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Introduction

Brazilian military pilots hearing thresholds are tested every
6 months and must meet minimum criteria to ensure the
ability to communicate with air traffic control (ATC).1–3 The
noise of up to 110 dB SPL present at aerodromes and in-flight
poses a risk to flight safety as it makes radio messaging
difficult to understand.4–7 In addition, the working environ-
ment requires the airman towear personal protective equip-

ment (PPE) to prevent noise-induced hearing loss (NIHL),
which, paradoxically, may compromise hearing acuity, re-
ducing speech intelligibility and flight safety.8–10 Noise-
induced hearing loss receives more attention from research-
ers than central auditory functions, which are poorly studied
in this population.11–16

Frequency-following response (FFR) is an electrophysio-
logical response dominated by the rostral part of the brain-
stem and midbrain characterized by waves (A, C, D, E, F, and
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Abstract Introduction Good hearing in pilots, including central auditory skills, is critical for
flight safety and the prevention of aircraft accidents. Pure tone audiometry alone may
not be enough to assess hearing in the members of this population who, in addition to
high noise levels, routinely face speech recognition tasks in non-ideal conditions.
Objective To characterize the frequency-following response (FFR) of a group of
military pilots compared with a control group.
Methods Twenty military pilots in the Study Group and 20 non-pilot military
personnel, not exposed to noise in their work, in the Control Group, all with normal
hearing, aged between 30 and 40 years old, completed a questionnaire to assess their
hearing habits, and their FFRs were measured with a /da/ syllable (duration 40
milliseconds, speed 10.9/s), at 80 dB NA in the right ear. All procedures were approved
by the ethical committee of the institution. Statistical analysis was performed using the
t-Student or Mann-Whitney tests for quantitative variables, and the Fisher or chi-
squared tests for qualitative variables, and a value of p< 0.05 was considered to be
statistically significant.
Results There was no significant difference between the groups regarding auditory
habits. In the FFR, wave amplitudes A (p¼ 0.01) and C (p¼ 0.04) were significantly
lower in the Study Group.
Conclusion Working as a military pilot can be a crucial factor in determining an
individual’s typical FFR pattern, demonstrated in the present study by statistically
significant reductions in the amplitudes of the A and C waves.
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O) that can be analyzed for their latencies, amplitudes and
slope V/A, maturing at around eleven years old and gradually
declining with age.17 This is a measure of evoked synchro-
nous brain activity that reveals the integrity of complex
sound processing in the brain and reflects auditory neuro-
physiological processes with a precision rarely offered by
other tools in human neuroscience. Thus, FFR analysis pro-
vides a valuable measure of the clarity of the verbal auditory
information processing of individuals and reflects the con-
fluence of the cognitive, sensorimotor and auditory process-
ing systems, reliably showing individual differences that
reflect sensitivity to the sound environment and the way
experiences shape hearing skills.18–26

The application of FFR in new and diverse areas holds a
great deal of promise in relation to the study of communica-
tion. The potential for the systematic study of the effects of
exposure to occupational noise using FFR is of particular
interest andmay contribute to a better understanding of how
listening skills may be impaired by different noise environ-
ments. To enhance their clinical value, there is, therefore, a
need for further research to assess whether the FFR traces of
individuals exposed to noise have typical characteristics.

Thus, the aim of the present study was to characterize the
components of FFR in military pilots.

Method

This is an observational, prospective, cross-sectional and
analytical study, approved by the Research Ethics Committee
of the Institution (CAEE 67606417.5.0000.5479). All partic-
ipants signed an informed consent form. The required sam-
ple size was determined by the Statistics Service of the
institution who calculated that a minimum size of 12 would
provide a confidence interval (CI) of 95% and an error of 3%.
The study group (SG) comprised 20 military pilots and the
control group (CG) 20 military personnel, all males with
normal hearing, recruited in the air force hospital.

The following inclusion criteria were adopted for both
groups: age between 30 and 40 years old; male; air conduc-
tion audiometric thresholds of� 25 dB NA27 with type A
tympanometry28 in both ears; transient otoacoustic emis-
sions (TOAE) and distortion product otoacoustic emissions
(DPOAE)with a signal to noise ratio (S/R) of� 3 dBNPS29 in at
least 3 frequencies in both ears; and with no psychiatric,
neurological, or syndromic changes identified by specialists
in their annual clinical examinations.

The inclusion criteria specific for the SGwas being an active
Brazilian Air Force (FAB, in the Portuguese acronym) pilot with
flight experience of at least 1,000 hours; and for the CG was
being an active, non-pilot member of the military, without
exposure to excessive noise in their work environments.

The exclusion criteria for both groups were: the presence
of any conductive hearing losses and not completing the tests
due to technical reasons or dropping out.

The participants completed a questionnaire, developed by
the authors, regarding hearing habits. In the case of the SG,
there were additional questions about the participant’s
career as a military airman. The subjects were then submit-

ted to FFR using the protocol accessed in the SmartEP of
the manufacturer IHS (Intellingent Hearing System, Miami,
Florida, USA), comfortably seated in a reclining armchair in
an acoustically treated, climate-controlled room. The skin
was cleaned and the electrodes were then positioned at the
vertex (active, positive electrode), forehead (earth) and right
mastoid (reference, negative electrode). The absolute elec-
trode impedances were� 3 kΩ. The participants were
instructed to be calm and relaxed but without falling asleep.
The protocol scan similar to the one used by Krizman et al23

in 2012 was presented: 3,000 syllable / da / sound stimuli
lasting 40 milliseconds, velocity 10.9/s, at 80 dB HL with
alternating phase in the right ear using an insertion ear-
phone. The filters used were filter type 19 and bandpass
100–3,000 Hz. The sum of the two responses, when present
and replicable, was analyzed.

The analysis of the findings included themarking of seven
waves (V, A, C, D, E, F, and O), generating latency and
amplitude values for each wave. Two experts from different
institutions with experience in FFR peak marking were
invited to perform wave marking separately. The slope V/A
value was calculated using the formula¼ [VA Amplitude/VA
Duration].22 All data were tabulated in the Microsoft Office
Excel (Microsoft Corporation, Redmond, WA, USA) program
and descriptive analysis was performed using SPSS for
Windows, Version 13, (SPSS Inc., Chicago, IL, USA).

Statistical analysis was performed for each quantitative
variable using the t-Student (age, latency C, amplitudes V, E
and F, slope V/A) or the Mann-Whitney tests (latencies V, A,
D, E, F and O; amplitudes A, C, D and O) for comparison of the
two groups. For qualitative variables of the auditory habits
questionnaire, the Fisher or chi-squared tests were used.

A p value of< 0.05 was considered to be statistically
significant.

Results

Auditory Profile of the Sample
Themean age in the SGwas 35 (�3.4) years old, ranging from
30 to 40.9 years old, and in the CG it was 35.1 (�2.7) years old,
ranging from 30.7 to 39.5 years old, without any statistically
significant differences.

There were also no significant differences in their
responses to the hearing habits questionnaire (headphone
use; non work-related noisy activity such as the use of
firearms, motorboats, motorcycles or going to concerts or
nightclubs; smoking; alcohol consumption and previous
experience of playing a musical instrument). There was a
low incidence of self-reported complaints of tinnitus and
difficulty understanding speech in noise environments in
both groups, without statistical differences.

The pilots in the SG had flown an average of 2,305 hours
with 65% reporting that they currently used noise-canceling
headsets; however, they stated that they had not always had
this type of equipment, on average having only used them for
a small part of their careers (280 hours or 12%).

Most of the airmen studied (85%) piloted fixed-wing
aircraft and used PPE regularly when flying (95%). A smaller
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percentage (50%) also wore PPE during external ground
aircraft inspections.

Frequency-Following Response
►Tables 1 and 2 contain the descriptive statistics of FFR
obtained by the agreement of two experts in 92.86% of the
analyzed plots. In some cases (7.14%), the two experts could
not come to a consensus and a third expert made the final
decision about these plots.

Comparisons of the latency of waves C and E; the ampli-
tude of waves V, E and F; and the slope V/A using the t-
Student parametric test did not show any differences be-
tween the groups. For wave latencies V, A, D, F, and O; and for
the amplitudes of waves A, C, D, and O, the nonparametric
Mann-Whitney test was used, due to the possible influence
of outliers and asymmetric distribution. There was a statisti-
cally significant difference in the amplitude of waves A
(p¼ 0.01) and C (p¼ 0.04) as shown in ►Table 2.

Table 2 Descriptive amplitude (uV) values of frequency-following response components by group

Waves Group Mean Median SD Minimum Maximum p-value

V SG 0.13 0.13 0.03 0.06 0.18 0.54

CG 0.12 0.10 0.05 0.06 0.25

A SG �0.06 �0.05 0.05 �0.17 0.03 0.01

CG �0.09 �0.10 0.04 �0.20 �0.02

C SG �0.09 �0.08 0.08 �0.35 �0.02 0.04

CG �0.11 �0.11 0.04 �0.19 �0.04

D SG �0.09 �0.09 0.06 �0.20 0.02 0.46

CG �0.08 �0.07 0.06 �0.26 �0.01

E SG �0.11 �0.10 0.05 �0.22 �0.03 0.37

CG �0.12 �0.12 0.05 �0.19 �0.05

F SG �0.14 �0.14 0.05 �0.27 �0.08 0.61

CG �0.15 �0.16 0.06 �0.25 �0.05

O SG �0.11 �0.12 0.06 �0.24 �0.01 0.61

CG �0.12 �0.11 0.06 �0.27 �0.02

Abbreviations:CG, control group; SD, standard deviation; SG, study group.

Table 1 Descriptive values of latency (ms) and slope (uV/ms) of frequency-following response components by group

Wave Group Mean Median SD Minimum Maximum p-value

V SG 6.82 6.88 0.60 6.38 7.63 0.67

CG 6.86 6.88 0.50 6.13 8.50

A SG 8.62 8.57 0.67 7.88 9.88 0.96

CG 8.77 8.50 0.89 7.75 11.25

C SG 18.58 18.50 0.61 17.25 19.38 0.12

CG 18.27 18.38 0.70 17.10 19.25

D SG 23.68 23.50 0.72 22.88 25.88 0.27

CG 23.29 23.50 0.82 20.50 24.63

E SG 32.42 32.25 0.70 31.50 34.25 0.28

CG 32.71 32.75 0.81 31.25 34.75

F SG 40.70 40.70 0.60 40.00 42.63 0.09

CG 40.46 40.40 0.61 39.50 42.00

O SG 48.79 48.88 1.01 45.25 50.38 0.63

CG 48.89 48.88 0.51 47.75 50.25

Slope V/A SG -0.12 -0.12 0.04 -0.21 -0.04 0.89

CG -0.12 -0.12 0.09 -0.22 -0.04

Abbreviations:CG, control group; SD, standard deviation; SG, study group.
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The amplitude differences between groups can be seen
in ►Fig. 1, which gives an example of the distinct wave
morphology in one subject from each group, highlighting the
amplitude difference of waves A and C.

Discussion

The continuous routine exposure to speech in noise experi-
enced by pilots generates a specific type of auditory taskwith
as yet unknown consequences in relation to their auditory
abilities; the present study aimed to map these through FFR
performance analysis.

The hearing of military airmen is monitored by periodic
assessments regulated by FAB health inspection stand-
ards1–3; however, these do not include a specific assessment
of speech recognition in noise, a situation which is common
as part of the operating routine of the pilots.

Military pilots between 30 and 40 years old, with an
average of 2,305 flight hours and experience compatible
with that of military personnel from other international
air forces in the same age group were studied.30 The use of
an upper age limit sought to prevent any interference from
age-related hearing issues.

Among the subjects, 85% of pilotsflew fixed-wing aircraft.
Rotary-wing aircraft are noisier4 but less frequent in the
population tested.

Although the use of PPE in flight may compromise the
intelligibility of ATC messages, it is necessary and recom-
mended.7–9 Ear plug PPE is still the most widespread and
accessible form of hearing protection in the study population.
Almost all the SG (95%) reported using PPEwhen flying, which
indicates that they are a population aware of the hearing risks
involved in the profession. The use of noise-canceling head-
phones for high-performance hearing protection was used by
65% of the pilots surveyed. However, this technology was not
available in the early years of their careers andwas, therefore,
used on average for only 12% of all flight hours.

The auditory habits questionnaire revealed that there
were no differences between the two groups studied. Taking
all the subjects (n¼ 40), it can be inferred that young Brazil-
ianmilitary adults have a high incidence of headphone use in
leisure activities, and a low incidence of tinnitus and diffi-
culty in speech perception in noise. These data are self-
reported and are compatible with regular use of PPE and
audiograms within normal limits. Experience with musical
instruments, which could have a positive influence on audi-
tory processing,20 was low in both groups, without statisti-
cally significant differences.

In the FFR analysis, although the A and Ewave latencies of
both groups are slightly delayedwhen comparedwith data in
the literature,17,23 no differences in component latencies
were found between the groups. The literature shows that
the latency of FFR components is correlated with self-
reported complaints of difficulty in understanding speech
in noise.31 The positive and negative peaks of FFR are divided
into those that are transient (waves V, A and C) and those that
are sustained (waves D, E, F and O). Noise causes a disruption
of speech perception, where the transient portion / d / is
most affected while the sustained portion remains intact.
Perception difficulties associated with the identification of
consonants in noise can be attributed to decreased neural
synchrony at the beginning of the stroke, while intact coding
of the sustained portion allows for accurate perception of the
vowel.32 In the present study sample, a low occurrence of
self-reported complaints of being unable to understand
speech in noise was observed. Further studies in the FFR
field should consider the inclusion of speech perception tests
and individuals with hearing complaints such as under-
standing speech-in-noise and tinnitus.

Statistical analysis of the data revealed a significant
difference between the groups in the amplitude of the A
and Cwaves. The SG airmen presented a smaller A amplitude
than the CG. The presence of valley A together with peak V
indicates the detection of the transient portion / d /, a
decisive element for auditory discrimination and highly
susceptible to noise.23,31 Its amplitude, greater or lesser,
may be a result of sensory experiences, which are able to
shape auditory abilities, such as listening to speech in
noise.20 The SG also presented a significantly lower C ampli-
tude than the CG, but both groups presented higher C
amplitudes than those reported in other studies with normal
adults.23 Valley C represents the consonant-vowel transition,
and in fact is not always considered in scientific research
because it is inconsistent.17 Our results show a slight

Fig. 1 Example of FFR tracing by group.
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difference in the FFR of normal-hearing military airmen,
demonstrated by the smaller amplitude of A and C waves.

Future research could include computational analysis and
the correlation of FFR with speech recognition measures in
different groups. This would help to develop FFR as a sensi-
tive and specific biological marker for communication prob-
lems, with the potential to highlight differences between
population samples.18

Conclusion

Working as a military pilot can be a crucial factor in deter-
mining the typical FFR pattern of an individual, demonstrat-
ed in the present study by statistically significant reductions
in the amplitudes of the A and C waves.
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