and interesting, but they were unlikely to check the device during their work shift to
see if they were approaching noise exposure limits.
Table 5. Full Factorial ANOVA of Phase and Attitude Effects for Continuous Noise
Group.
Source

Degrees of Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Model

2

19.08

9.54

1.86

0.249

Error

5

25.69

5.14

C Total

7

44.77

Table 6. Full Factorial ANOVA of Phase and Attitude Effects for Impulse Noise
Group.
Source

Degrees of Freedom

Sum of Squares

Mean Square

F Ratio

Prob > F

Model

2

25.81

12.91

0.79

0.478

Error

11

179.66

16.33

C Total

13

205.47

Table 7. F-MIRE Usability Survey Response Summary.
Question

Average
Score

% Positive
Response

F-MIRE earplugs are comfortable to wear.

4.9

58%

F-MIRE dosimeter is easy to use.

6.2

92%

F-MIRE dosimeter interferes with my work performance.

5.2

67%

I check the dosimeter to see what my dose is.

2.7

0%

When the red light comes on, I adjust my HPDs.

3.3

17%

Seeing a noise dose report positively affects my HPD use.

5.2

75%

a. Field Microphone in Real Ear (F-MIRE) dosimeter usability survey was administered to subjects at the
end of the study. The percent positive response was the number of responses ranked 4 or above divided by
the total responses for that question.
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However, it should be noted that the subjects were not given full responsibility
for the function of the device, due to data download errors. If the subjects were
required to perform their own data collection and encountered similar errors,
their overall impression of the device would likely be less positive than reported
in this study.

4. Discussion
During this study, limited support for the use of in-ear dosimetry and periodic
noise exposure feedback to reduce occupational noise exposures was found in
the continuous noise populations (−2.5 dB at p = 0.019). This effect only manifested itself at the aggregated group level, likely due to the low number of samples per individual reducing the statistical power necessary to detect effects for a
single participant. The lack of samples is due to the intermittent nature of the
participant’s noise exposures, wherein they are only exposed a few days each
week, and the relatively short nature of this study. In order to better establish
exposure trends over time, it would be better to follow a group of workers over a
period of a few years, though worker turnover would likely become a significant
factor.
For the impulse noise group, no significant effect was detected at either the
group or individual level. However, this result could be explained by signal interference caused when an impulse is allowed to bypass the earmuffs through
airgaps and interact with microphone stem of the dosimeter. This interference
would cause the highest noise levels measurements, attained when the earmuff
seal is broken, to be artificially inflated and not representative of actual in-ear
noise levels. Additionally, noise signal clipping and slow microphone response
continue to be a challenge for in-ear dosimeters. Many improvements in this
area have already been made and should continue to progress to better understand impulse noise exposures [2] [9].
This study did not find any correlation between worker attitude and noise
dose rate equivalent continuous levels or noise exposure feedback effectiveness.
Low number of volunteers was the most significant factor, affecting the ability to
detect effects which could be present but small. While the researchers could have
administered the attitude surveys more frequently to increase the number of data points, this would have degraded data quality as participants become less interested in completing the survey repeatedly. The better alternative would be to
increase the number of participants by drawing from a larger population. Volunteerism and accessibility to subjects with significant noise exposures was a
challenge for this study, as the initial population selected was relatively small and
few subjects from that population volunteered to participate. Introducing an incentive program could have increased volunteer participation, although that may
have introduced a confounding factor that would need to be accounted for in the
outcome.
Another major limitation for this study was data download issues for the
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equipment used. While the researchers did develop a workaround that mitigated
effects on data quality, this ultimately reduced the frequency that the participant
received feedback on their noise exposure levels. As originally conceived, the
worker would perform data downloads at the end of every shift and receive immediate feedback while the recollection of their actions was still fresh. This
would allow them to reflect on their personal behaviors that may have led to increased or reduced noise levels and modified their behaviors accordingly. With
the weekly schedule utilized in this study, the subject may be able to identify
trends but might not be able to recollect what actions they took that resulted in
that increased or decreased noise dose. This effect severely limited the efficacy of
this study’s treatment and may have resulted in less pronounced reductions in
noise dose rate equivalent continuous levels.
Lastly, while subjects reported positive impressions of the device and noise
dose reports, none of the subjects in this study reported checking the device
during the shift. This result has implications for both equipment design and implementation of a hearing conservation program, namely that both should focus
on end of shift feedback versus immediate feedback functions. These features are
more likely to be used by workers and result in the desired outcome of reducing
noise dose. Additionally, the equipment used in this study may not be best suited
for this particular application. Other commercial options have been developed
that provide logs of noise dose levels throughout a shift, allowing the worker to
better pinpoint a particular task or action that contributes most of their noise
dose. This additional information may increase the efficacy of noise exposure
feedback in modifying worker behavior and decreasing noise dose levels.

5. Conclusion
In-ear noise dosimetry and noise exposure feedback could provide a useful tool
for evaluating occupational noise exposures and motivating individuals to improve their HPD use in a well-structured HCP. In this research effort, support
was found for the correlation between in-ear noise dose reports and noise dose
equivalent continuous level reduction in a population of workers exposed to
continuous noise (−2.5 dB at p = 0.019). This effect was not detected at the individual level, however, due to limited available data. Further advancements in dosimeter technology and its response to impulse noise are necessary before the efficacy of in-ear dosimetry and periodic noise exposure feedback can be evaluated
for impulse noise. While individual differences were found to be a significant
contributor to noise dose equivalent continuous levels in the continuous noise
group, no correlation was detected between a subject’s affective or cognitive attitude towards hearing protection and their noise dose rate equivalent continuous level. Further research is necessary to better understand the link between
an individual’s attitude and their HPD use. Additionally, while subjects reported
positive impressions of the in-ear dosimeter and feedback reports, only a few
reported using immediate feedback functions to control their noise exposure.
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Future research on noise dosimetry and its impact on HPD use should emphasize end-of-shift feedback over immediate feedback functions. This study was limited by numbers of volunteers and reliability of the dosimetry equipment. Follow-on research should attempt to incorporate more subjects from broader occupational environments.
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