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“The singer alone does not make a song,
there has to be someone who hears.

One man opens his throat to sing, 
the other sings in his mind.

Only when waves fall on the shore 
do they make a harmonious sound.

Only when breezes shake the woods 
do we hear a rustling in the leaves.

Only from a marriage of  two forces 
does music arise in the world.

Where there is no love, where listeners are 
dumb, there never can be song.” 

― Rabindranath Tagore 
(Nobel Prize in Literature, 1913)
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P sound pressure Pa
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U measurement uncertainty
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𝐶𝐶𝐶𝐶(𝑓𝑓𝑓𝑓) C-weighting function dB  
𝐶𝐶𝐶𝐶1000 normalization constant representing the electrical gain 

needed to provide a frequency weighting of 0 dB at 
1,000 Hz, dB 

𝑓𝑓𝑓𝑓 frequency Hz 
L sound pressure level dB 
LC C-weighted sound pressure level dB 
LA A-weighted sound pressure level dB 

LAeq,T equivalent noise level during the time period, dB  
LEX noise exposure level dB 
LpC peak noise level dB(C) 
LZ 0-weighted sound pressure level dB 
P sound pressure Pa 
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𝐶𝐶𝐶𝐶1000 normalization constant representing the electrical gain 

needed to provide a frequency weighting of 0 dB at 
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L sound pressure level dB 
LC C-weighted sound pressure level dB 
LA A-weighted sound pressure level dB 

LAeq,T equivalent noise level during the time period, dB  
LEX noise exposure level dB 
LpC peak noise level dB(C) 
LZ 0-weighted sound pressure level dB 
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DEFINITIONS 

Noise-induced hearing loss – is the result of  cumulative noise 
exposure (Zannin, 2013); and is often characterized by a “notch” in the 
audiogram, reflecting worse hearing at frequencies between 3 and 6 kHz 
than at lower and higher frequencies (Humes, Joellenbeck, & Durch, 
2006).

Peak sound level (expressed in decibels (dB)) – ten times the logarithm 
to ten of  the ratio of  the square of  a frequency-weighted peak sound-
pressure signal to the square of  the reference value (20 μPa) (IEC 61672-
1:2013).

Peak sound pressure (expressed in pascals (Pa)) – greatest sound 
pressure (positive or negative) during a stated time interval (IEC 61672-
1:2013).

Permanent threshold shift – noise-induced threshold shift that persists 
after a period of  recovery (up to 3 weeks) subsequent to exposure (Ryan, 
Kujawa, Hammill, Le Prell, & Kil, 2016).

Pure tone audiometry – a standard test of  audiologic examination for 
identification of  hearing threshold levels to air conduction at the range 
of  frequencies from 0.25 kHz to 8 kHz. 

Sound exposure level (expressed in decibels (dB)) – ten times the 
logarithm to the base 10 of  the ratio of  a sound exposure to the reference 
value (IEC 61672-1:2013). 

Sound pressure (expressed in pascals (Pa)) – the difference between 
instantaneous total pressure and the corresponding static pressure  (IEC 
61672-1:2013). 

Sound pressure level (expressed in decibels (dB)) – ten times the 
logarithm to the base 10 of  the ratio of  the time-mean-square of  a 
sound-pressure signal to the square of  the reference value (20 μPa) (IEC 
61672-1:2013).
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Temporary threshold shift – noise-induced threshold shift that 
recovers to baseline levels in the hours, days or weeks following noise 
exposure (Ryan, Kujawa, Hammill, Le Prell, & Kil, 2016).

Tinnitus – the perception of  sound (in one or both ears) without an 
external sound (Tunkel et al., 2014).
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1. INTRODUCTION

It is hard to believe that even in the twenty-first century, noise-induced 
hearing loss (NIHL) (according to the International Classification of  
Diseases, ICD-10 (until December 31, 2021) code H83.3) and tinnitus 
(ICD-10 code H93.1) (WHO ICD-10, 2019) are the most common 
health problems among military professionals—even in peacetime. 
The incidence of  NIHL among military service members varies from 
country to country; however, it is often over 50% and reaches 2/3 in 
the worst case (Collée et al., 2011; Jokitulppo et al., 2008; Merisalu et al., 
2009). 

Although the fact that firing cannons caused hearing loss among soldiers 
or military personnel was already noted during the 19th century, the 
problem of  NIHL became more widely acknowledged during World War 
I (WWI), and some steps to protect hearing from the damaging effects 
of  noise started during World War II (WWII) (Cain, 1998). Objective 
diagnosis of  hearing loss became possible when the conventional 
audiometer, replacing the whispered voice test, was introduced. During 
the 1950s and 1960s, measurement of  pure-tone thresholds using 
audiometers became more widespread (Humes, Joellenbeck, & Durch, 
2006) and later computerized in the 1980s (Skjönsberg, Heggen, Jamil, 
Muhr, & Rosenhall, 2020), providing a more objective way to diagnose 
hearing loss.

The military is the field in which modern ergonomics truly started to 
be developed before and during WWII (Meister, 1999). During that 
time, it became evident that users of  military vehicles found them to 
be very uncomfortable and generally also noisy. Planes were the least 
user-friendly, and their unergonomic design caused pilots to make 
many unintentional errors. Wartime conditions forced developers to 
immediately tackle this practical problem and provided opportunities to 
test and use the now more ergonomic military equipment.

After WWII, several states started using science-based methods to 
prevent NIHL among service members. For prevention, the problem 
has mostly been approached systematically by implementing Hearing 
Conservation Programmes (HCP) in the armed forces. In the United 
States, the first HCP was initiated in 1974 (Cain, 1998). HCPs have 
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generally helped to reduce NIHL among military personnel (Muhr & 
Rosenhall, 2011). However, despite using more effective HCPs, noise 
caused by technology (technical noise) continues to be a problem 
among the military and defence forces, and NIHL is still not effectively 
prevented. 

After WWII, additional steps were taken to make military technology 
more ergonomic, but states still use weapons or weapon systems 
developed during the 1950s/1960s (for example, the anti-aircraft cannon 
ZU-23-2, mortar M252, etc). Engineers have not been able to make 
them much quieter, and their noise levels have remained essentially the 
same despite later modifications. 

In the military environment, the main causes of  NIHL are still weapons 
or weapon systems, noisy wheeled or tracked vehicles, aircrafts, ships, 
and communication devices (Humes, Joellenbeck, & Durch, 2006). 
During use, they may exceed the equivalent noise level and/or peak 
sound pressure level that is hazardous to people’s hearing.

Despite the enhancements made to military technology and the use of  
science-based preventive methods, the problem of  NIHL has not been 
defeated among the armed forces. On the contrary, the problem has 
become more prevalent, perhaps because the methods of  diagnosing 
hearing loss have become more effective (Humes, Joellenbeck, & Durch, 
2006) or because new risk factors have been added to the military 
environment.

Studying NIHL is also complicated by the fact that NIHL must be 
distinguished from hearing loss caused by other risk factors. Therefore, 
despite all the obstacles presented by too many variables and “unknowns” 
(people’s exposure time to noise, sources and levels of  noise, proper 
diagnosis, possible preventive measures, and compensation for NIHL), 
noise and hearing loss studies among the Estonian Defence Forces are 
of  critical importance. 

This thesis focuses on relationships between occupational noise exposure 
and hearing loss, measurements of  noise exposure from military 
vehicles and weapons, and self-reported hearing loss and tinnitus, as 
well as audiometry-proven hearing loss and risk factors—of  which noise 
exposure is the most important—that often cause hearing impairment.
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2. REVIEW OF THE LITERATURE 

2.1. Sound or noise and their measurement

Physically and technically, sound and noise are the same, both referring 
to the emergence of  sound pressure waves (vibrations) in a source, the 
propagation of  pressure waves around it through/in a medium (air, 
solids, water) to the hearing organ (Murrell, 1986), and its perception 
in the hearing centres of  the brain. Noise is mostly perceived as 1) 
unpleasant or unwanted sound or 2) sounds at potentially deafening 
levels (Humes, Joellenbeck, & Durch, 2006; Murrell, 1986; Reybrouck, 
Podlipniak, & Welch, 2019). Noise may be profiled as continuous (with 
a sinusoidal shape), impulsive (containing components with sharp rises 
and rapid decays), intermittent (interrupted by occasional increases in 
level), or complex (a combination of  the above) (Davis & Clavier, 2016; 
Smalt, Lacirignola, Davis, Calamia, & Collins, 2016). 

Sound energy increases logarithmically, and a human’s sound perception 
is also logarithmic. Thus, the logarithmic decibel scale is used to estimate 
sound intensity (Krawczyk, 2012). The scale starts from zero decibels; 
one decibel is the minimum level of  pure sound intensity that an average 
young person can perceive as a sound, and at 1,000 Hz, the sound 
intensity level is equal to 2·10−5 Pa (South, 2004). 

Sound has three measurable parameters—pressure, frequency and 
duration. The sound pressure level (expressed in decibels (dB)) is ten 
times the logarithm to the base 10 of  the ratio of  the time-mean-square 
of  a sound-pressure signal to the square of  the reference value (20 μPa) 
(IEC 61672-1:2013) or, accordingly, is calculated using the following 
formula:

where L – sound pressure level dB; P – sound pressure Pa; P0 – the 
sound pressure reference value 20 μPa.

The audible frequency range is often divided into three parts based on 
frequency: low-frequency 20…200 Hz (<500 Hz), medium-frequency 
500…2,000 Hz, and high-frequency sound >2,000 Hz (Møller & 
Pedersen, 2004). 

 

𝐿𝐿𝐿𝐿 = 10 ∙ log �𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃0
�
2
,      (1) 

 
where L – sound pressure level dB; P – sound pressure Pa; P0 – the 
sound pressure reference value 20 μPa. 
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In order to approximate the perceptible volume of  sound for the human 
ear, sound levels are usually measured using a standardized filtering 
network with the purpose of  correcting the measurement results with 
an A and/or C correction. Frequency weighting means the difference, 
as a specified function of  frequency, between the level of  the frequency-
weighted signal indicated on the display device and the corresponding 
level of  a constant-amplitude sinusoidal input signal (level difference 
is expressed in decibels [dB] [IEC 61672-1:2013] [=correction factor 
to reduce the level of  noise in the human ear]). A-frequency-weighting 
approximates the amplitude of  the sound at frequencies below 500 
Hz and above 10 kHz; these measured sound levels are determined in 
dB(A). C-frequency-weighting approximates the sound amplitude at 
higher sound levels, and this measured sound pressure level is expressed 
in dB(C) (Humes, Joellenbeck, & Durch, 2006; IEC 61672-1:2013). 
 
According to the IEC 61672-1:2013, for any frequency 𝑓𝑓𝑓𝑓 in hertz, the 
A-weighting function 𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓) and the C-weighting function 𝐶𝐶𝐶𝐶(𝑓𝑓𝑓𝑓) shall be 
calculated, in decibels, as  
 

𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓) = 10 log � 𝑓𝑓𝑓𝑓42𝑓𝑓𝑓𝑓4

�𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓12��𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓22�
1 2⁄

�𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓32�
1 2⁄

�𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓42�
�
2

− 𝐴𝐴𝐴𝐴1000 , (2) 

 
 

𝐶𝐶𝐶𝐶(𝑓𝑓𝑓𝑓) = 10 log � 𝑓𝑓𝑓𝑓42𝑓𝑓𝑓𝑓2

�𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓12��𝑓𝑓𝑓𝑓2+𝑓𝑓𝑓𝑓42�
�
2
− 𝐶𝐶𝐶𝐶1000 ,   (3) 

 
where the approximate values for pole frequencies 𝑓𝑓𝑓𝑓1 to 𝑓𝑓𝑓𝑓4 in equations 
(1) and (2) are: 𝑓𝑓𝑓𝑓1 = 20.60 Hz; 𝑓𝑓𝑓𝑓2 = 107.7 Hz; 𝑓𝑓𝑓𝑓3 = 737.9 Hz; 
𝑓𝑓𝑓𝑓4  =  12 194  Hz. The normalization constants A1000 and C1000, rounded 
to the nearest 0.001 dB, are –0.062 dB and –2,000 dB, respectively.  
 
The A-frequency-weighting and/or C-frequency-weighting function 
realisation is expressed as: 
 

𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴 = 𝐿𝐿𝐿𝐿𝑍𝑍𝑍𝑍 − 𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓),      (4) 
𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶 = 𝐿𝐿𝐿𝐿𝑍𝑍𝑍𝑍 − 𝐶𝐶𝐶𝐶(𝑓𝑓𝑓𝑓),      (5) 
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where LA – A-weighted sound pressure level dB; LZ – 0-weighted sound 
pressure level dB;  – A-weighting function dB; LC – C-weighted 
sound pressure level dB; and  – C-weighting function dB.

The noise exposure level (LEX) per working day or per week is defined 
as follows: 

where LAeq,Te is equivalent to the noise level during the time period (Te); Te 
is the time exposed to noise during the workday h, and T0 is the duration 
of  the working day/week (8 h or 40 h, respectively) (Töötervishoiu ja 
tööohutuse nõuded mürast …, 2018).

2.2. Noise in the military

In the military environment during peacetime, professional military 
service members are exposed to noise from very different sources. 
Members of  the armed forces and veterans may have been in contact 
with a wide variety of  vehicles on land or at sea, aircraft, and/or weapons 
and weapon systems during their service. Of  the hearing loss (HL) 
affecting factors, the most important sources of  noise in the military 
are weapons or weapon systems, ground vehicles, ships, helicopters, and 
planes. Different types of  troops (forces) use different types of  vehicles 
(trucks, armoured vehicles, tanks, ships, planes, helicopters, etc.). 

Noise in the military mostly originates from vibrating objects (e.g., military 
vehicles) or from the rapid discharge of  energy, as in an explosive event 
from a weapon or explosives packet (Humes, Joellenbeck, & Durch, 
2006). Noise generation in a military vehicle (e.g., a helicopter, plane, all-
terrain vehicle, or ship) or when firing a military weapon (a small or large 
calibre weapon), is force-specific mostly by type—impulse noise and/or 
continuous noise (Jokel, Yankaskas, & Robinette, 2019).

The main sources of  noise in the Land Forces (the Army) are tracked 
armoured or unarmoured vehicles and wheeled armoured or unarmoured 
vehicles/transports, which cause steady-state noise reaching up to 115 
dB(A) (Jokel, Yankaskas, & Robinette, 2019; Nakashima, Borland, & 
Abel, 2007). The Air Forces use manned rotary-wing or fixed-wing 
aircrafts like transport or combat helicopters, transport aircraft, and 

𝐿𝐿𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑇𝑇𝑇𝑇0 = 𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 + 10 log 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴
𝑇𝑇𝑇𝑇0

, (6) 

 

where LA – A-weighted sound pressure level dB; LZ – 0-weighted sound 
pressure level dB; 𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓) – A-weighting function dB; LC – C-weighted 
sound pressure level dB; and 𝐶𝐶𝐶𝐶(𝑓𝑓𝑓𝑓) – C-weighting function dB. 
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fighter jets (Fitzpatrick 1988; Gordon et al., 2016; Van Wijngaarden & 
James, 2004), which might cause equivalent noise (LAeq) up to 110 dB 
in the cockpit of  an airplane or helicopter (Kuronen, Toppila, Starck, 
Pääkkönen, & Sorri, 2004). While operating an aircraft on the runway 
(flight lines), noise levels vary in different parts of  the runway, reaching 
148 dB(A) (Jokel, Yankaskas, & Robinette, 2019).

In the case of  military noise-induced hearing loss (M-NIHL) among 
military pilots, flight hours matter the most as an indicator of  noise 
exposure (Fitzpatrick 1988; Al-Omari, Al-Khalaf, & Hussien, 2018). 
According to Fitzpatrick (1988), age is a less significant factor. M-NIHL 
also seems to not be clearly related to the aircraft type (Gordon et al., 
2016; Kampel-Furman et al., 2017), although fast jet pilots or fixed-wing 
pilots are more affected by noise than rotary-wing pilots (Al-Omari, 
Al-Khalaf, & Hussien, 2018; Muhr, Johnson, Selander, Svensson, & 
Rosenhall, 2019; Orsello, Moore, & Reese, 2013). Most often, HL among 
the military pilots is expressed at 4 kHz and 6 kHz (Muhr, Johnson, 
Selander, Svensson, & Rosenhall, 2019).

The main sources of  noise in the Navy are ships (vessels), patrol boats, 
submarines, and aircraft carriers (Jokel, Yankaskas, & Robinette, 2019; 
Trost & Shaw, 2007). Chronic (and high) exposure to noise might cause 
hearing loss (≥25 dB) at 1, 3, 4, and/or 6 kHz among a ship’s crew 
(Irgens-Hansen et al., 2015; Kaewboonchoo, Srinoon, Lormphongs, 
Morioka, & Mungarndee, 2014). 

It is well documented that equivalent noise levels higher than the limit 
level value (e.g., 85 dB(A)) as well as peak sound pressure >140 dB(C) 
from shooting (e.g., with a pistol, rifle, cannon, or mortar) increases the 
risk of  acute acoustical trauma (Yehudai, Fink, Shpriz, & Marom, 2017), 
tinnitus and M-NIHL (Jokitulppo et al., 2008). Thereby, hearing loss 
from gunfire (e.g., using rifles) typically is unilateral, but due to the head-
shadow effect, hearing loss may manifest asymmetrically. This means that 
it manifests more strongly as hearing loss in the left ear in right-handed 
people; “by the head-shadow effect, the right ear gets about 40 dB less 
noise than that of  the left ear” (Moon, 2007, p 423). During peacetime, 
there is a limit of  137 dB(C) for peak sound pressure in the European 
countries and 140 dB(C) in the USA. However, Amrein & Letowski 
(2012, p 3) point out that “many weapons systems produce noise levels 
greater than 180 dBP and few, if  any, produce noise levels below 150 
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dBP at the ear of  the shooter, which makes the standards such as OSHA 
unfit for military applications.” Amrein & Letowski (2012, p 1) have 
also indicated that “the higher muzzle velocities, heavier projectiles, and 
higher pressure levels of  more powerful weapon systems result in higher 
impulse noise levels and increased hearing loss risk for the operator.” 

According to several studies cited below, of  the different weapons 
(weapon systems) used in the Estonian Defence Forces (EDF) Land 
Forces, the peak level of  sound pressure close to the weapon might 
reach 160…190 dB (table 1).

Table 1. Peak sound pressure levels close to the weapons while shooting outdoors 

Weapon Type
Peak sound pressure level, 

dB(C)
Source

pistol, 9 mm 159…163 Yong & Wang, 2015

military rifle, 7.62 mm 133…171

NATO RTO Technical 
Report, 2010; Pääkkönen,  
Anttonen, & Niskanen, 
1991; Salmivalli, 1979; 
Živaljević et al., 2018

machine gun, 12.6 mm 177
NATO RTO Technical 

Report, 2010

mortar, 81 mm 165…173

NATO RTO Technical 
Report, 2010; Pourtaghi, 

Mokarami, Valipour, 
& Ghasemi, 2014; 

Salmivalli, 1979

mortar, 120 mm 175…184

NATO RTO Technical 
Report, 2010; Pääkkonen, 

Parri, & Tiili, 2001; 
Salmivalli, 1979

antiaircraft gun, 23 mm 128…141 (at 100 m)
Pääkkonen, Parri, & Tiili, 

2001

There is also a difference between shooting a hand-held firearm with 
bullets (sharps) or training by shooting with blanks in outdoor or indoor 
conditions. Indoor shooting practice can be a greater risk to hearing 
health because of  reflections (off  the ground, walls and overhead 
surfaces) of  the impulse that create an audibly louder experience at 
indoor ranges than at outdoor ranges (Jokel, Yankaskas, & Robinette, 
2019).
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2.3. Hearing loss and tinnitus

Hearing loss can have multiple causes. It can be congenital, infectious, 
nutrition-dependent, noise-induced, ototoxic drug-induced, traumatic, 
immune-mediated, age-related, or induced by chemicals like aromatic 
solvents (toluene, styrene, xylene, ethylbenzene), heavy metals like arsenic 
(As), cadmium (Cd), lead (Pb), manganese (Mn), mercury (Hg) and 
others (Brown, Emmett, Kleindienst Robler, & Tucci, 2018; Campo & 
Maguin, 2007; Campo, Morata, & Hong, 2013; Carlson & Neitzel, 2019; 
Golmohammadi & Darvishi, 2020). However, in the military context, 
a single source of  risk (for example, a firearm) may give rise to several 
different types of  exposure (like noise and ototoxic chemicals), both 
of  which may cause hearing loss or amplify each other’s exposure. For 
instance, firing a blank-firing pistol (or an automatic weapon) intended 
to produce noise and therefore designed to use a blank cartridge 
(training rounds) (Üner & Özaslan, 2005) releases gunshot residues 
mostly containing chemical elements like antimony (Sb), copper (Cu), 
lead (Pb), and zinc (Zc) (Orru, Pindus, Harro, Maasikmets, & Herodes, 
2018; Üner & Özaslan, 2005). Of  these, Pb probably has the strongest 
impact on the development of  hearing loss (ATSDR, 2019; Carlson & 
Neitzel, 2019; Jamesdaniel, Rosati, Westrick, & Ruden, 2018; Roth & 
Salvi, 2016). 

NIHL often manifests as damage of  the cochlear hair cells and associated 
synaptopathy (Kurabi, Keithley, Housley, Ryan, & Wong, 2017; Wong 
& Ryan, 2015) (figure 1), more specifically hair cell injury that may be 
expressed in tip link breakage, stereocilia core damage, or synapse loss 
(Wagner & Shin, 2019). In the military, it has been shown that NIHL 
depends largely on the length of  service and exposure to vehicle and 
weapon noise, and it increases with age (Gordon et al., 2016; Helfer, 
Canham-Chervak, Canada, & Mitchener, 2010; Hong, Kerr, Poling, & 
Dhar, 2013). Moore (2020) indicates that the mean hearing loss after 10 
years of  military service is greater than 30 dB at 4, 6, and 8 kHz. Among 
US veterans with service-connected disabilities, NIHL and tinnitus are 
prevalent (Saunders & Griest, 2009; Swan et al., 2017). 
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Figure 1. Structural elements (highlighted) of  cochlear tissues prone to irreversible 
damage and cell death in sensorineural hearing loss (redrawn from Wong & Ryan, 
2015). 

NIHL can be diagnosed only in the context of  noise-exposure history 
and a series of  audiograms (Lie et al., 2017). An audiogram is a graph 
that shows the softest sounds a person can hear at different frequencies. 
There are different methods of  audiometric examination/testing: 
conventional (pure tone) audiometry to identify hearing threshold 
levels at the standard frequencies 0.25…8 kHz [0.25, 0.5, 1, 2, 3, 4, 6, 8 
kHz] (Engdahl, Tambs, & Hoffmann, 2013), extended high-frequency 
audiometry (10…16 kHz) (Laffon, Stewart, Zheng, & Meinke, 2019), 
and high-frequency audiometry (from 9 kHz to 20 kHz) (Antonioli, 
Momensohn, & Benaglia, 2016). High-frequency audiometry is sensitive 
for early identification of  hearing loss and can be useful in the premature 
identification of  hearing impairment (Antonioli, Momensohn-Santos, & 
Benaglia, 2016).

When measuring or evaluating hearing loss, the findings of  pure 
tone audiometry are more reliable than self-reported answers to the 
questionnaires. As a rule, pure tone audiometry at frequencies 0.25…8 
kHz is performed in the military, although high-frequency (4 or 6 kHz) 
audiometry is sensitive for early diagnosis of  HL and thus relevant for 
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the diagnosis of  M-NIHL (Antonioli, Momensohn-Santos, & Benaglia, 
2016; Mehrparvar, Mirmohammadi, Ghoreyshi, Mollasadeghi, & 
Loukzadeh, 2011). According to Moore (2020), exposure to noise of  
the type that is encountered in military service typically leads to hearing 
loss that is greater at 6 kHz than at 4 kHz; however, is similar at 4 kHz 
and 8 kHz. It is also known that hearing loss for frequencies more than 
8 kHz typically is accompanied by tinnitus (Langers et al., 2012; Melcher 
et al., 2013). 

According to Collée et al. (2011), it is most effective to evaluate NIHL at 
4 and 6 kHz, and it can be categorised by severity: mild/slight (25…40 
dB), moderate (41…60 dB) and severe (>65 dB) hearing loss. The 
World Health Organization (WHO) categorises grades of  hearing loss 
(impairment) as slight/mild (26…40 dB), moderate (41…60 dB), severe 
(61…80 dB), and profound (over 81 dB), demarcating disabling hearing 
loss as greater than 40 dB in the better hearing ear in adults (WHO, 
1991).

Moore (2020) argues that quantification of  M-NIHL should be done by 
comparison with hearing threshold levels (HTL) for non-noise-exposed 
individuals, as specified in ISO 7029 (2017). Moore (ibid.) also states 
that three requirements should be specified for diagnosing M-NIHL: 
1) a single value of  the HTL at 3, 4, 6, or 8 kHz is at least 10 dB higher 
than the HTL at 1 or 2 kHz; 2) the difference between HTLs at 8 and 6 
kHz is at least 5 dB smaller than would be expected from age alone, or 
the difference between HTLs at 8 and 4 kHz or between 8 and 3 kHz is 
at least 10 dB smaller than would be expected from age alone; or 3) the 
HTL at 4, 6, or 8 kHz is at least 20 dB higher than the median HTL for 
each frequency expected for that age, based on ISO 7029 (2017). Also, it 
is important to study both ears, as among military personnel, pure tone 
audiometry may demonstrate NIHL more often in the left ear than in 
the right ear (symmetry vs asymmetry) at high frequencies from 4 kHz 
to 7 kHz (Dhammadejsakdi, Boonyanukul, Jaruchinda, Aramrattana, & 
Eiumtrakul, 2009; Job, Grateau, & Picard, 1998; Salmivalli, 1979).

A permanent threshold shift (PTS) means that the ability to hear 
is permanently reduced. The general understanding of  hearing cell 
regeneration is that auditory cells do not recover, and their functionality 
remains or stops at zero (permanent threshold shift). Because repair 
of  damaged synapses “is unlikely” and apoptotic or necrotic hair cells 
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as a whole do not recover, the sensorineural tissues of  the cochlea 
have very limited repair capacity (Wagner & Shin, 2019). The mature 
cochlear receptor cells, the inner and outer hair cells (HCs), and the 
cochlear neurons do not regenerate, making any cellular loss permanent 
(Wong & Ryan, 2015). According to Reybrouck, Podlipniak, & Welch 
(2019, p 5) “exposure to sound levels below 70 dB(A) does not produce 
hearing damage, regardless of  the duration of  exposure”. Clifford & 
Rogers (2009, p 420) argue that “The cutoff  for mechanical versus 
biomolecular damage appears to be somewhere around 125 dB, at which 
an abrupt increase permanent shift and hair cell loss is seen.” This can 
be interpreted as showing that sound energy >125 dB creates a situation 
of  mechanical breaking force exceeding the forces required for the 
regeneration (synthesis) of  biomolecules. 

In some cases, auditory cells recover from temporary threshold shift 
(TTS), and their functionality is restored. One might ask: “How long 
does it take to recover from temporary hearing loss?” A temporary 
threshold shift (temporary hearing loss) means recovering to baseline 
levels without medical intervention in the hours, days or weeks following 
exposure, usually within 24…48 hrs (Ryan, Kujawa, Hammill, Le Prell, 
& Kil, 2016). However, it is known from animal experiments that 
mammalian in vitro tip link breakage can be regenerated within 24 hours 
and (mechanical) stereocilia core damage (from noise) can regenerate 
within 48…72 hours, thus enabling recovery from temporary threshold 
shift (Wagner & Shin, 2019). 

The symptom most associated with NIHL is tinnitus (Xiong et al., 
2019). It is often described as the perception of  sound when there 
is no external source (Tunkel et al., 2014). It is considered subjective 
when experienced only by the individual or objective when an observer 
can hear the tinnitus (Baguley, McFerran, & Hall, 2013). Tinnitus is 
expected to occur (is generated) in the brain, not in the ear, and thus it 
is correlated with pathologically altered spontaneous activity of  neurons 
in the central auditory system (Schaette & Kempter, 2012; Elgoyhen, 
Langgut, De Ridder, & Vanneste, 2015). Tinnitus is addressed as 
increased central gain in the auditory pathway (Sedley, 2019) provoking 
a sensation described as buzzing, hissing, ringing, roaring, sizzling, 
sometimes rhythmic or pulsatile sound; constant or intermittent; and 
localised to one or both ears (Baguley, McFerran, & Hall, 2013; Bhatt, 
Lin, & Bhattacharyya, 2016).
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The current consensus is that the functional integrity of  outer hair cells 
and nerve fibres is disrupted in persons perceiving tinnitus. Damaged 
hair cells make repeated spontaneous emissions to the central auditory 
pathways. It is possible that misunderstanding this signal as real sound 
causes tinnitus (Celli, Ribas, & Zannin, 2008; Rezaee, Mojtahed, 
Ghasemi, & Saedi, 2012). Tinnitus has also been typically accompanied 
by hearing loss for frequencies of  more than 8 kHz (Langers, de Kleine, 
& van Dijk, 2012; Melcher, Knudson, & Levine, 2013).

Because tinnitus may be very loud and bothersome, it not only has 
an impact on quality of  life for a member of  the Defence Forces but 
also affects the individual’s concentration when executing orders. The 
prevalence of  tinnitus in the military population (depending on age) 
varies greatly and has been reported as being between 2% and 80% 
(Christiansson & Wintzel, 1993; Dougherty et al., 2013; Gonzales-
Gonzales, 2017; Jokitulppo, Toivonen, & Björk, 2006; Jokitulppo et al., 
2008; Theodoroff, Lewis, Folmer, Henry, & Carlson, 2015; Yankaskas, 
2013). It also has been observed that tinnitus is more common among 
members of  the armed forces who had not used hearing protection 
(unprotected) while working in a noisy environment as compared with 
protected personnel (Yehudai, Fink, Shpriz, & Marom, 2017).

2.4. Regulatory frameworks and hearing conservation

Currently, there are legislative regulations on noise levels that have 
been implemented for or are applicable during peacetime activities and 
exercises. In the European Union (EU) countries, including Estonia, the 
daily noise exposure level of  an employee in the case of  an 8-hour work 
day should not exceed 85 dB(A) and peak unweighted sound pressure 
levels should not exceed 137 dB(C) (Töötervishoiu ja tööohutuse nõuded 
mürast …, 2018). By comparison, in the United States, peak sound 
pressure levels (peak SPL) should be less than 140 dB on protected and 
unprotected ears with an  equivalent noise level of  85 dB(A) (MIL-STD-
1474E, 2015; OSHA Technical Manual, 2013).

Despite legal regulation, the problem of  NIHL in the defence forces 
persists. As an employer, the Estonian Defence Forces can follow 
the principles laid down in legislation, such as noise limit values or an 
obligation to wear hearing protection if  the noise level in the working 
environment exceeds the permitted limit values (Kuulmiskahjustuste 
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vältimise ohutuseeskiri OE 1.2, 2021). In general, NIHL prevention is 
based on a hierarchy of  control activities (figure 2).

Figure 2. Hierarchy of  controls specific to hearing loss prevention. This figure is 
modified from Morata & Meinke (2016).

According to the hierarchy of  controls specific to hearing loss prevention 
(Morata & Meinke, 2016), for prevention purposes in the military context, 
the noise source must first be well shielded. Following this, replacing the 
noisy object with a quieter one is preferable. In the military context, 
noise reduction (for example, noise insulation in vehicles or reducing 
noise from weapons—damping of  shots, design of  shooting ranges) 
is first and foremost an engineering-technical problem, the solution of  
which can be scientific-engineering-technical.

In the absence of  the options outlined above, a member of  the Defence 
Forces must be isolated from the possible source of  danger as much as 
possible. If  a member of  the Defence Forces still must work with noise-
generating equipment, the person’s exposure time to the noise source 
must be shortened. 

Hearing Conservation Programmes (HCP) are often applied to prevent 
the development or progression of  NIHL in work environments. The 
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HCP framework includes noise hazard identification, noise control, noise 
level measurements, audiometric testing, the use of  hearing protection, 
safety and education training among military personnel, and programme 
evaluation (Muhr & Rosenhall, 2011; Smalt, Lacirignola, Davis, Calamia, 
& Collins, 2017; Tikka et al., 2017). The latest understanding of  hearing 
protection highlights its individual character, including the need to 
introduce rules of  personalized (precise) medicine standards into an 
HCP (Sliwinska-Kowalska, 2020). By completing elements of  the 
program, a positive effect on NIHL in the armed forces has been seen 
in several countries (Muhr, Johnson, Skoog, & Rosenhall, 2016; Nelson, 
Swan, Swiger, Packer, & Pugh, 2017).

One important part of  HCPs is personal hearing protection using 
different types of  earplugs or earmuffs. Hearing protectors were 
developed to attenuate or reduce harmful sound pressure. Depending 
on type, hearing protectors can be divided into passive [without the use 
of  electronic circuitry] and active noise reduction (ANR) [incorporating 
electronic components and transducers] hearing protectors (Casali & 
Berger, 1996). Passive hearing protectors were designed and put into 
use starting in the late 1950s. The first working ANR headset model 
came out in 1957, and ANR devices have been updated over the years, 
especially in the 1970s with the introduction of  foam and other new 
materials (Casali & Berger, 1996; Kerr, Neitzel, Hong, & Sataloff, 2017). 

Earplug efficiency depends on how much noise (in decibels) the earplug 
attenuates at different frequencies (from 125 Hz to 8 kHz), which can be 
described by the noise reduction rating (NRR; used in the USA) [or the 
single number rating, SNR; used in the Europen Union] or expressed 
by the personal attenuation rating (PAR) representing the attenuation 
achieved by an individual wearing a particular hearing protector in a 
particular way at a particular time (Tufts, Palmer, & Marshall, 2012). 
Over time, the attenuation factor of  ANR hearing protectors has been 
increased up to 50 dB (Grinshpun, Kim, & Murphy, 2012). Nearly all 
passive hearing protectors attenuate high-frequency sound more than 
low-frequency sound; however, the ANR hearing protector is typically 
most effective against low-frequency noise (Casali & Berger, 1996).

Biabani, Aliabadi, Golmohammadi, & Farhadian (2017) argue that 
the main factors affecting individual fitting of  hearing protectors are 
their ergonomic aspects. To provide hearing protection, earplugs and 
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earphones must anthropometrically fit into or cover the external auditory 
canal (Roebuck & Casali, 2011). This helps to attenuate the sound levels 
of  the working environment below permissible sound pressure levels. 

Although the user must be educated about the correct use of  hearing 
protection to prevent misuse, there is also a problem with lack of  use 
when hearing protection is necessary, including in the military (Abel, 
2008; Patil & Breeze, 2011). It is well known that proper and correct 
use of  personal protective equipment improves the hearing levels of  
active service members (Mrena, Savolainen, Kiukaanniemi, Ylikoski, & 
Mäkitie, 2009; Mrena, Savolainen, Pirvola, & Ylikoski, 2004).

Additional attenuation can be achieved by lubricating the earplugs. 
Depending on the variety, foam earplugs used with a (higher viscosity) 
lubricant adds attenuation from 1.5 to 6 dB in comparison with dry 
earplugs (Randolph & Kissell, 2008; Ryan, Meier, & Tatarka, 2017). 
Thus, the use of  earplug lubrication could be recommended to reduce 
the exposure to noise in the military environment.

It is often thought that the use of  double hearing protectors (earplugs 
and earmuffs at the same time) provides better hearing protection. Even 
such double-use (dual) hearing protection with the highest attenuation 
factor might not attenuate sound pressure to within normal limits (Yong 
& Wang, 2015). The rule of  thumb is that the attenuation of  double 
protection is 5 dB higher than the attenuation of  the better of  the two 
components (Behar & Kunov, 1999; OSHA Technical Manual, 2013). 
However, double protection is less beneficial when using plugs with a 
high NRR/SNR. At the same time, it is vital to keep in mind that it is 
essential for a service member to keep up operational awareness during 
exercises or on the battlefield. Abel (2008) notes that hearing protectors 
or even double protection inhibits sound perception and thus might 
reduce situational awareness.
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3. AIM AND TASKS OF THE THESIS

The main aim of  this thesis is to investigate sound pressure exposure 
from military vehicles and weapons, the causal link between occupational 
noise exposure and hearing impairment, and the prevalence of  hearing 
loss among Estonian military personnel.

Hypotheses:

Hypothesis 1: The occurrence of  hearing loss and tinnitus among active 
service members is a serious health problem related to noise exposure 
from military vehicles and firearms. 

Hypothesis 2: The use of  personal hearing protective equipment by active 
service personnel reduces the risk of  noise-induced hearing problems.

The research tasks of  the thesis are as follows:

1. to measure equivalent and peak noise levels depending on the 
type of  military vehicles (Publ I) and to assess the noise levels 
military personnel are exposed to while exercising with different 
types of  weapons (Publ II-III);

2. to study self-assessments of  exposure to military noise and the 
effects of  occupational and leisure noise exposure and other 
health-related traits on hearing problems (Publ IV-V); 

3. to assess the prevalence of  hearing problems among active 
military service personnel (based on a questionnaire and an 
audiometric survey) (Publ IV-V);

4. to analyse the predictive factors of  hearing problems in the 
military (Publ IV-V);

5. to analyse associations between hearing problems and the use of  
hearing protectors among active service members (Publ I-V). 
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4. MATERIALS AND METHODS

4.1. Noise measurements

In all cases, noise measurements were carried out by the Testing Centre 
of  the University of  Tartu, which is compatible with the requirements 
of  ISO/IEC 17025:2005 as a testing and calibration laboratory.

Vehicle noise levels. Noise levels were measured with a Brüel & Kjaer 
2260 noise analyser in the following vehicles often used by the Estonian 
Defence Forces (EDF) for training and transportation: armoured 
personnel carriers (SISU XA-180 and SISU XA-188); heavy all-terrain 
trucks (DAF 4440, MAN 4610, MAN 4620, MAN 4640 and Mercedes-
Benz Unimog 1300) (Publ I), and light all-terrain vehicles (Hägglund 
BV-206) (figure 3).

Based on the noise measurement results of  the vehicles, daily noise 
exposure levels (maximum noise exposure levels and times) of  the 
military personnel in each vehicle were calculated (see equation 6) based 
on a working day of  8 hours.  

Weapons noise. The following types of  weapons or weapon systems 
(figure 4) usually used in the outdoor environment by the Estonian Land 
Forces were chosen for noise measurements: anti-aircraft guns (the heavy 
Browning machine gun [12.7mm] and the ZU-23-2 anti-aircraft cannon 
[23mm]), large calibre artillery systems (the M252 mortar [81mm] and 
the M41D mortar [120mm]), simulation devices (the PIL10T imitation 
explosives packet and the CN69 training grenade) and the AK-4 
automatic rifle (Publ II). Of  those used in the indoor firing range, the 
hand-held firearm Heckler & Koch USP 9 mm was selected (Publ III).

Noise from anti-aircraft guns (Browning heavy machine guns and the 
ZU-23-2 anti-aircraft cannon) was tested with CEL-350 (Casella) noise 
dosimeters (Ideal Industries Inc., Kemston, United Kingdom). However, 
attenuating filters (10 dB) were used, and measurements were carried 
out at different distances from the noise sources under the conditions of  
an open noise field. Even if  the noise caused by firearms is propagated 
asymmetrically from the firing position, the sound field was nevertheless 
considered to be symmetrical (Publ II). A CEL-350 noise dosimeter 
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was also used to measure the noise level from the AK-4 automatic rifl e 
(Publ I) and Heckler & Koch USP 9 mm hand-held fi rearms (Publ III) 
to assess the direct noise exposure levels of  active-duty service members 
regularly performing training targeting activities.

Figure 3. Vehicles used in the Estonian Land Forces for which noise levels were 
measured (Orru, Jõgeva, Pindus, Grossthal, & Indermitte, 2016).

For large-calibre artillery systems and for training ammunition (Publ II), 
as well as Heckler & Koch USP 9 mm hand-held fi rearms (Publ III), 
noise levels were measured using a Brüel & Kjaer 2260 noise analyser. 
The different measuring locations of  the noise analyser were chosen 

SISU XA-180 SISU XA-188

DAF 4440 MAN 4610

MAN 4620 MAN 4640

Mercedes-Benz Unimog 1300 Hägglund BV-206
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so that the expected noise level would not exceed the measuring range 
of  the measuring device. The peak sound pressure level (SPL) at the 
weapon location was calculated with the following method.

Figure 4. Types of  weapons or weapon systems usually used in the Estonian Defence 
Forces.

The fi rst step was to consider the inverse square law, which states that 
“the sound intensity level reduces by 6 dB on each doubling of  distance 
from the noise source” (Howard & Angus, 2009). Since previous studies 
have shown that the sound intensity level of  shooting would exceed the 
measurement range of  the best available measuring device [143dB], a 
logarithmic function (y) and its coeffi cient of  determination (R2) was 

Browning machine gun ZU-23-2

M252 M41D

PIL10T CN 69

AK-4 Heckler & Koch USP 9 mm
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found based on the measurement results. The logarithmic function was 
used to calculate a) noise levels outside the measured points and b) safe 
distances from the noise source (Publ II).

Noise exposure of  military personnel (including drivers, persons 
being transported, shooting instructors, and measuring technicians) 
was measured using CEL-350 noise dosimeters. The microphone of  
the dosimeter was fastened to a person’s uniform at the shoulder strap 
of  the harness, close to the auditory channel. During the measurement 
period, the noise dosimeter registered the equivalent level of  noise and 
the peak SPL (Publ I-II).

4.2. Questionnaire survey 

Target group. The target group consisted of  2800 active service 
members of  the Estonian Defence Forces. 

Study group. The subjects were voluntarily recruited from the target 
group (active service members of  the Estonian Defence Forces).

Questionnaire. To study the prevalence of  hearing impairment in the 
military, personnel from the Estonian Defence Forces were asked to fill 
out an online questionnaire, “Risk Factors of  the Work Environment of  
Active Service Members and Their Health”. It included questions about 
active service members’ demographic, individual, and work-related 
risk factors, usage of  personal protective equipment (PPE), and stress 
based on the General Health Questionnaire-12 (GHQ-12) (Goldberg & 
Williams, 1988).

The questionnaire also included self-reported occurrence of  four types 
of  hearing problems: tinnitus (hearing ringing or whooshing in the ears); 
difficulty following a conversation (when there is background noise); 
self-reported hearing worsening during the past 3 years and diagnosed 
hearing loss during the service period (Publ IV).

4.3. Audiometric study 

Examination group. The audiometric study was also carried out 
among active service members of  the Estonian Defence Forces. 
Subjects were randomly selected and voluntarily recruited during their 
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regular medical examinations. The first part of  the study consisted of  
a questionnaire developed by Collée et al., (2011) that had been used 
among the Belgian Armed Forces; however, the current version was 
adapted to the characteristics of  the EDF. The self-administrated 
questionnaire included 33 questions about various exposures to noise, 
like working in a noisy environment, participating in shooting training, 
and working with armoured vehicles and trucks, as well as exposure to 
noise in their daily lives and their usage of  personal protective equipment. 
Subjects filled out the questionnaire while waiting to be examined by an 
otorhinolaryngologist (Publ V).

Pure tone audiometry. Standardised pure tone audiometry was 
performed by an experienced otorhinolaryngologist. The results were 
evaluated and based on the Collée et al. (2011) methodology in which 
the HL at 4 kHz and 6 kHz was categorised into three groups: mild 
(25…40 dB), moderate (41…60 dB) and severe (>65 dB) (Publ II).

4.4. Comparison of  noise exposure with normative documents

The measured and calculated noise exposure was compared with the 
noise limit level values provided by the normative document Health and 
Safety Requirements for the Working Environments Affected by Noise, Maximum 
Noise Limits for the Working Environments and the Noise Measurement Procedure. 
Government of  the Estonian Republic regulation No. 108 of  12 April 2007 
(Töötervishoiu ja tööohutuse nõuded mürast …, 2018). In accordance 
with the limit level value in Estonia, the daily or weekly noise exposure 
limit level value (LLV) is 85 dB(A), and the action value is 80 dB(A). The 
peak noise LLV is 137 dB(C), and the action value is 135 dB(C) (Publ 
I-III).

4.5. Statistical analysis 

The data about noise generated through the measurement of  equivalent 
and peak noise levels with uncertainty (U[LAeq] and U[LpC]) from different 
types of  military vehicles were statistically analysed using Microsoft Excel 
16.0. An unpaired t-test was used to compare the results of  different 
types of  vehicles, riding compartments, and road surfaces. A one-sample 
t-test was used to calculate the differences between the measured noise 
levels and the limit level value. Statistical significance was calculated at p 
values ≤0.05 (Publ I).
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Using the data collected from the questionnaire “Risk Factors of  the 
Work Environment of  Active Service Members and Their Health”, 
descriptive statistics were first calculated using the Statistical Package 
of  Social Sciences (IBM SPSS Statistics 25). Next, R-Statistics 3.5.3 
was used for correlation and logistic regression analysis (Publ IV). 
The Spearman correlation analysis was applied to get an overview of  
associations between the presence of  hearing problems and potential 
personal and work conditions-related risk factors. Subsequently, logistic 
regression analyses predicting the probability of  hearing problems 
were performed, considering gender and age as confounding factors. 
The results of  the logistic regression analysis are presented as adjusted 
odds ratios (AOR) with 95% confidence intervals (CIs). All results were 
considered statistically significant at p ≤ 0.05.

For statistical analysis of  the relationship between hearing loss (HL) 
and noise exposure (Publ V), multinomial logistic regression analysis 
was applied in STATA (version 12.1; StataCorp LP, College Station, TX, 
USA), which enables assessment of  the impact of  noise exposure on 
each group/degree of  HL or to add different categories and factors 
together if  necessary.
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5. RESULTS

5.1. Noise levels and exposure from vehicles and weapons

5.1.1. Land Forces’ vehicles

Table 2 showcases equivalent and peak noise levels with uncertainty in 
comparison to the action level value and limit level value (LLV) categorised 
by the type of  vehicle, road surface, and travelling compartment. The 
measurement results of  equivalent noise levels (with uncertainty, U) 
ranged from 77.0(1.9) dB(A) to 94.7(1.8) dB(A) and peak noise levels 
from 113.8(1.3) dB(C) to 136.8(2.2) dB(C).

Figure 5 provides a comparison of  equivalent noise levels in the 
different travelling compartments of  vehicles DAF 4440 and MAN 
4620. For MAN 4620, it shows that equivalent noise levels in the rear 
passenger compartment were in all cases higher than in the driver’s cab 
for paved roads (p = 0.004) and during off-road driving (p = 0.0003). 
Moreover, the LLV 85 dB(A) was greatly exceeded in the rear passenger 
compartment during paved road 94.2(2.3) dB(A) (p = 0.01) and off-
road 94.7(1.8) dB(A) (p = 0.003) driving. However, for DAF 4440, no 
significant compartment and LLV differences of  equivalent noise levels 
were observed.

Figure 5. Equivalent noise levels (dB(A)) of  vehicles DAF 4440 and MAN 4620 by type 
of  compartment and road surface. The LLV is 85 dB(A) and working point is 80 dB(A). 
The boxes showcase the equivalent noise levels with uncertainty. Abbreviations: Cab, 
cabine; CRC, canvas covered rear passenger compartment; o-r, off-road; pr, paved 
road. *** = p < 0.001 (Publ I).
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Table 2. Equivalent (dB(A) and peak noise levels dB(C)) with uncertainty (U) in 
comparison with the action level value and LLV categorised by the type of  vehicle, 
road surface, and travelling compartment (adopted from Publ I).
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Armoured vehicles
SISU 

XA-180 
Cab pr 88.6 1.9 *** - 122.4 1.4 *** ***

o-r 89.4 1.8 *** * 122.1 1.8 *** ***
SISU 

XA-188 
Cab pr 87.4 2.0 *** - 118.9 1.3 *** ***

o-r 81.8 1.7 - *** 121.0 1.3 *** ***
Heavy all-terrain trucks

DAF 
4440

Cab
pr 81.0 1.7 - *** 136.8 2.2 - -
o-r 79.7 1.7 - *** 129.5 1.3 *** ***

CRC
pr 85.2 2.3 *** - 119.7 3.5 *** ***
o-r 85.3 1.7 *** - 116.6 1.3 *** ***

MAN 
4610 

Cab
pr 80.4 1.8 - *** 114.7 1.3 *** ***
o-r 79.2 1.7 - *** 126.6 1.5 *** ***

MAN 
4620 

Cab
pr 82.5 1.7 - *** 132.5 1.8 - *
o-r 81.6 1.8 - *** 119.1 1.3 *** ***

CRC
pr 94.2 2.3 *** ** 125.2 3.4 *** ***
o-r 94.7 1.8 *** *** 127.5 2.8 * *

MAN 
4640 

Cab
pr 79.2 1.8 - *** 119.8 1.6 *** ***
o-r 79.0 1.8 - *** 116.5 1.4 *** ***

MB 
Unimog 

1300 
Cab

pr 77.0 1.9 *** *** 113.8 1.3 *** ***

o-r 77.2 1.8 *** *** 119.6 2.6 *** ***
Abbreviations: Cab, cabin; CRC, canvas covered rear passenger compartment; o-r, off-
road; pr, paved road; ***p < 0.001, **p < 0.01, *p < 0.05.

For safety assessment, the maximum allowed noise exposure time for 
unprotected ears per working day in the driver’s cab and in the canvas-
covered rear compartment of  the vehicles in which personnel are being 
transported was calculated (table 3). In most cases, the vehicles were 
“safe” and had allowable exposure times in terms of  daily maximum 
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noise exposure time (8 hrs) during off-road driving and paved road 
driving. The results show that driver’s cabs of  the examined heavy all-
terrain trucks are safe for an entire working day. 

Table 3. Calculated maximum allowed noise exposure in hours* per working day 
(LEX,8h) in the driver’s cab and canvas-covered rear passenger compartment depending 
on the type of  vehicle and road surface (adopted from Publ I).

Vehicle Driver’s cab CRC
o-r pr o-r pr

SISU XA-180 1.7 1.4 n.a. n.a.
SISU XA-188 12 3.1 n.a. n.a.
DAF 4440 >12 >12 4.5 5.0
MAN 4610 >12 >12 n.a. n.a.
MAN 4620 11.3 9.5 0.6 0.6
MAN 4640 >12 >12 n.a. n.a.
MB Unimog 1300 >12 >12 n.a. n.a.

Abbreviations: cab, cabin; CRC, canvas covered rear passenger compartment; o-r, off-
road; pr, paved road. *without hearing protectors.

With regard to the rear passenger compartment of  the vehicles DAF 
4440 and MAN 4620, the maximum allowable exposure time was 
between 0.6 and 5.0 hours for paved road driving and between 0.6 and 
4.5 hrs for off-road driving. The maximum allowable noise exposure 
time in the SISU XA-180 driver’s cab for off-road driving was 1.7 hrs; 
the maximum allowable noise exposure time in the armoured personnel 
carriers SISU XA-180 and SISU XA-188 on a paved road was 1.4 and 
3.1 hrs (Publ I). 

5.1.2. Anti-aircraft guns  

The noise levels of  the anti-aircraft guns ZU-23-2 (23 mm) anti-aircraft 
cannon and Browning (12.7 mm) heavy machine gun were measured 
during shooting practice, and the range of  the area where the noise 
level of  the anti-aircraft weapons is harmful to hearing was calculated/
determined. The noise levels of  the weapons were measured in open 
noise field conditions at the coast where there was one reflective surface 
(the ground) along the extension of  the firing line (10, 20, 30, and 40 m 
away from two Browning heavy machine guns). The measuring points 
were 10, 15, 20, 30, 40, and 50 m away and to the left from the ZU-23-2 
anti-aircraft cannon along the extension of  the firing line. The average 
peak sound pressure when firing from anti-aircraft weapons is shown in 
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fi gure 6. When fi ring from the Browning heavy machine gun, the peak 
sound pressure exceeds the limit of  137 dB(C) up to 40 m away from 
the weapon and, for the ZU-23-2 anti-aircraft cannon, up to 50 m away 
from the weapon.

Figure 6. Measured average peak noise values and calculated relationship with distance 
from a fi ring group during shooting; Browning R2 = 0.966 (y = −6.882ln(x) + 162.865) 
ZU-23-2 R2 = 0.963 (y = −7.637ln(x) + 167.279) (modifi ed from Publ II).

For the Browning heavy machine gun, using the measurement results of  
the different measuring points, a peak SPL at 0.1 m of  176 dB(C) was 
calculated (according to the inverse square law, it equals 189 dB(C)), and 
at 1 m, it was calculated to be 163 dB(C) (according to the inverse square 
law, it is 169 dB(C)).

For the ZU-23-2 anti-aircraft cannon, using the measurement results of  
the different measuring points, a peak SPL at 0.1 m of  182 dB(C) was 
calculated (according to the inverse square law, 191 dB(C)), and at 1 m 
it was calculated to be 167 dB(C) (according to the inverse square law, 
171 dB(C)).

Based on the measurement results and using a logarithmic function, 
peak sound pressure [limit value of  137 dB(C)] and equivalent sound 
pressure [limit value of  85 dB(A)] moving away from the weapon were 
calculated.
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5.1.3. Lar ge-calibre artillery systems 

With regard to indirect fi re weapons, fi gure 7 shows cases of  the peak 
SPL measurement results of  mortars M252 (81 mm) and M41D (120 
mm). For analysis, the results of  the measurements and calculations 
were compared to the limit level value provided in normative documents 
using the worst-case scenario method. 

When fi ring the M252 at a fi ring range, laterally the peak SPL amounted to 
138.9(3.5) dB(C) at the 10 m point, 133.9(3.5) dB(C) at 20 m, and 131.7(3.3) 
dB(C) at 25 m. To the posterior of  the weapon, the measurements were 
137.0(3.5) dB(C) at the 10 m point, 129.2(3.3) dB(C) at 20 m, and the 
estimated short-term peak SPL amounted to 162.0 dB(C).

5.1.4. Training ammunition and training grenade 

Figure 8 shows the peak SPL measurement and the calculated results. 
The training ammunition PIL10T shows a maximum calculated peak 
SPL of  166.6 dB(C) at 2.5 m (worst case scenario) and 152.0(1.3) dB(C) 
at 10 m. The CN69 training grenade made a noise of  132.7(1.3) dB(C) 
at 2.5 m and 131.1(1.3) dB(C) at 5 m.

Figure 7. Measured peak SPL and its relationship with distance from large-calibre 
artillery systems M252 (lateral) R2 = 0.996 (y = −7.705ln(x) + 56.707), M252 (posterior) 
R2 = 1.000 (y = −11.253ln(x) + 62.911), M41D (lateral) R2 = 1.000 (y = −2.453ln(x) 
+ 42.447), M41D (posterior) R2 = 0.987 (y = −7.581ln(x) + 53.396) (adopted from 
Publ II).
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Figure 8. Peak SPL values for unprotected hearing and their relationship with the 
distance from the training ammunition (PIL10T R2 = 0.996 (y = −10.541ln(x) + 
76.103), CN69 R2 = 1.000 (y = −2.308ln(x) + 34.815) (adopted from Publ II).

For simulation device PIL10T detonations in open fi eld conditions (i.e., 
outside on a non-obstructed fi eld), the safe distance without wearing 
hearing protection was calculated to be ≥ 53 m based on the worst-case 
scenario method and ≥ 46 m based on the mean value.

5.1.5. Automatic rifl e 

Table 4 shows automatic rifl e AK-4 (7.62 mm) noise exposure 
measurement results and noise exposure using hearing protectors with 
noise attenuation factors SNR=27dB and SNR=25dB. 

It was found that the peak SPL of  the AK-4 exceeds the peak SPL value 
at the shooting instructors’ position on the fi ring line. For the whole 
target practice period, the average peak SPL was > 143.5 dB(C).

5.1.6. Pistol 

The noise level when fi ring from the Heckler & Koch USP (9 mm) 
hand-held fi rearm was measured in an indoor fi ring range. The peak 
sound pressure of  noise caused by the weapon exceeded the limit values 
of  the noise analyser’s peak sound pressure (LCpeak) (measuring capability 
of  the noise analyser: 132.9 dB) and the noise dosimeter’s peak sound 
pressure (measuring range of  the measuring device: up to 143.5 dB).  
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Therefore, it exceeded the peak sound pressure limit value of  137 dB(C). 
The equivalent noise level (the average of  the whole target practice 
period) was 107.7 dB(A) (Publ III). 

Table 4. The noise exposure of  military personnel shooting rifle AK-4 and calculated 
equivalent noise levels and peak sound pressure for unprotected and protected hearing 
(Publ II, modified and updated).

Locations

Measuring results, 
dB Hearing 

protector
SNR

Predictable 
PSP, dB

Noise exposure 
level, dB

LpAeq,T

(U)
LpC,max,t, 
U=1,5 

LEX,8h U(LEX,8h)

Shooting 
instructor 

on the 
firing line

None 0 >143.5* 95.1 3.5
93.7
(3.6)

143.5*
Peltor 

H61PAW
27 116.5* 72.1 4.3

3M 1271 25 118.5* 74.1 4.3
10 m 

posterior 
from the 
firing line

None 0 115.6 88.5 10.1
97.0
(2.8)

115.6
Peltor 

H61PAW
27 88.6 61.5 11.1

3M 1272 25 90.6 63.5 11.1
20 m 

posterior 
from the 
firing line

None 0 110.4 83.8 9.6
92.7
(3.4)

110.4
Peltor 

H61PAW
27 83.4 56.8 10.6

3M 1272 25 85.4 71.4 3.1

LEX,8h – noise exposure level per working day; LpAeq,T – A-weighted equivalent continuous 
sound pressure level for the whole measurement period; LpC,max,t, – C-weighted  
maximum noise level for the whole measurement period; PSP – peak sound pressure; 
SNR – single number rating; U – (measurement) uncertainty.

5.2. Self-reported risk factors and hearing health 

5.2.1. Questionnaire on work environment risk factors 

The respondents comprised 807 (response rate of  28.8%) active service 
members of  the Estonian Defence Forces, out of  whom 87.1% were 
male and 12.9% female. Their average service time was 12.9 years. 
45.7% of  the respondents were from the Land Forces, 36.3% from the 
Central Command Units (CCU), 12.4% from the Air Force, and 5.6% 
from the Navy. Also, 48.7% were non-commissioned officers, 43.0% 
commissioned officers, 5.1% soldiers, and 3.2% cadets (Publ IV). 
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5.2.2. Hearing investigation questionnaire

Out of  152 randomly and voluntarily recruited subjects, 150 responded 
to the questionnaire (n=150) (response rate of  98.7%). Among the 
respondents, 88.7% were male and 11.3% female. Approximately half  
(50.7%) of  the respondents were 34–43 years old, and of  them, 85.6% 
were male and 16.4% female. Age groups 44–48 and 49–54 had the 
highest percentage of  female participants. In terms of  units, the Navy 
had the highest percentage of  female participants (17.5%), and the 
percentage was the lowest in the Air Force, with no female participants. 
Most of  the survey respondents worked in the Central Command Units 
(65.3%), followed by the Land Forces (22.7%), the Air Force (8.0%), and 
the Navy (4.0%) (Publ V). 

5.2.3. Prevalence of  noise-induced hearing loss and tinnitus 

Active service members often reported experiencing hearing impairment-
related symptoms, such as being diagnosed with hearing loss during 
their service period (52.4%), worsened hearing compared to 3 years 
ago (37.5%), difficulty following a conversation (20.8%), and tinnitus 
(20.3%) (Publ IV). 

Of  the respondents, 66.0% heard noise or whistling in their ears 
(symptoms of  tinnitus); among them, 7.3% experienced those symptoms 
often and 48.7% sometimes. Those who had severe or moderate HL 
(p < 0.05) reported hearing noise or rustling in their ears much more 
frequently. The relative risk ratios (RRRs) for respondents with mild to 
severe HL were 2.6 (95% CI 1.2–5.3) and 29.9 (95% CI 3.3–269.5) for 
having noise or rustling in their ears sometimes or often, respectively 
(Publ V). 

5.3. Hearing loss identified with pure tone audiometry

Of  the respondents, 62.7% had high-frequency (4 and 6 kHz) hearing 
loss (HL). The percentage of  HL was highest in the Navy, and the 
percentage of  severe HL was highest in the Central Command Units (as 
shown in figure 9) (Publ V). 

However, most (37.2 %) cases were mild (25…40 dB, example shown 
in figure 10 a), 16 % moderate (41…60 dB, example shown in figure 10 
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b), and the percentage of  severe HL (>65 dB, example shown in figure 
10 c) was only 9.3%.

Figure 9. High frequency (4 and/or 6 kHz) hearing loss by severity and service branch 
(% of  respondents), R – right ear, L – left ear (adopted from Publ V). 

Figure 10. Hearing threshold shift (at 4 and/or 6 kHz) a) mild, b) moderate, c) severe. 

5.4. Relations between hearing impairment and individual, non-
military and military risk factors 

The results showed that on average, active service members spend 
70% of  their work time in indoor conditions and 30% in outdoor 
conditions. When indoors, 58.5% of  the active service members were 
at least “sometimes” (once a week or less) exposed to noise caused 
by technology, 59.4% were exposed to impulse noise (firing handheld 
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firearms, explosions, etc.), and 50% to noise in military vehicles 
(armoured personnel carriers, trucks, ships, helicopters, etc.) for more 
than three consecutive hours. 46.1% of  the active service members were 
exposed to indoor noise, including background noise, “often” (at least 
twice a week) or “sometimes” (Publ IV). 

Members of  the Navy were the largest group of  respondents working in 
a noise-intense environment, but in terms of  having very long exposure 
(>20 years), the percentage was highest among the members of  the Land 
Forces and the Central Command Units. Similar trends were identified 
for active service members who had worked with noisy equipment and 
who had worked as shooting instructors, but the exposure levels were a 
bit lower (Publ V). 

In table 5, the percentages per service branch of  shooting blanks, small-
calibre and large-calibre weapons during shooting practice at a shooting 
range (times per week) are presented. During shooting practice, most 
respondents regularly fired small-calibre weapons (93.9%). Using large-
calibre weapons was more prevalent among the members of  the Land 
Forces and the Navy (Publ IV). 

Regarding vehicles, 47.3% of  respondents had travelled in an armoured 
personnel carrier (PASI) or a tracked articulated all-terrain carrier 
(Bandvagn) during their service time. Nearly half  of  them had used 
these vehicles for at least five years. Since PASI and Bandvagn are part 
of  the Land Forces’ equipment, they are the most used vehicles in the 
EDF (Publ V). 

In terms of  previous health problems, 34.7% of  the respondents had 
otitis in childhood, and some respondents have high blood pressure 
(7.4%) or have experienced head trauma (4.7%). About 2.7% of  the 
respondents reported sudden hearing loss, 2.0% have used ototoxic 
drugs, and 1.3% were diabetic. No respondents had experienced drainage 
of  the ears and/or ear surgery, nor did any respondents report early 
deafness in their family. Despite this, 28.4% of  respondents stated that it 
is difficult for them to understand speech in conditions with background 
noise, and 23.8% said their hearing had worsened in comparison with 
three years ago (Publ V). 
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Table 5. Shooting blanks, small-calibre and large-calibre weapons during shooting 
practice at a shooting range (% of  respondents) (Publ V).

Conditions Times per week (%)
≥1 time <1 time

Blanks
Land Force 48.3 51.7
Air Force 42.9 57.1
Navy 42.7 57.3
Central Command Units 44.1 55.9
Combined total 46.3 49.7

Small-calibre weapons (< 20 mm)
Land Force 96.9 3.1
Air Force 75 25.0
Navy 100.0 0.0
Central Command Units 94.4 5.6
Combined total 93.9 6.1

Large-calibre weapons (≥ 20 mm)
Land Force 68.7 31.3
Air Force 60.0 40.0
Navy 100.0 0.0
Central Command Units 60.3 39.7
Combined total 63.7 36.3

Correlation analysis showed weak links between hearing impairment-
related symptoms and the personal and work environment-related risk 
factors that were reported. All correlation coefficients ranged from –0.15 
to 0.26 (as shown in figure 11). The strongest and statistically significant 
(p < 0.05) correlations were observed between worsened hearing over the 
last three years and hearing loss during service time and gender, age, and 
length of  service. The results of  the logistic regression analysis, adjusted 
for gender and age, are similar to those of  the correlation analysis. The 
logistic regression analysis also shows that the most important personal 
risk factors predicting hearing loss are age, gender, and service duration. 
Also, it became evident that all hearing impairment-related symptoms 
are most prevalent among the members of  the Land Forces (Publ IV). 

The hearing issues examined here did not show a correlation with 
the average percentage of  work time spent indoors. With regard to 
outdoor work, active service members who were exposed to disturbing 
technology, impulse, or vehicle noise generally had more hearing 
problems than those exposed to non-bothersome noise. The effects of  
the three studied noise types were not always statistically significant in 
relation to the four hearing problems (table 6) (Publ IV). 
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Figure 11. Results of  the Spearman correlation analysis between the existence of  
hearing problems, personal and work environment-related risk factors and other 
health-related aspects. The height and direction of  the bars show the strength and 
direction of  the relationship. Stars mark statistically significant (p ≤ 0.05) correlations. 
Abbreviations: HL – hearing loss, PPE – personal protective equipment (Publ IV).
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Table 6. Effects of  work conditions-related risk factors on the presence of  hearing 
problems: adjusted odds ratios (AOR) with a 95% confidence interval (95% CI) 
(adopted from Publ IV).

Factors & Scales

Tinnitus Difficulty 
following a 

conversation

Worsened 
hearing over 

the last 3 
years

HL 
diagnosed 

during 
service

AOR* (95% CI)
Excessive noise indoors p = 0.039 p < 0.001 p = 0.046 p = 0.041

Never - - - -

Yes–sometimes 1.37 
(0.88–2.15)

1.63 
(1.05–2.55)

1.12 
(0.76–1.63)

1.23 
(0.84–1.79)

Yes–often 1.69 
(1.12–2.54)

2.23 
(1.49–3.34)

1.55 
(1.10–2.20)

1.56 
(1.10–2.23)

Chemicals indoors p = 0.008 p = 0.196 p = 0.005 p = 0.162
Never - - - -

Yes–sometimes 2.49 
(1.40–4.40)

1.60 
(0.88–2.89)

2.14 
(1.25–3.66)

1.67 
(0.95–2.92)

Yes–often 1.55 
(0.70–3.40)

1.54 
(0.73–3.28)

1.92 
(0.97–3.81)

1.28 
(0.63–2.57)

Impulse noise p = 0.131 p = 0.011 p = 0.001 p = 0.016
No - - - -

Non-bothersome 1.43 
(0.99–2.08)

1.01 
(0.70–1.46)

1.66 
(1.22–2.26)

1.39 
(1.02–1.88)

Bothersome 1.59 
(0.73–3.44)

2.72 
(1.40–5.28)

2.36 
(1.24–4.48)

2.29 
(1.17–4.47)

Vehicle noise p = 0.492 p = 0.199 p = 0.104 p = 0.013
No - - - -

Non-bothersome 1.11 
(0.76–1.60)

0.74 
(0.51–1.07)

1.13 
(0.83–1.53)

1.02 
(0.75–1.38)

Bothersome 1.42 
(0.80–2.54)

1.12 
(0.64–1.98)

1.71 
(1.04–2.80)

2.12 
(1.26–3.57)

Loud technology noise p = 0.033 p = 0.264 p = 0.008 p = 0.366
No - - - -

Non-bothersome 1.64 
(1.13–2.39)

0.98 
(0.68–1.41)

1.33 
(0.98–1.81)

1.23 
(0.91–1.67)

Bothersome 1.32 
(0.69–2.51)

1.56 
(0.88–2.77)

2.17 
(1.30–3.63)

1.24 
(0.74–2.08)

Use of  PPE p = 0.203 p = 0.477 p = 0.234 p = 0.453
Yes–always - - - -

Yes–mostly 1.03 
(0.72–1.48)

1.25 
(0.88–1.77)

1.34 
(1.00–1.80)

1.24 
(0.92–1.66)

Yes–seldom 1.56 
(0.47–5.15)

0.72 
(0.16–3.28)

1.07 
(0.35–3.29)

1.69 
(0.53–5.33)

Never 3.91 
(1.10–13.9)

1.92 
(0.48–7.63)

1.72 
(0.49–6.08)

1.01 
(0.28–3.62)

* adjusted for age and gender, - indicates reference group of  factor variables.
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Self-reported current health status was statistically significant in relation 
to all hearing problems (table 7). It was also discovered that persons with 
higher stress scores were more likely to have hearing problems (table 7) 
(Publ V). 

Table 7. Effects of  current health status and stress on the presence of  hearing 
problems: adjusted odds ratios (AOR) with 95% confidence interval (95% CI) (extract 
from Publ V).

Factors & Scales

Tinnitus Difficulty 
following a 

conversation

Worsened 
hearing over 

the last 3 
years

HL diagnosed 
during service

AOR* (95% CI)
Current health status p < 0.001 p = 0.025 p < 0.001 p = 0.033

Good - - - -

Fairly good
1.16 

(0.69–1.96)
1.37 

(0.83–2.25)
1.61 

(1.07–2.42)
1.56 

(1.07–2.28)

Moderate
2.36 

(1.41–3.95)
1.80 

(1.08–2.98)
2.24 

(1.47–3.41)
1.45 

(0.97–2.17)

Fairly bad
3.33 

(1.13–9.86)
4.55 

(1.64–12.7)
4.00 

(1.44–11.1)
3.61 

(1.25–10.4)

Bad
5.33 

(1.08–26.2)
2.16 

(0.40–11.8)
4.42 

(0.92–21.1)
3.54 

(0.64–19.4)
Stress level p < 0.001 p < 0.001 p = 0.002 p = 0.025

No - - - -

Distress
2.91 

(1.68–5.05)
1.93 

(1.10–3.38)
2.08 

(1.24–3.49)
1.14 

(0.67–1.94)
Severe problems 
and distress

3.37 
(1.51–7.54)

4.74 
(2.17–10.4)

2.65 
(1.20–5.85)

3.23 
(1.31–7.97)

* adjusted for age and gender, - indicates reference group of  factor variables.

The associations between self-reported noise exposure and hearing loss 
were examined (Publ V) using four different statistical models (as shown 
in table 8). The first model categorised the link between HL and noise by 
age since age alone plays a significant role in inducing hearing loss. The 
second model categorised the link with previous health issues (having 
otitis in childhood, sudden hearing loss, use of  ototoxic medications) 
that are the main risk factors associated with hearing loss. The third 
model included listening to music (using music players, visiting clubs or 
rock concerts), and the fourth model included all the previous aspects 
as well as regular exposure to domestic noise, such as noise caused by 
lawnmowers, hedge trimmers, drills, compressors, etc (Publ V). 
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Table 8. Association between HL and noise-producing activities at work expressed as 
relative risk ratio (RRR) (Publ V).

Activities & Scales Hearing loss, RRR (95% CI)
Model 1 Model 2 Model 3 Model 4

Being in noisy environment
≤ 5 years 1.05 

(0.39−2.86)
0.97 

(0.28−3.38)
0.21 

(0.04−1.27)
0.88 

(0.23−3.41)
6–15 yrs 0.97 

(0.36−2.65)
1.35 

(0.39−4.72)
0.21 

(0.03−1.27)
1.63 

(0.44−6.03)
≥ 16 yrs 2.15 

(0.78−5.93)
2.79 

(0.88−8.80)
1.10 

(0.21−5.81)
3.42 

(1.03−11.37)*
Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Working with noise-producing equipment
≤ 5 years 2.02 

(0.84−4.83)
2.47 

(0.85−7.13)
0.84 

(0.19−3.71)
2.19 

(0.73−6.58)
6–15 yrs 2.57 

(1.04−6.35)*
2.82 

(0.89−8.95)
1.25 

(0.30−5.26)
2.24 

(0.69−7.33)
≥ 16 yrs 6.50 

(1.63−25.93)*
8.19 

(1.91−35.17)*
10.69 

(1.00−114.03)*
8.24 

(1.87−36.45)*
Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Riding in PASI or Bandvagn
≤ 5 years 2.73 

(1.22−6.05)*
3.28 

(1.24−8.71)*
1.58 

(0.45−5.50)*
2.92 

(1.08−7.92)*
6–15 yrs 5.36 

(1.10−26.08)*
9.74 

(1.28−74.23)*
7.83 

(0.95−64.88)
5.22 

(0.57−47.50)
Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Shooting with blanks
At least once 
per week

3.64 
(1.12−11.82)*

3.63 
(0.85−15.42)

5.56 
(0.44−70.09)

3.11 
(0.70−13.79)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Shooting small-calibre weapons

At least once 
per week

3.44 
(0.62−19.16)

1.25 
(0.16−9.63)

− 1.20 
(0.15−9.53)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
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Table 8. Continued

Activities & Scales Hearing loss, RRR (95% CI)
Model 1 Model 2 Model 3 Model 4

Shooting large-calibre weapons
At least once 
per week

1.32 
(0.55−3.15)

1.52 
(0.49−4.69)

1.58 
(0.32−7.88)

1.24 
(0.39−3.95)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Regular exposure to loud noise in non-military environment

Less than once 
per week

1.02 
(0.49−2.16)

1.18 
(0.48−2.95)

1.61 
(0.47−5.59)

−

More than 
once per week

1.18 
(0.46−3.06)

1.28 
(0.40−4.13)

1.90 
(0.42−8.64)

−

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) −

*p < 0.05; RRR – relative risk ratio, CI – confidence interval. Model 1 adjusted to age; 
Model 2 adjusted to previous health disorders and age; Model 3 adjusted to listening 
to music and age; Model 4 adjusted to previous health problems, listening to music, 
regular exposure to loud noise and age. Previous health problems refer to having had an 
ear infection as a child, sudden hearing loss and using ototoxic medications. Listening 
to music refers to listening to a music player and visiting clubs or rock concerts.

Model 1 shows a statistically significant link (p < 0.05) between 
hearing loss and working with noise-producing equipment. Relative 
risk ratios (RRR) increased with prolonged exposure time, being 2.57 
(95% CI 1.04–6.35) when exposed for 6–15 years and 6.50 (95% CI 
1.63–25.93) when exposed for more than 16 years. Shooting with blanks 
at least once a week also significantly increased service members’ risks 
(RRR = 3.64, 95% CI 1.12–11.82). A higher risk of  developing hearing 
loss was also observed for service members travelling in PASIs or 
Bandvagns. The RRR was 2.73 (95% CI 1.22–6.05) when travelling in 
these vehicles for up to five years, but when travelling in the vehicles 
for 6 to 15 years, the impact was almost doubled (RRR = 5.36, 95% 
CI 1.10–26.08) compared to service members who had not travelled in 
these vehicles. No statistically significant impact was found for being in a 
noisy environment, shooting small- or large-calibre weapons, or regular 
exposure to loud noise in a non-military environment (table 8).

Model 2 shows higher RRRs for HL among service members who had 
an earlier health disorder compared to those who had not. Model 2 also 
showcases the finding that HL risk was significantly greater among those 
who have worked with noise-producing equipment for more than 16 
years (RRR = 8.19, 95% CI 1.91–35.17), as also confirmed by Model 1. 
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The respondents also had a greater HL risk if  they had been travelling 
in a PASI or Bandvagn, and longer exposure time increased this effect 
(RRR = 9.74, 95% CI 1.28–74.23 among those who had travelled for 
6–15 years, compared to RRR = 3.28, 95% CI 1.24–8.71 among those 
who had travelled for up to 5 years). Experiencing HL did not have a 
statistically significant link with being in a noisy environment, shooting 
with blanks, or small- and large-calibre weapons or regular exposure to 
loud noise in a non-military environment (table 8).

Model 3 shows even higher RRRs among those who worked with noise-
producing equipment for more than 16 years (10.69, 95% CI 1.00–
114.03) (table 8).

Model 4, which was adjusted to all factors, also shows the impact of  
being in a noisy military environment over a long period of  time (RRR =  
3.42, 95% CI 1.03–11.37). It reveals that working with noise-producing 
equipment for more than 16 years increased the risk of  developing 
hearing loss (RRR = 8.24, 95% CI 1.87–36.45). With regard to travelling 
in a PASI or Bandvagn, a statistically significant impact was found for 
those travelling for up to five years (RRR = 2.92, 95% CI 1.08–7.92). 
This result differed from earlier models. This model also confirmed that 
shooting with blanks, using small- and large-calibre weapons or being 
regularly exposed to loud noise in a non-military environment did not 
have a statistically significant effect (table 8). Therefore, non-military 
noise seems to have no independent effect on respondents (as shown in 
table 8), but it might increase the impact of  military-environment noise 
(Publ V). 

5.5. Usage of  hearing protectors 

The Estonian Defence Forces use earmuffs with a single number rating 
(SNR) of  15…33 dB and earplugs with SNR 15…37 dB, depending on 
the level of  potentially hazardous noise (Publ II-III). 

Poor use of  hearing protection equipment can be associated with 
hearing problems. Mostly, hearing protectors were reported to be always 
or almost always used while shooting small-calibre weapons (94.6%) 
and large-calibre weapons (91.2%), but 1.5% and 4.4% of  respondents, 
respectively, reported never using them (figure 12). The percentage of  
service members who never use hearing protectors was even higher 
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(9.1%) among those who had travelled in a PASI or Bandvagn; also, 
34.1% of  respondents almost never use hearing protection equipment 
in those vehicles. When working with noisy equipment, 8.7% of  
respondents never or almost never use hearing protectors (Publ V). 

Figure 12. Use of  hearing protection equipment (% of  respondents) (adopted from 
Publ V). 

According to the questionnaire responses, the use (mostly, seldom) of  
personal protective equipment (PPE) did not have a statistically significant 
effect on difficulty following a conversation, worsened hearing over the 
last 3 years, and HL diagnosed during service (table 6). However, active 
service members who never used PPE when required were 3.91 (95% 
CI 1.10–13.9) times more likely to have tinnitus compared to those who 
always used PPE (Publ IV). 

The regression analysis showed a significant increase in RRRs among 
service members working with noise-producing equipment and those 
who only sometimes used hearing protection equipment, RRR = 6.96 
(95% CI 1.05–45.97). A statistically significant association was also 
evident among those who never use any hearing protection equipment 
and who fire small- or large-calibre weapons, RRR = 13.26 (95% CI 1.04–
169.34) (table 9). 
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Table 9. The associations between HL severity and the use of  hearing protection 
equipment while exposed to different military noise sources (Publ V).

Use of  PPE Hearing loss, RRR1 (95% CI)
Mild Moderate Severe Mild to severe

In noisy environment 
Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 1.95 

(0.57−6.62)
1.89 

(0.47−7.71)
- 1.31 

(0.46−3.72)
Never 0.93 

(0.09−9.55)
2.81 

(0.41−19.08)
- 1.16 

(0.22−6.14)
When working with noise-producing equipment

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 3.64 

(0.58−22.99)
6.96 

(1.05−45.97)
1.69 

(0.12−22.87)
4.09 

(0.77−21.67)
Never 1.26 

(0.18−8.65)
2.39 

(0.33−17.22)
- 1.27 

(0.25−6.53)
While riding in PASI or Bandvagn

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 3.55 

(0.62−20.29)
1.26 

(0.23−6.87)
0.47 

(0.07−3.37)
1.41 

(0.39−5.14)
Never 1.79 

(0.38−8.42)
0.89 

(0.21−3.69)
0.24 

(0.04−1.47)
0.82 

(0.28−2.38)
While shooting with blanks

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 3.29 

(0.73−14.90)
3.91 

(0.82−18.71)
1.09 

(0.11−10.79)
2.82 

(0.79−10.15)
Never 0.95 

(0.07−12.70)
0.77 

(0.05−10.98)
- 0.62 

(0.07−5.23)
While shooting small- or large-calibre weapons

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 0.87 

(0.07−10.46)
1.29 

(0.10−15.86)
- 0.80 

(0.10−6.11)
Never 8.12 

(0.66−99.20)
13.26 

(1.04−169.34)
7.63 

(0.43−136.59)
9.40 

(1.00−88.60)
Regular exposure to loud noise in non-military environment

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Sometimes 0.78 

(0.25−2.47)
0.54 

(0.14−2.10)
0.60 

(0.13−2.83)
0.66 

(0.26−1.67)
Never 0.62 

(0.19−1.99)
0.32 

(0.07−1.43)
0.15 

(0.02−1.44)
0.41 

(0.15−1.09)
1Adjusted for age, p < 0.05; PPE – personal protective equipment; RRR – relative 
risk ratio; CI – confidence interval

No statistically significant associations could be seen with other noise 
sources (table 9) (Publ II).
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6. DISCUSSION

6.1. Impact of  noisy military technology

6.1.1. Vehicles used by the Land Forces

Collée et al. (2011) have shown in Belgium that there is more hearing loss 
among members of  the Land Forces than in the Air Forces or the Navy, 
which is mainly due to the specific nature of  the Land Forces’ noise 
sources. The same trend was also identified in Estonia. The military 
vehicles of  the EDF Land Forces may produce equivalent noise levels 
>85 dB(A), even up to 115 dB(A) (Publ I). Heavy all-terrain trucks are 
often used to transport members of  the Defence Forces from point 
A to point B. At the same time, the equivalent noise level exceeds the 
normative condition of  85 dB(A) both while driving on paved roads 
or off-road (Publ I) in the canvas covered rear compartment of  heavy 
all-terrain trucks (for example, MAN 4620 and DAF 4440), as well as at 
the drivers’ positions in the cabs of  DAF 4440, MAN 4610, MAN 4620, 
MAN 4640 and in the cab of  armoured personnel carriers SISU XA-180 
and SISU XA-188. If  noise conditions >85 dB(A) are prolonged, 
members of  the armed forces should be made aware of  the need to 
wear hearing protection [with SNR of  at least 15 dB].

The second critical factor related to being in a noisy vehicle is exposure 
time. When using vehicles or armoured vehicles for which the noise 
levels are known, the safe time to avoid excessive noise exposure in the 
all-terrain truck or armoured vehicle can be calculated (equation 6). 
The maximum allowable noise exposure time without PPE in the SISU 
XA-180 and SISU XA-188 driver’s cabs on paved roads appeared to be 
1.4 and 3.1 hrs, respectively. In real training or transportation situations, 
the actual time spent there might be longer. This follows from the 
reality that members of  the Defence Forces often must be transported 
longer than 3h in vehicles with open rear compartments exceeding the 
permissible limit of  85 dB (A) for the equivalent noise level. Also, the 
DAF 4440 and MAN 4620 heavy all-terrain trucks expose both drivers 
and passengers to excessive noise, and MAN 4610 and MAN 4640 pose 
a potential risk of  hearing loss for drivers (Publ I).
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The data analysis shows that the risk of  hearing loss is higher for 
members of  the Defence Forces who had been riding in the PASI 
(=SISU) or Hägglund BV-206 and not using hearing protection (Publ 
V). Although its noise measurement results were not published in the 
article, the highest peak values in the cabin of  the tracked articulated all-
terrain carrier Hägglund BV-206 was 136 dB(C) on paved roads and 126 
dB(C) off-road (Arumäe et al., 2016).

6.1.2. Vehicles used by the Navy and Air Force

One of  the limitations of  the present study is that there was a relatively 
low proportion of  people from the Air Force and the Navy. Nevertheless, 
HL problems seem to be more serious in the Navy (83% of  active service 
members had hearing loss ranging from mild to severe) than in the Land 
Forces (73%) (Publ V). Thus, the very high prevalence rates in the Navy 
should be taken with reservation because of  the small sample size.

As the share of  military watercraft and aircraft in the Estonian Defence 
Forces technology park is also relatively small, the noise levels were not 
directly measured for vessels, planes or helicopters. The number of  
persons serving in the Navy and the Air Force is also small; only 4% 
of  the study group were from the Navy and 8% from the Air Force. 
However, the questionnaire replies revealed the highest prevalence of  
previously diagnosed HL in the Navy (62.7%) (Publ V). For comparison, 
HL among Thai navy officers was 39.6% (Kaewboonchoo, Srinoon, 
Lormphongs, Morioka, & Mungarndee, 2014). 

6.1.3. Weapons and training ammunition

Shooting from the examined weapons [both small and large calibre] 
generates impulse noise, all characteristics of  which may contribute to 
the process of  hearing loss. Almost every military weapon or weapons 
system makes noise greater than the 140 dB peak sound pressure level 
(Jokel, Yankaskas, & Robinette, 2019). It has been shown that shooters 
as well as shooting instructors are exposed to impulse noise levels greater 
than 150 dB(C) for most of  the weapons and weapon systems used 
during indoor and outdoor live fire training exercises (Brueck, Kardous, 
Oza, & Murphy, 2014).
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When firing military weapons, the equivalent noise level over a period 
of  time may be mostly attenuated below the limit value of  85 dB(A) 
by hearing protection. However, the peak sound pressure close to the 
weapon usually exceeds the limit value of  137 dB(C), as in the case of  
the anti-aircraft guns Browning [12.7 mm] and ZU-23-2 [23 mm], large-
calibre artillery systems M252 and M41D, training ammunition PIL10T, 
or automatic rifle AK-4 on the firing line (Publ II), and hand-held 
firearm Heckelr & Koch USP [9 mm] (Publ III). However, the results 
of  noise measurements on training grounds and shooting ranges in this 
study should be taken critically because the laboratory that performed 
the measurements did not have (adequate) instruments to measure noise 
throughout the whole noise spectrum, and the peak sound pressure 
values were above the measuring limits of  the instrument. The safe 
distance for unprotected ears was calculated on the basis that the noise 
level decreases with distance from the noise source according to the 
logarithmic function. 

Holma (2015), while researching the risks of  hearing loss, concluded that 
pilots and musicians in the military, and naval soldiers had the lowest risk 
of  NIHL, explaining that soldiers from these groups used hand-held 
weapons less often than soldiers in the other groups (for instance air 
defence, artillery, infantry). This further emphasises the critical role of  
hand-held firearms (shooting with blanks or standard ammunition) in 
the process of  noise-induced hearing loss. Through comparing non-
hearing-impaired members of  the Defence Forces with members of  the 
Defence Forces with hearing loss, Publ V shows that hearing loss is 
more common among servicemen who shoot with blanks at least once 
a week during shooting exercises (3.64 times higher RRR (95% CI 1.12–
11.82)) compared to non-shooters.  As the author does not have more 
specific information on the properties of  blanks (detonating cartridges) 
used in the EDF (calibre 5.56 mm, 7.62 mm and 9.00 mm), this makes 
it more difficult to quantify the degree to which detonation from firing 
blanks plays a role in the formation of  M-NIHL. Based on the answers 
to the questionnaire, it was not possible to identify the type(s) of  blanks 
used, as the process of  compiling the questionnaire could not predict 
the differentiated share of  blanks in the formation of  M-NIHL. On one 
hand, the proportions of  blanks and sharps fired indoors vs. outdoors 
were unknown. On the other hand, it was known that the peak pressure 
levels measured for firing blank ammunition from a rifle are almost 10 dB 
lower than for real ammunition (NATO RTO Technical Report, 2010). 
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Huseby (2016) notes that plastic blank ammunition makes less noise at 
the shooter’s ear compared to standard ammunition, meaning that the 
use of  training ammunition reduces the possible risk of  hearing damage 
for the shooter. One might conclude that while the use of  blanks is one 
way to mimic or practice combat, they present a risk for noise-induced 
hearing loss that must be reduced, or the blanks must be engineered 
to reduce sound pressure (as a related example, the noise levels of  the 
training grenade CN69 have been brought within the noise norms). 
Failing this, another approach would be to come up with a different 
solution to simulate battle situations.

6.2. Multiple risks of  hearing loss

The problem of  hearing loss in the military is extremely multifaceted. 
If  a member of  the Defence Forces has been diagnosed with hearing 
loss, then one might ask how it is possible to distinguish between 
potential causes, which can come from both the civilian and military 
environments. Also, how can one distinguish between the multiplicity 
of  possible aetiological factors over time? The process of  hearing loss 
may have been introduced by working at home with household tools 
(e.g., chainsaw, lawn mower, etc.), by engaging in a hobby that causes 
excessive noise (e.g., hunting, motorcycle riding, making music), by 
living near a noisy environment (e.g., airfield, stadium, etc.) or just by 
incorrectly placing earplugs in the ear for military shooting exercises. 

M-NIHL must be distinguished from hearing loss caused by other risk 
factors, and it may be amplified by factors other than noise, like ototoxic 
chemicals. Further complicating the situation, Rezaee, Mojtahed, 
Ghasemi, & Saedi (2012) claim that noise exposure below permissible 
levels may sometimes lead to acoustic trauma. Thus, understanding the 
problem of  hearing loss is even more complicated if  noise levels in the 
work environment or in leisure time have been within the normal range 
for human tolerance, but hearing loss develops anyway. Perhaps the 
problem is not so much the higher or lower sound pressure but whether 
the propagation of  the sound wave into the Corti organ resonates in the 
hearing cells and stops their work processes. 

This thesis indicates different causal relationships between civil noise 
and military noise exposure based on different statistical models (1-4), 
and the differences occurred when the noise exposure models were 
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adjusted for different factors (Publ V). It also appears that noise from 
sources other than weapons did not increase the risk of  hearing loss, and 
recreational noise during service did not provide significant additional 
exposure that contributed to the development of  military noise-induced 
hearing loss (Publ V). 

Publ V shows that if  the length of  service increases, the likelihood of  
hearing loss increases. When comparing those who worked with noise-
producing equipment after 16 years of  service with those working for 
6–15 years, a drastic increase in hearing loss occurs in all four models. 
The strongest relationship is seen in the age-adjusted model (Model 1), 
in which RRR almost doubles from 2.57 (95% CI 1.04–6.35) to 6.50 
(95% CI 1.63–25.93). There is no difference between the genders. Thus, 
of  the service-related factors, the length of  service (service duration) 
in combination with exposure to noise influences the development of  
hearing loss. This finding is in line with several previous studies (Abel, 
2005; Collée et al., 2011; Kaewboonchoo, Srinoon, Lormphongs, 
Morioka, & Mungarndee, 2014; Lang & Harrigan, 2012) that show that 
NIHL risk correlates with longer service time. 

The general trend seems to be that compared to the beginning of  
service, the longer the length of  service, the more likely the service 
member is to develop hearing loss. For example in Finland, where the 
prevalence of  permanent hearing loss (>20 dB) in the study population 
was 19% before the beginning of  military service, then the prevalence 
of  hearing loss increased to 27% during the military service (Jokitulppo 
et al., 2008). Thus, it can be concluded that if  the Defence Forces are 
unable to reduce or control the noise levels of  noise sources, the service 
period of  personnel must be drastically reduced.

Publ V shows that the rates of  HL increase with the age of  the active 
service members. Based on the correlation analysis and the logistic 
regression analysis adjusted for age and gender, it was observed that the 
strongest associations with the hearing impairment symptoms appeared 
with the age of  the active service member (p < 0.001). A similar trend 
has been observed by Cason (2012); Gordon et al. (2016); Hong, Kerr, 
Poling, & Dhar (2013); Helfer, Canham-Chervak, Canada, & Mitchener 
(2010); and Swan et al. (2017). However, when considering age as a risk 
factor for hearing loss, it should be kept in mind that at higher ages (>40 
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yrs), it is difficult to distinguish between the effect of  the noise and 
ageing (Rösler, 1994). 

Service-related technical noise as a risk factor might also be amplified by 
other risk factors, thus influencing the process of  sound perception in 
the military environment as a whole. For instance, NIHL for frequencies 
above 3 kHz has adverse effects on the ability to understand speech, 
localise sounds, and hear environmental sounds when there is background 
noise (Moore, 2016). Difficulty following a conversation (when there is 
background noise), in combination with tinnitus and being diagnosed 
with hearing loss, also raised in this study, was associated with higher 
stress levels (p < 0.001) (Publ IV). Stress is related to tinnitus (p < 0.001), 
difficulty following a conversation (p < 0.001), worsened hearing over 
the last 3 years (p = 0.002), and hearing loss diagnosed during service 
(p = 0.025) (Publ V). This   can be interpreted another way—hearing 
problems are enhanced by stress. Self-reported current health status is 
also related to tinnitus (p < 0.001), difficulty following a conversation 
(p = 0.025), worsened hearing over the last 3 years (p < 0.001), and 
hearing loss diagnosed during service (p = 0.033) (Publ V). This could 
be interpreted to show that poor health status may have a causative role 
in hearing loss, but it also could show that it exacerbates hearing loss that 
developed due to other factors. If  a member of  the Defence Forces has 
developed hearing problems (from excessive noise), he or she will also 
assess his or her general health condition as lower.  

It should be taken into account that brain trauma sustained prior to 
service in the Defence Forces exacerbates noise-induced hearing loss 
compared to those who have not previously suffered from any ear disease. 
This study reveals that pre-service brain trauma or injury amplifies the 
process of  hearing loss during service (95% CI 2.34 (0.46–11.78)) (Publ 
V).

In the study, high blood pressure had no clear effect on hearing 
problems. Higher blood pressure was associated only with worsened 
hearing over the last 3 years, in which occasion only systolic blood 
pressure was statistically significant (p = 0.012) (Publ IV). The question 
of  the relationship between noise-induced hearing loss and high blood 
pressure is worth further investigation. 
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Although the proportion of  vibration at the onset of  hearing loss could 
not be shown (=did not appear) by correlation and logistic regression 
analysis (Publ V), the relationship between vibration and hearing loss is 
worth discussing. It is likely that vibration perceived in the head is caused 
by low frequency noise within the range of  16 Hz to 80 Hz (Takahashi, 
2013). In the context of  sound conduction, the basilar membrane 
and Reissner’s membrane vibrate (Tchumatchenko & Reichenbach, 
2014), which means that without the vibration phenomenon, sound 
transmission in the inner ear is impossible. Takahashi (2013) hypothesizes 
that low-frequency noise generates vibration in the tympanic membrane 
or the basilar membrane and through the hearing organs, the vibration 
generates a secondarily perceivable pressure change in the fluid in the 
head. Although Takahashi does not specify which fluid this refers to, “a 
secondarily perceivable pressure change in the fluid in the head” may be 
also in the endo- and perilymph of  the inner ear, thus contributing to the 
process of  emerging tinnitus. 

Thus, in the context of  combined or overlapping exposure, the 
methodology for studying or examining M-NIHL and tinnitus needs 
to be improved. For instance, statistical methods of  data processing 
may not be fully reliable in the case of  multiplicity of  overlapping or 
hidden variables. Statistical analysis of  the data collected based on the 
questionnaires sought links and regularities between technical noise 
and hearing loss, but according to the statistics, the links were more 
modest than expected. It is likely that the questions in the questionnaire 
were not sensitive enough. For example, based on the results of  the 
questionnaire, “technological noise” is of  secondary importance in the 
emergence of  M-NIHL (Publ IV), possibly because it was not clearly 
defined in the questionnaire.

A diagnosis of  M-NIHL was confirmed by pure tone audiometry. 
Diagnosed hearing loss (from mild to severe) among the Central 
Command Units (CCU) was lower compared to active service member 
of  the Land Forces, the Navy and the Air Force (Publ II). Statistical 
analysis did not confirm causal relationships in the technology-
environment-human context for service members in the CCU who were 
probably exposed to noise in previous rotations/positions. A cross-
sectional study cannot demonstrate causality. 
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6.3. Hearing problems in the military 

Noise-induced hearing loss and tinnitus is a very serious private problem 
in the military. Active service members of  the EDF are required to 
undergo regular medical examinations during which, among other 
things, the dynamics of  hearing loss are assessed. However, a member 
of  the EDF who has been diagnosed with hearing loss will be assigned 
to a military position with less responsibility or, at worst, may have to 
resign from the EDF. 

Our questionnaire survey conducted in the Estonian Defence Forces 
revealed hearing loss among half  of  active service members. It found 
that about half  (52%) of  active service members acquire at least a 
slight hearing loss during their service period (Publ IV), although (the 
results are not directly comparable) pure tone audiometry shows that 
the prevalence of  mild to severe HL in high frequencies (4 and 6 kHz) 
among study participants was up to 62.7%. Nevertheless, the majority 
of  it was mild, as the prevalence of  severe HL was 9.3% (Publ V). 
M-NIHL caused by impulse noise from gunfire might be symmetrical 
as well as asymmetrical (Rezaee, Mojtahed, Ghasemi, & Saedi, 2012). 
Publ V shows that in the EDF, as diagnosed by an experienced 
otorhinolaryngologist, bilateral hearing loss (48%) predominates over 
unilateral hearing loss (21%). The percentage of  hearing loss detected 
implies that the Defence Forces did not previously implement sufficient 
systematic preventive measures to prevent hearing loss among active 
members of  the armed forces. 

The problem of  the agreement between self-reported hearing loss 
and audiometric hearing impairment seems to be especially prominent 
at high frequencies (3 kHz, 4 kHz, 6 kHz, 8 kHz) (Gomez, Hwang, 
Sobotova, Stark, & May, 2001), which also extends to the EDF data. 
However, the situation may also be the opposite; self-reported good 
or excellent hearing may be contradicted by the audiometric evidence 
(Carroll et al., 2017; Themann & Masters, 2019), perhaps because of   
up to 30-50% of  cochlear hair cells can be out of  function (damaged 
or destroyed) before a measurable change in audiometric thresholds is 
detected (Daniel, 2007).

There is another problem when studying the dynamics of  hearing loss: 
how to adequately take into consideration personal temporary hearing 
threshold shift in cross-sectional studies. This is made possible by regular, 
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repetitive tone audiometry. In fact, this thesis did not differentiate between 
temporary and permanent hearing loss when diagnosing hearing loss. 
This means that due to a temporary shift in the hearing threshold, the 
actual percentage of  hearing loss may be lower than the 52% reported 
in the questionnaire study or lower than the 62.7% identified by pure 
tone audiometry. 

The causes of  tinnitus as a hearing problem were identified in the 
study as follows: tinnitus is clearly related to excessive noise indoors 
(p  =  0.039), exposure to technological noise (p = 0.033), days per 
year spent outdoors (p = 0.012), and indoor exposure to chemicals 
(p  =  0.012) (Publ IV). All four associations are consistent because the 
main cause of  tinnitus is thought to be disruption of  the functional 
integrity of  outer hair cells and nerve fibres, which may be caused either 
by noise or by the transmission of  pathogenic chemicals to auditory 
cells that interfere with the cellular process. 

As a generalization of  the study, hearing loss diagnosed during service 
is related to exposure to impulse noise (p = 0.016) and vehicle noise 
(p = 0.013) (Publ IV).

6.4. Protection and prevention

It is mandatory for shooters and drivers working at high noise levels to 
use hearing protection. In general, this requirement is followed in the 
EDF. The drivers of  the SISU XA-180 and SISU XA-188 vehicles were 
wearing Racal Acoustics RA5001 Raptor communication headsets with 
a noise attenuation property SNR of  23 dB (Publ I). During firearms 
trainings, the instructor, the measuring technicians and the shooters wore 
foam earplugs with SNR of  either 15, 25, or 36 dB and earmuffs with 
SNR of  either 15, 27, or 33 dB (Publ II). During the shooting exercises 
in the indoor firing range, foam earplugs with SNR 37 dB and earmuffs 
with SNR 26…27 dB were used (Publ III). However, the analysis of  the 
collected data indicated that at least 1.2% (Publ IV) or up to 4.8% of  the 
EDF active service personnel said that they never (or almost never) use 
PPE in a noisy environment (Publ V). From the statistical analysis of  the 
data collected using the questionnaire, one of  the important results of  
this thesis emerges—wearing hearing protection during noisy activities 
prevents the occurrence of  hearing loss (Publ IV-V). Although the 
study did not directly show that the use of  hearing protection reduces 
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the risk of  high-frequency hearing loss (Publ IV-V), high-frequency HL 
risk was higher among active service personnel who never use hearing 
protection when shooting small- or large-calibre weapons (95% CI 13.26 
(1.04–169.34) (Publ V). Thus, using hearing protection is one of  the key 
issues in preventing M-NIHL. “Hearing loss from noise is nearly always 
preventable.” (Themann & Masters 2019, p 3899), and teaching the 
proper use of  hearing protection can be necessary and effective (Takada, 
Rocha, Neves-Lobo, Moreira, & Samelli, 2020). However, military HCPs 
do not always appear to be effective in preventing service members from 
developing noise-induced hearing loss (Theodoroff, Lewis, Folmer, 
Henry, & Carlson, 2015), most likely in cases in which the peak sound 
pressure exceeds 180 dB(C).

The occurrence of  tinnitus in the EDF was studied based on self-reported 
questionnaire data on tinnitus. One clear outcome of  this thesis is that 
the incidence of  tinnitus is 3.91 times higher among military personnel 
who did not wear hearing protectors when they were mandatory (95% 
CI 1.10–13.9) compared to active service members who always wear 
hearing protection in situations in which it is mandatory to do so (Publ 
IV). This fact confirms how important it is to use personal protective 
equipment to prevent hearing problems in the military. However, 
preventing tinnitus is more complicated because the nature of  tinnitus 
is still somewhat unclear, and the mechanisms (neuropathophysiology) 
of  acute and chronic tinnitus are not fully understood (Henry, Roberts, 
Caspary, Theodoroff, & Salvi, 2014; Kaltenbach, 2011; Luo, Pace, & 
Zhang, 2017). Although hearing loss is not necessarily related to tinnitus, 
tinnitus often occurs together with high-frequency hearing loss (Kim 
et al., 2011; Sanchez, 2004). Thus, it can be assumed that tinnitus is, 
to some extent, preventable with proper hearing protection (Henry, 
Piskosz, Norena, & Fournier, 2019). Theodoroff  and Konrad-Martin 
(2020) assert that the most effective means to reduce the risk of  noise-
induced tinnitus is by correctly using hearing protection devices. 

The analysis of  noise levels of  the land vehicles and the attenuation 
factors of  hearing protectors available for noise attenuation show that 
none of  the land vehicles in the study reached noise levels, either in 
terms of  peak sound pressure or equivalent sound pressure, that would 
not be attenuated by headphones or earplugs. However, the problem 
was that individuals underestimated the need to wear hearing protection 
while riding in a PASI or Bandvagn (Publ V). Members of  the Defence 
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Forces who do not use hearing protection or use it irregularly in situations 
in which it is required are more likely to have tinnitus than those who 
always use hearing protectors (Publ IV). On the other hand, hearing 
protectors used in the Defence Forces may not suppress peak sound 
pressure from weapons to within normal limits. One reason might be 
that the risk of  noise-induced HL would remain high when the hearing 
protectors are not being used correctly or used infrequently if  needed 
(Heupa, Gonçalves, & Coifman, 2011; Gordon et al., 2016). There also 
may be situations in which hearing protectors are not properly placed on 
or in the ear, and improper placement of  hearing protectors might give 
less than 10 dB of  protection (Ryan, Meier, & Tatarka, 2017).

The SNR indicates how many decibels the hearing protector attenuates. 
The SNR of  hearing protectors only indicates their viability for 
attenuating equivalent noise levels, for which they attenuate as much 
sound as indicated by the manufacturer. The problem occurs with the 
attenuation of  the peak sound pressure. As Zera & Mlynski (2007) 
state, the SNR parameter only approximately represents the decrease 
in peak SPL. In addition, the attenuation factor shown on the product 
may not provide adequate peak sound attenuation due to the effects of  
bone conduction (Murphy & Tubbs, 2007) and soft tissue conduction 
(STC) (Chordekar, Adelman, Sohmer, & Kishon-Rabin, 2016). On one 
hand, no evidence was found in the scientific literature that the hearing 
protectors used in the Defence Forces eliminate the skull transmission 
of  the unattenuated peak sound pressure to within the permissible value 
(137 dB(C)) in the case of  >180 dB(C). On the other hand, there is 
another important nuance—double-use hearing protection might not 
attenuate peak sound pressure within normal limits. Publ II shows the 
peak sound pressure levels for the Browning. At 0.1 m, the peak SPL 
was 176 dB(C) (189 dB(C) according to the inverse square law), while 
at 1 m, it was 163 dB(C) (169 dB(C) according to the inverse square 
law). At a noise level >180 dB(C), hearing protectors with SNR 25 or 
27 (even if  double used) do not attenuate the peak noise level to below 
137 dB.  This means that for preventive purposes, the EDF needs the 
best hearing protection. Hearing protectors with NNR=50dB exist for 
military applications (Grinshpun, Kim, & Murphy, 2012). The use of  an 
active hearing protector (ANR=50dB) ensures better noise reduction. 
However, there is a risk that if  the operating frequency of  the active 
hearing protector and a range of  hearing frequency coincide, resonance 
will occur, the sound will be attenuated, and the service member will not 
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hear, for example, a command. On the other hand, if  the NRR/SNR of  
the hearing protector is not sufficient to attenuate the noise, for instance 
in case of  firing large-calibre weapons, the inverse square law informs 
how to keep a safe distance from the noise source (Publ II). 

In addition, individuals shooting with blank cartridges have a higher 
risk of  hearing loss (Publ II). This link is difficult to justify because 
the shooters used hearing protection during shooting exercises, which 
ensures adequate sound attenuation. However, this might mean that while 
shooting with blank cartridges, the peak sound pressure is transferred to 
the basilar membrane over the bone structures and soft tissues, and the 
human body is not able to buffer this transmission path to zero. 

To the author’s knowledge, no specific personal protective equipment to 
obscure the transmission of  peak sound pressure in skeletal structures 
is available. However, it could be very important to measure or analyse 
and evaluate the role of  sound conduction through bone in the process 
of  M-NIHL (and tinnitus) formation. The scientific literature does not 
indicate how to shield the bone transmission of  peak sound pressure, 
which plays an important role in the propagation of  sound to the Corti 
organ and the basilar membrane. Bone conduction itself  limits the 
attenuation, ranging from 40 to 60 dB across the frequencies from 125 
Hz to 8 kHz (Berger, Kieper, & Gauger, 2003), but it is unclear whether 
it is enough to inhibit the peak sound level, to attenuate a sound wave 
before it reaches the basilar membrane. 

The anthropometric suitability of  hearing protectors is extremely 
important in the prevention of  M-NIHL. Hearing protector(s) may be 
anthropometrically unsuitable, or a hearing protector may not be correctly 
designed to be effective. One model of  hearing protector may not fit 
perfectly with different dimensions of  the os temporale, the geometry of  
the external auditory canal, or an earlobe, thus giving an opportunity for 
the sound pressure wave to more freely propagate to the eardrum. 

The problem of  NIHL might also be related to the fact that there is 
too much reliance on hearing protection, and workers generally receive 
less attenuation from hearing protectors than the labelled NRR/SNR 
(Themann & Masters 2019). The problem of  suitability of  hearing 
protectors may have a significant link to the defence policy or defence 
procurement. For example, between 2003 and 2015, the United States 
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Air Force, Navy, and Army may have used poorly designed earplugs 
[3M E-A-R Arc Earplugs and 3M Combat Arms version 2] that did 
not prevent hearing loss (United States ex rel. Moldex-Metric v. 3M 
Company, May 11, 2016). This design problem with 3M earplugs may 
have contributed to an increase in the incidence of  hearing loss in the 
US Armed Forces. 

Health check-ups (=monitoring) could help to improve hearing loss 
prevention as well. “Baseline-monitoring and assessment of  hearing 
should be performed at the end of  the training course for better evaluation 
of  permanent changes” because “exposure to noise can disturb cochlear 
function in which DPOAE is more sensitive than PTA” (Kapoor, Mani, 
& Shukla, 2020, p 168). National defence forces should more actively 
consider and implement the possibility of  DPOAE testing (Job et al., 
2009) when preventing hearing loss. “It is suggested that in addition to 
conventional audiometry, extended high-frequency audiometry (EHFA) 
up to 16 kHz and pressurized distortion product optoacoustic emission 
(pDPOAE) up to 10 kHz be routinely included in audiological protocols 
for youth firearm users to facilitate early identification, intervention and 
monitoring for NIHL” (Laffon, Stewart, Zheng, & Meinke, 2019, p S47). 
Essentially the same method could be applied for NIHL prevention in 
the EDF.

Finally, preventing hearing loss in the military should be a complex 
process, which is the goal of  the classic Hearing Conservation 
Programme. Currently, the Estonian Defence Forces do not implement 
HCP in its entirety. The laws and other legal acts of  the Republic of  
Estonia do not obligate a member of  the Defence Forces to undergo an 
audiometric health examination every year. To prevent hearing problems, 
the EDF should move towards a US model in which a member of  
the Armed Forces undergoes an audiometric examination once a year 
(Hearing Readiness and Conservation, 2019), or more often according 
to the prescription of  an otorhinolaryngologist, because they are in a 
noisy environment all year round. Risk assessment for hearing loss must 
be addressed consistently in all age groups. As NIHL is irreversible, 
prevention should be the highest priority “at the stage when hearing 
loss is still reversible” (Sliwinska-Kowalska, 2020, p 841). As Wang et 
al. (2020, p 1) declare, “Since no treatment can yet reverse noise-related 
damage completely, preventative strategies and increased awareness of  
hearing health are essential.“
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7. CONCLUSIONS

Noise-induced hearing loss and tinnitus continue to be among the most 
common health problems in the Estonian Defence Forces. Therefore, 
noise exposure from military vehicles and weapons and the prevalence 
of  hearing loss among Estonian military personnel were investigated, 
and the relationships between occupational noise exposure and hearing 
loss were analysed in the present study. 

1. The equivalent and peak sound levels in military vehicles depend 
on the type of  vehicles. Equivalent sound values higher than 85 dB(A) 
were measured in the majority of  armoured vehicles. The peak sound 
pressure measured inside the armoured vehicles did not exceed peak 
noise LLV 137 dB(C). In terms of  noise levels (the equivalent and 
peak sound levels), the DAF 4440, MAN 4610, MAN 4620 and MAN 
4640 heavy all-terrain trucks pose a potential risk to hearing health for 
unprotected ears. No M-NIHL risk appears if  hearing protection with 
the correct SNR is used in vehicles with noise levels higher than the 
limit level value of  85 dB(A). When firing from the examined weapons, 
the peak sound pressure generally exceeds the allowable limit of  137 
dB(C), thus increasing the likelihood of  occurrence of  M-NIHL for 
unprotected ears. 

2. The questionnaire results show that exposure to occupational noise is 
an influential risk factor for hearing loss among active service members; 
however, noisy leisure time (non-military) activities during the service 
period are not independently associated with M-NIHL. Other health-
related traits, such as high blood pressure, stress, and pre-service ear 
diseases have a moderating effect on the presence of  hearing problems 
during the service period. 

3. The prevalence of  hearing problems among active military service 
personnel according to the general survey shows that approximately 
half  (52%) of  active service members develop at least slight hearing loss. 
In the audiometrically tested study group, altogether 62.7% suffer from 
high frequency hearing loss. The prevalence of  tinnitus among active 
military service personnel varies depending on the questionnaire. The 
general survey shows that tinnitus occurs in 20.3% of  the respondents. 
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The noise exposure questionnaire shows the occurrence of  tinnitus in 
66.0% of  the active service personnel. 

4. The predictive factors of  hearing problems among military 
personnel show multiple characteristics. The correlation analysis shows 
correlations between worsened hearing over the last three years and 
age, gender, and duration of  service of  active service members. The 
causal (logistic regression) analysis shows associations between exposure 
to occupational noise and hearing loss, such as working with noise-
producing equipment, riding in PASI or Bandvagn, and shooting with 
blanks. In addition, indoor exposure to chemicals shows a tendency to 
amplify hearing loss. 

5. The analysis of  the relationship between hearing loss and the use 
of  hearing protection highlights the importance of  wearing hearing 
protection. It appears that active service members who do not use PPE 
in situations in which hearing protection is necessary experience hearing 
loss and tinnitus more often than active service members who always 
use PPE.

Future research should focus on the implementation of  an HCP in the 
Estonian Defence Forces, developing more effective hearing protection, 
or developing a new method for noise cancellation that could be used in 
parallel with hearing protectors or instead of  hearing protection in the 
work environment.
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KOKKUVÕTE

Müratekkene kuulmislangus ja tinnitus on Eesti kaitseväes levinuimad  
terviseprobleemid. Seetõttu uuriti käesolevas töös tegevväelaste 
kokkupuudet kaitseväe sõidukite ja relvade müraga ning kuulmislanguse 
ja tinnituse esinemist tegevväelaste hulgas, samuti analüüsiti seoseid  
müraga kokkupuute ja kuulmisprobleemide vahel.

Müratasemed mõõdeti Eesti kaitseväe sõidukites ja relvadest või 
relvasüsteemidest laskmisel. Uurimuse valim jagunes kahte rühma: üks 
uuritavate rühm (n=807) vastas üle-Kaitseväelisele uuringuküsimustikule 
„Tegevväelaste töökeskkonna ohutegurid ja tervis“ oma tervise ja 
tööga seotud ohutegurite kohta. Teine rühm (n=150) vastas, rutiinse 
tervisekontrolli käigus esmalt küsimustikule „Tegevväelaste kuulmise ja 
müraga kokkupuute uuring“ kokkupuutest müraga. Seejärel läbisid teise 
rühma uuritavad audiomeetrilise uuringu, mille käigus testiti kuulmist 
sagedustel 4000 Hz ja 6000 Hz.

Kogutud andmete põhjal uuriti seoseid müraga kokkupuute, ohutegurite 
ja kuulmislanguse ning tinnituse vahel erinevate statistiliste meetoditega 
nagu paaritu t-test; ühe valimi t-test; Spearmani korrelatsioonanalüüs; 
logistiline regressioon; multinominaalne regressioon. Andmeid 
tõlgendati ka matemaatilisi võrrandeid kasutades ja müra levimise ning 
sumbumise seaduspäraga arvestades.

Ekvivalentne müratase ja tipphelirõhk sõltuvad kaitseväe sõidukite tüübist. 
Enamikus soomustransportöörides ja veokites mõõdetud ekvivalentsed 
müratasemed olid kõrgemad kui 85 dB(A), ent tipphelirõhk ei ületanud 
piirtaset 137 dB(C). Mitmete Kaitseväe sõidukite ekvivalentne müratase 
ja tipphelirõhk kujutab potentsiaalset ohtu kuulmiskaitsevahendiga 
kaitsmata kuulmisorganile. Kuulmislanguse risk väheneb, kui 
kaitseväelane kasutab õige summutusteguriga kuulmiskaitsevahendeid 
sõidukites, mille müratase ületab müra piirtaseme 85 dB(A). Uuritud 
relvadest laskmisel ületab tipphelirõhk üldjuhul lubatud piirtaseme 137 
dB(C), mis kuulmiskaitsevahendiga kaitsmata kõrvade puhul suurendab 
kuulmislanguse tekke riski.

Üle-Kaiteväelise küsimustiku  vastuste analüüsist ilmnes, et 
kokkupuutumine töömüraga on oluline tegevväelase kuulmislanguse 
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põhjus. Antud uuringust järeldus, et teenistusest vabal ajal müratekitavate 
tegevustega kokkupuutumine ei seostu iseseisvalt kuulmislanguse 
kujunemisega. Muud terviseprobleemid nagu kõrge vererõhk, stress, 
teenistuse eelselt põetud kõrvahaigused soodustavad kuulmisprobleemide 
kujunemist teenistusajal.

Üle-Kaitseväelisest suuringust ilmnes, et ligikaudu pooltel (52%) 
tegevväelastest tekib kuulmislangus teenistuse ajal. Audiomeetriliselt 
testitud uuritute rühmas avaldus kuulmislangus 62,7% juhtudest. Läbi 
viidud küsitlused andsid tinnituse leviku kohta erinevad tulemused. 
Ülduuringust selgus, et tinnitus esineb 20,3%-l vastanutest, ent 
spetsiifiline müraga kokkupuute küsimustik tegevväelaste hulgas näitas 
tinnituse esinemist lausa 66,0% tegevteenistujatel.

Tegevväelaste kuulmisprobleemide prognoosimine on olemuselt väga 
mitmekesine. Korrelatsioonianalüüs tõi välja kuulmislanguse seose 
tegevväelase vanuse, soo ja teenistuse kestusega. Põhjuslik analüüs 
näitas seoseid kuulmislanguse ja töömüraga kokkupuute vahel, millest 
kõige olulisemad riskid on töötamine müra tekitavate seadmetega, 
soomustransportööriga sõitmine ja paukpadrunitega laskmine. 
Lisaks,  kuulmislangust võib soodustada kokkupuude kemikaalidega 
siseruumides.

Kuulmislanguse ja kuulmiskaitsevahendite kasutamise seose analüüs toob 
esile kuulmiskaitsevahendite kandmise olulisuse. Ilmneb, et tegevväelased, 
kes ei kasuta kuulmiskaitsevahendeid oludes, kus nende kasutamine 
on kohustuslik, kogevad tinnitust ja kuulmislangust sagedamini kui 
tegevväelased, kes sarnastes oludes alati kuulmiskaitsevahendeid 
kasutavad.

Edasised uuringud peaksid keskenduma kuulmisprobleemide ennetamise 
programmi rakendamisele Eesti kaitseväes või laskeharjutusteks 
tõhusamate kuulmiskaitsevahendite väljatöötamisele. 
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Key messages 

 ► Noise in military vehicles is significant source of 
exposure among military personnel.

 ► Armoured vehicles have in general higher noise 
levels than heavy all- terrain trucks.

 ► In heavy all- terrain trucks higher levels appear 
in rear passenger compartment.

 ► Higher noise levels tend to appear while driving 
on paved road compared to off- road.

 ► Exposure to equivalent noise poses higher risk 
than exposure to peak noise in vehicles.

Figure 1 Heavy all- terrain trucks DAF 4440, MAN 4610, 
MAN 4620, MAN 4640, Mercedes- Benz Unimog 1300 and 
armoured vehicles SISU XA-180, SISU XA-188.

AbsTrACT
Introduction Noise- induced hearing loss is one of the 
most common health problems among military service 
personnel. Exposure to noise in military vehicles consti-
tutes a large proportion of total noise exposure. This pilot 
study aimed to evaluate in- vehicle noise levels depending 
on the type of vehicle, riding compartment and road 
surface.
Method Noise levels were measured in armoured 
personnel carriers and heavy all- terrain trucks, in the 
cab and rear passenger compartment, while driving on 
paved or off- road surfaces. The results were compared 
with national LLV and allowed noise exposure times were 
calculated per vehicle and surface.
results The equivalent noise levels in the cab of SISU 
XA-188 (p=0.001) and peak noise levels in MAN 4620 
(p=0.0001) and DAF 4440 (p=0.0047) were higher on 
paved road, compared with off- road. The equivalent noise 
levels in the canvas covered rear compartment of MAN 
4620 were significantly higher than in the cab on both 
paved (p=0.004) and off- road (p=0.0003). Peak noise 
levels in the cab of DAF 4440 exceeded the parameters 
measured in the canvas covered rear compartment on both 
paved (p=0.002) and off- road (p=0.0002). In most cases, 
peak noise levels were below the LLV (p=0.02–0.0001). 
The maximum noise exposure to passengers in the canvas 
covered rear compartment of MAN 4620 despite road 
surface was calculated 0.6 hours per working day.
Conclusion A high risk of noise- induced hearing loss 
among military personnel occurs during long distance 
transportation with vehicles showing noise levels higher 
than allowed LLV.

InTrOduCTIOn
Noise is a continuing concern to the military 
and one of the most important health hazards 
to consider when selecting a military vehicle.1 2 
Several studies have shown that exposure to noise 

in military vehicles constitutes a large proportion 
of total noise exposure.3 4 A study among Finnish 
conscripts showed that 89% of personnel were 
exposed to 85 dB(A) of military noise on a weekly 
basis throughout their service, and 80% of recruits 
had a cumulative noise dose of 85 dB(A) at the end 
of military service.5 Exposure to high and chronic 
noise levels from different types of military vehi-
cles may cause noise- induced hearing loss (NIHL) 
among crew members.6 NIHL among military 
personnel can result from both, chronic exposure 
such as helicopter, plane or vehicle noise,7 and 
also acute exposure such as impulse noise from 
gunfire.8 9

A deleterious relationship between noise and 
the health of military staff has been revealed by a 
large number of studies.5 10–14 Therefore, it has been 
shown that hearing loss is significantly associated 
with military service experience.10 15 16 NIHL is 
one of the most common health problems among 
service personnel that has constituted: 67.9% of 
officers of Finnish Defence Forces,5 65.7% of 
Belgian officers10 and 65% of local Defence Forces 
personnel in Estonia.17 The hearing loss increases 
in correlation with longer service time,10 18 and 
therefore, longer exposure time. The audiometry 
measurements among Canadian Forces personnel in 
the oldest group showed approximately 17%–26% 
having a moderate- to- severe hearing loss, a greater 
proportion in the left ear than the right at 4 and 
6 kHz. Half of the sample reported some tinnitus, 
and of these, one- third perceived the tinnitus to be 
moderate or loud.18

On the one hand, the risk perception has been 
moderate, with 27% of personnel of a Finnish 
battalion (n=117) returning home from Kosovo 
reporting noise as the most serious risk factor for 
health among physical risk factors in the military.19 
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Figure 2 Equivalent noise levels (dB(A)) in the driver’s cab depending on type of vehicle and road surface and compared with the limit level values 
of 85 dB(A) and the action value of 80 dB(A). Boxes show the equivalent noise levels with uncertainty (±U(LAeq)). Codes: I=DAF 4440; II=MAN 4620; 
III=MAN 4610; IV=MAN 4640; V=MB Unimog 1300; VI=SISU XA-180; VII=SISU XA-188. o- r, off- road; pr, paved road. **p<0.001.

On the other hand, the need to reduce noise and vibration in 
the driver’s cab of passenger vehicles is recognised by military 
vehicle manufacturers, who are actively trying to improve the 
quality of vehicles. However, over a long period of use, the tech-
nical parameters of a vehicle may change, altering noise levels in 
the driver’s cab and rear passenger compartment.20

We hypothesised that noise levels of military heavy all- terrain 
trucks and armoured personnel carriers might exceed noise limit 
level values (LLV) and maximum allowed noise exposure levels, 
increasing the risk of NIHL.

As still relatively little is known on NIHL relation to exploita-
tion of variant models of armoured personnel carriers and heavy 
all- terrain trucks in the military, we were aimed to measure noise 
levels in different vehicle models, riding compartments and 
road surfaces, to compare the results with national LLV, and to 
calculate maximum allowed noise exposure levels and maximum 
allowed exposure time of staff using military vehicles during 
training and transportation.

MeThOd
Objects
Noise levels were measured in two different types of vehicles 
more often used in the Estonian Defence Forces for training and 
transportation: two armoured personnel carriers (SISU XA-180, 
SISU XA-188); and five heavy all- terrain trucks (DAF 4440, 
MAN 4610, MAN 4620, MAN 4640, Mercedes- Benz Unimog 
1300) (figure 1).

subjects
Research subjects comprised two groups: drivers and persons 
being transported. Drivers sat in the cab and persons being trans-
ported in the canvas covered rear compartment. Nine subjects 
(seven drivers and two passengers being transported in the rear 
compartments) were measured using dosimetry. The drivers 
of the vehicles SISU XA-180 and SISU XA-188 were wearing 
communication headsets Racal Acoustics RA5001 Raptor (SNR 
23 dB) (Esterline Technologies Corporation, USA). The subjects 
of heavy all- terrain trucks did not wear any kind of hearing 
protection equipment.

Procedure
Measurements were carried out by the Testing Centre of 
University of Tartu conforming to the requirements of EN ISO/
IEC 17025:2005 as testing and calibration laboratory. Noise 

exposure of military personnel was measured using the noise 
dosimeter set Casella CEL-350/K5 (Ideal Industries, Kemston, 
UK). The microphone of the exposimeter was fastened to a 
person’s uniform at the shoulder, that is, close to the auditory 
channel. The average measuring period in the cab on paved road 
was 20.0±10.3 min and off- road 16.8±9.4 min. In the canvas 
covered rear passenger compartment the measuring period was 
6.0 min. The noise dosimeter measured equivalent noise and 
peak noise levels at 1 min intervals.

The noise created by vehicles travelling on two different types 
of surface was measured, an asphalt road as paved road and a 
natural landscape uneven road as off- road. The measurements 
were carried out in winter, when outside air temperatures were 
–2.6 to –0.2°C. Measurements were taken once vehicles had 
reached normal motor operating temperature.

Vehicles driving speed was measured by Global Positioning 
System device Montana 600 (Montana, Garmin). Driving speed 
showed in heavy all- terrain trucks 38–55 km/hour on paved 
road and 16–40 km/hour on off- road, in armoured personnel 
carriers 36 km/hour on paved road and 19 km/hour on off- road.

noise exposure calculations
Based on the measurement results, daily noise exposure levels 
of personnel were calculated on the basis of a work day with a 
maximum duration of 8 hours and a 30 min break. Maximum 
noise exposure levels, and maximum exposure times, were 
calculated per vehicle and surface.

The equivalent noise level per working day (daily noise 
exposure LEX,8h) and per week (LEX,40h) was calculated using the 
formula:

LEX,To=LAeq,Te + 10 log(Te/T0)

where LAeq,Teis equivalent noise level during the time period 
(Te),

Te is time exposed to noise during the workday (hour) and
T0 is duration of the working day/week (T0=8 hours, week 

T0=40 hours).

normative document
In accordance with international standards, results were 
compared with the worst- case scenario limit values provided 
by the normative document ‘Health and Safety Requirements 
for the Working Environments Affected by Noise, Maximum 
Noise Limits for the Working Environments and the Noise 
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Measurement Procedure. Government of the Estonian Republic 
regulation No. 108 of 12 April 2007’. Accordingly, a daily or 
weekly noise exposure LLV is 85 dB(A) and action value 80 
dB(A), peak noise LLV 137 dB(C) and action value 135 dB(C).21

statistical analysis
Statistical analysis was performed using Microsoft Excel 16.0. 
Equivalent and peak noise levels with uncertainty (U(LAeq) and 
U(LpC)) were measured in two different types of vehicles, by 
riding compartment (cab and rear passenger compartment) 
and road surface (paved and off- road). An unpaired t- test was 
used to compare the results of different types of vehicles, riding 
compartment and road surface. One- sample t- test was used to 
calculate differences between the measured noise levels with 
LLV. Statistical significance was calculated at p values ≤0.05.

resulTs
Equivalent noise levels in the cab at the driver’s position in 
different vehicles and road surfaces are presented in figure 2. In 
general, equivalent noise levels during off- road driving tended to 
be lower in all types of vehicles compared with driving on paved 
road (figure 2), whereas statistically significant difference was 
measured in the cab of SISU XA-188 (p=0.001).

Equivalent noise levels in the cab of armoured personnel 
carrier SISU XA-180 was higher than the action level value (80 
dB(A)), both on paved road and off- road (p=0.0001–0.001). 
The equivalent noise level at the driver’s position of SISU 
XA-180 was 89.4±1.8 dB(A) while driving on off- road surfaces.

Equivalent noise level difference by vehicle model and type 
of surface was statistically not significant in the group of heavy 
all- terrain trucks, stronger difference was observed in armoured 
personnel carriers on off- road between the vehicles SISU XA-180 
and SISU XA-188 (p=0.0001).

Equivalent and peak noise levels with uncertainty compared 
with the action level value and LLV by type of vehicle, road 
surface and riding compartment is shown in table 1. As shown 
in table 1, the equivalent noise levels were measured from 77.0 
(±1.9) dB(A) to 94.7 (±1.8) dB(A) and peak noise levels between 
113.8 (±1.3) dB(C) and 136.8 (±2.2) dB(C).

When to compare the results by type of surface, higher 
peak noise levels were measured in the cab of MAN 4620 
(p=0.0001) and DAF 4440 (p=0.005), while driving on paved 
road, compared with off- road and lower noise levels detected 
in the cab of MAN 4610 (p=0.0001), while driving off- road, 
compared with paved road. Peak noise levels in the driver’s cab 
depending on type of vehicle and road surface are presented in 
figure 3.

The difference between peak noise levels in the cab of vehi-
cles depending on vehicle model by surface was statistically not 
significant in the group of armoured personnel carriers. Statis-
tically significant correlation was found in the group of heavy 
all- terrain trucks (table 2). Although peak noise levels were 
below the normative values, more often we see differences of 
peak noise levels when driving on paved road, except DAF 4440, 
MAN 4620 and MAN 4640, where peak noise levels showed 
differences also when driving on off- road (p=0.05–0.0001).

Figure 4 compares the equivalent noise levels (±U(LAeq) in the 
driver’s cab and the canvas covered rear passenger compartment 
of the DAF 4440 and MAN 4620. The graph shows that in the 
canvas covered rear passenger compartment, equivalent noise 
levels in all cases were higher than in the driver’s cab of MAN 
4620, during both paved road (p=0.004) and off- road driving 
(p=0.0003). Also, the LLV 85 dB(A) was significantly exceeded 

in the canvas covered rear passenger compartment of the MAN 
4620 during paved road 94.2±2.3 dB(A) (p=0.01) and off- road 
94.7±1.8 dB(A) (p=0.003) driving. However, we did not see 
significant compartment and LLV differences of equivalent noise 
levels in DAF 4440.

Figure 5 compares the peak noise levels (±U(LpC) in the driv-
er’s cab and the canvas covered rear passenger compartment of 
the DAF 4440 and MAN 4620. When to compare the peak noise 
levels in the cab of vehicles by riding surface, significantly higher 
peak noise levels were measured in MAN 4620 (p=0.0001) and 
DAF 4440 (p=0.005), while driving on paved road, compared 
with off- road. Contrary, the higher off- road peak noise levels in 
the cab of MAN 4610 were measured (p=0.0001), compared 
with paved road. The peak noise levels in the cab of DAF 
4440 exceeded the parameters measured in the canvas covered 
rear compartment: on paved road (p=0.002) and off- road 
(p=0.0002). Contrary, the off- road peak noise parameters in the 
canvas covered rear compartment of MAN 4620 exceeded the 
cab parameters (p=0.007).

To assess whether noise requirements in military vehicles are 
being exceeded, it is necessary to calculate maximum allowed 
noise exposure time per working day in the canvas covered rear 
passenger compartment of the vehicles in which personnel were 
transported. In most cases, the vehicles were safe and had allow-
able exposure times in terms of daily noise exposure time (8 
hours) during off- road driving than paved road driving. Among 
the studied vehicles all the driver’s cabins of heavy all- terrain 
trucks could be used for a whole working day (8 hours). In the 
canvas covered rear passenger compartment of the DAF 4440 
and the MAN 4620, the maximum allowed exposure time for 
pave road driving was between 0.6 and 5.0 hours, for off- road 
driving between 0.6 and 4.5 hours, respectively. In the driver’s 
cab of armoured personnel carrier SISU XA-180, the maximum 
allowed noise exposure time on off- road was 1.7 hours, in the 
driver’s cab of armoured personnel carriers SISU XA-180 and 
SISU XA-188 the maximum allowed noise exposure time on 
paved road was 1.4 and 3.1 hours, respectively, which might be 
exceeded during real training process.

dIsCussIOn
heavy all-terrain trucks
Measured noise levels in military vehicles by type of vehicle, 
riding compartment and road surface were compared with a 
daily noise exposure LLV 85 dB(A) and peak noise LLV 137 
dB(C) (table 1). In most cases, the equivalent noise levels in the 
cab of vehicles exceeded LLV and tended to be higher while 
driving on paved road, compared with off- road. The highest 
equivalent noise level was detected in the canvas covered rear 
passenger compartment of the MAN 4620: 94.7±1.8 dB(A) 
when driving off- road and 94.2±2.3 dB(A) on paved road. 
With such noise levels, the calculated maximum allowed safe 
off- road noise exposure time was just 0.4 hour. As equiva-
lent noise levels exceeded LLV in the driver’s cab and canvas 
covered rear passenger compartment of the MAN 4620 both 
during paved road and off- road driving, it is necessary that 
passengers in the rear compartment limit noise exposure time 
or use effective personal protection equipment. According to 
the national action value, levels between 80 and 85 dB(A) must 
be taken under serious consideration.21 Thus, the DAF 4440, 
MAN 4610, MAN 4620 and MAN 4640 need to be consid-
ered as potential risk factors to hearing health. The maximum 
allowed noise exposure time should be limited in both the driv-
er’s cab and canvas covered rear passengers compartment of the 
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Figure 3 Peak noise levels (dB(C)) in the driver’s cab on paved road and off- road. The limit level value of 137 dB(C) and the action value of 135 
dB(C). Boxes show the equivalent noise levels with uncertainty (±U(LpC)). Codes: I=DAF 4440; II=MAN 4610; III=MAN 4620; IV=MAN 4640; V=MB 
Unimog 1300; VI=SISU XA-180; VII=SISU XA-188. o- r, off- road; pr, paved road. **p≤0.005; ***p=0.0001.

Table 2 Differences between peak noise levels in the cab of heavy all- terrain vehicles depending on vehicle model by surface

Vehicle 
model I II III IV V

surface type pr or pr or pr or pr or pr or

I

  pr

  or –

II

  pr ns –

  or – 0.002 –

III

  pr 0.0001 – 0.0001 –

  or – ns – 0.006 –

IV

  pr 0.0001 0.0001 – 0.02 –

  or – 0.0001 – ns – ns –

V

  pr 0.0001 0.0001 – ns – 0.03 –

  or – 0.001 – ns – 0.03 – ns –

I, DAF 4440; II, MAN 4610; III, MAN 4620; IV, MAN 4640; V, MB Unimog 1300; ns, statistically non- significant; o- r, off- road; pr, paved road.

MAN 4620 and in the canvas covered rear compartment of the 
DAF 4440.

In general, the peak noise levels in the cab of vehicles stayed 
below the LLV parameters. The highest peak values in the 
driver’s cab were measured in the four- wheel drive truck DAF 
4440: 136.8±2.2 dB(C) on paved road and 129.5±1.3 dB(C) 
off- road. Significantly higher peak noise levels were measured in 
the cab of MAN 4620 and DAF 4440, while driving on paved 
road, compared with off- road. Contrary, the higher off- road 
peak noise levels in the cab of MAN 4610 were detected, when 
compared with paved road.

Our results of noise level in the driver’s cab compared with the 
canvas covered rear passenger compartment of heavy all- terrain 
truck were quite similar to the results by Aziz et al,22 where the 
equivalent noise level in the rear passenger compartment was 
higher than in the driver’s cab. Contrary, the peak noise levels 
in the cab of DAF 4440 exceeded the parameters measured in 
the canvas covered rear compartment on both paved and off- 
road. Only the peak noise levels measured the canvas covered 
rear compartment exceeded the cab parameters of MAN 4610, 
while driving off- road.

Armoured vehicles
Both the older model SISU XA-180 and the newer model SISU 
XA-188 had higher noise levels in the driver’s cab over an 8- hour 
working day than the 85 dB(A) limit. The SISU XA-188 also had 
a significant difference in equivalent noise levels in the driver’s 
cab between paved road and off- road driving. Thus, it is highly 
recommended that personnel use personal protection equip-
ment, especially during paved road driving. Our results are in 
line with those of the armoured vehicles MTVE and M113A223 
and similar to the vehicles LAW III, Bison and M113A2 ADATS, 
which had overall noise levels that exceeded the Canadian 
Labour Code 8 hour noise exposure limit of 87 dB(A).3

Possible measures to reduce noise exposure
Daily noise exposure level in the case of an 8- hour working day 
must not exceed 85 dB(A) and peak noise pressure (eg, impul-
sive sound) must not exceed 137 dB(C). Analysis of the collected 
data showed that equivalent noise values higher than 85 dB(A) 
occurred in the majority of armoured vehicles and total daily 
noise dose is important in relation to the health of the service 
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Figure 4 Equivalent noise levels (dB(A)) in DAF 4440 and MAN 4620 depending on the type of compartment and road surface. The limit level value 
is 85 dB(A) and working point 80 dB(A). Boxes show the equivalent noise levels with uncertainty. o- r, off- road; pr, paved road. ***p<0.0001.

Figure 5 Peak noise levels (dB(C)) in DAF 4440 and MAN 4620 depending on the type of compartment and road surface. The limit level value is 137 
dB(C) and working point 135 dB(C). Boxes show the equivalent noise levels with uncertainty. *p<0.05, **p<0.001, ***p<0.0001.

personnel. Once a person’s noise exposure level exceeds 80 
dB(A) or peak noise pressure exceeds 135 dB(C), measures should 
be taken to reduce the impacts of noise. One of the simplest 
measures is to use personal protective equipment (PPE) such as 
earplugs and earmuffs. However, the use of PPE by personnel in 
military vehicles is often infrequent.4 24 25 In addition, hearing 
conservation programmes, which include noise level measure-
ments, noise control, safety instructions and educating military 
personnel, the use of hearing protection devices, repeated audio-
metric testing,13 might be useful to national defence forces to 
reduce the risk of hearing damage from military vehicles.

The strength of the study was selection of different models of 
military vehicles and the equivalent and peak noise measurements 
in different driving compartments and road surfaces. Whereas, 
the main limitations of our study were that we conducted a 
study with small sample size representing opportunities of the 
country. The vehicles for the study were chosen occasionally 
and the measurements were designed close to experimental 
conditions, in purpose selected riding compartments and road 
surfaces. In most cases, it was possible to measure noise in the 
driver’s cab. The noise measurements were carried out only in 

two canvas covered rear passenger compartments (MAN 4620 
and DAF 4440). To avoid infrequency in the future studies, it 
is necessary to design more correct and systematic measure-
ment methodology, using more comparable measuring time for 
each vehicle, driving compartment and road surface. To make 
convincing conclusions and to compare the results with previous 
studies, it could be reasonable to carry out more in- vehicle noise 
measurements in different models of military vehicles with what 
passengers are being transported.

Regular noise measurements in military vehicles are reason-
able. Acoustic barriers, absorption materials, constrained- layer 
damping systems and new component designs could be imple-
mented on military vehicles. Enforcing obligatory use of indi-
vidual protective equipment is needed when military vehicles are 
used to train and transport personnel.

COnClusIOns
Our pilot study shows that different models of military vehicles 
have different noise levels, which depend on the driving surface. 
Noise levels were higher in the canvas covered rear passenger 
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compartments compared with the driver’s cab, especially when 
vehicles were travelling along the paved road. While transporting 
military personnel in canvas covered rear passenger compart-
ment area, DAF 4440 should be preferred to MAN 4620. Also 
the newer models of military vehicles (eg, SISU XA-188) should 
be preferred to older versions (eg, SISU XA-180), as newer vehi-
cles are more in line with health and safety requirements for 
the working environments affected by noise, and have less noise 
inside the driver’s cabin and rear passenger compartment.

As noise LLV were exceed in several cases, personal protection 
equipment should be essential accessory in- vehicle and obliga-
tory to wear to decrease noise exposure of military personnel. 
New and effective measures to protect the hearing impairment 
of persons working in the military and further studies of NIHL 
among defence forces personnel with hearing conservation 
programme should be a high priority.
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Abstract—The most prevalent health problem among military 
personnel is noise-induced hearing loss due to impulse noise 
from gunfire and blasts or high noise levels from different types 
of military vehicles used by the Land, Naval and Air Forces. The 
current study aims to assess the noise levels military personnel 
are exposed to while conducting exercises with different types of 
weapons: automatic rifles, anti-aircraft guns, large calibre 
artillery systems and training ammunition. The peak sound 
pressure levels were measured with a Brüel & Kjaer Type 2260 
noise analyser and instructors’ noise exposure was monitored 
using a noise dosimeter Casella CEL-350. Based on the 
measurements, safe distances from the noise sources with and 
without hearing protection were calculated. According to 
national legislation, occupational peak sound pressure of the 
noise, should not exceed 137 dB(C). For the most presently 
studied guns, the sound levels were above 140 dB(C), thus 
exceeding the limit level value without hearing protection. For 
heavy machine guns and anti-aircraft cannons, the peak sound 
levels from a distance of 10 m were 147.5 dB(C) for the Browning 
(12.7 mm) and 148.6 dB(C) for the ZU-23-2 (23 mm). The safe 
distance for a person who is not wearing any ear protection is 
100 m in case of the Browning and ~150 m in case of the ZU-23-
2. When firing in a fieldfire range with large calibre artillery 
systems, the estimated short-term peak sound pressure amounts 
to 162.0 dB(C). The training ammunition PIL10T shows a 
maximum calculated peak noise level of 166.6 dB(C) at 2.5 m 
while the training grenade CN69 produces 132.7 dB(C) at 2.5 m. 
In the military fieldfire ranges, the peak noise pressure levels 
exceed the limit level value, except for the “eco-friendly” 
training grenade CN69. To fulfil the requirement (≤ 137 dB(C)), 
the noise generated by large-calibre artillery systems can be 
attenuated in the outer ear using foam earplugs and earmuffs at 
the same time, preferably with a Single Number Rating (SNR) of 
36+ dB. While exercising with anti-aircraft guns, military 
personnel and observers without hearing protection should keep 
a safe distance. 
 

Keywords: weapons, peak noise value, hearing protection 

I. INTRODUCTION 
EMBERS of the Defence Forces are affected during 
peacetime by exposure to impulse noise, mostly while 

doing exercises in outdoor and indoor firing ranges. In 
Estonia, in accordance with the normative regulations [1], the 
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daily noise exposure level of an employee in the case of an 8-
hour work day should not exceed 85 dB(A) and peak 
unweighted sound pressure levels should not exceed 137 
dB(C). In comparison to the US [2], peak sound pressure 
levels (peak SPL) should be less than 140 dB on protected and 
unprotected ears. 

Exposure to a military environment where the impulse 
noise level exceeds the limit level value can result in auditory 
symptoms such as hearing loss, tinnitus, or a feeling of 
pressure in the ears [3]–[6]. Medina-Garin et al. [7] found that 
the FAMAS assault rifle is the most common cause of acute 
acoustical trauma. Mrena et al. [4] reported that acute 
acoustical trauma resulting from firearms generally affects 
both ears. In contrast, asymmetry of hearing loss after being 
exposed to gunfire noise was reported by Moon [8]. 
Moreover, Rezaee et al. [9] concluded that noise exposure 
below permissible levels may sometimes lead to acoustic 
trauma. 

When firing a hand-held firearm, the peak SPL can reach 
170 dB(C) and for large calibre weapons like mortars, the 
peak SPL can reach 190 dB(C). It has been shown that peak 
SPLs from a 7.62 mm rifle might amount to 152 dB(C), while 
it can reach 165 dB(C) from an 81 mm mortar, 184 dB(C) 
from a 120 mm mortar, and 177 dB(C) from a 12.6 mm 
machine gun [10]. Peak SPLs higher than the limit level value 
of 137 dB(C) indicate high risk of acoustic trauma in the 
absence of hearing protection.  

According to the authors’ knowledge, there are no other 
ways to eliminate peak sound pressure or to protect the ears 
than common hearing protection. The most effective way to 
attenuate peak sound pressure before it reaches the eardrum is 
to use different types of earplugs or earmuffs. So far the most 
effective hearing protection for impulsive noise are passive 
earmuffs [11], level-dependent earplugs [12], active noise 
reduction earmuffs, and earplugs providing noise attenuation 
at lower frequencies, but not actively attenuating noise levels 
higher than 130 dB [10]. The kind of hearing protection that 
is most effective at attenuating the peak sound pressure 
depends on the frequency. Passive earmuffs could attenuate 
noise from 5 to 10 dB in the low (63 Hz to 250 Hz) 
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frequencies, and up to 30 dB in the middle and higher (500 
Hz to 8 kHz) frequencies [10].  

The aim of the current study is to assess the exposure to 
peak SPL in military fieldfire ranges and to provide measures 
to decrease the hearing impairment risks. This paper focuses 
on measuring peak SPLs of different weapons and assessing 
safe distances from noise sources, but does not evaluate the 
effects of the noise spectrum, impulse duration or number of 
impulses during military exercises.  

II. MATERIALS AND METHODS 

A. Objects 
Four types of weapons or weapon systems were chosen for 

this study: anti-aircraft guns (the heavy Browning machine 
gun [12.7mm] and the ZU-23-2 anti-aircraft cannon [23mm]), 
large calibre artillery systems (the M252 mortar [81mm] and 
the M41D mortar [120mm]), simulation devices (the PIL10T 
imitation explosives packet and the CN69 training grenade) 
and the AK-4 automatic rifle used by the Estonian Land 
Forces. 

B. Measurement Procedure 
In the case of anti-aircraft guns and automatic rifles, the 

noise exposure levels of Defence Forces personnel were 
measured using CEL-350 (Casella) noise dosimeters. The 
microphone of the noise dosimeter was fastened to the 
shoulder strap of the harness near the ear canal of the Defence 
Force member. During the measuring period, the noise 
dosimeter registered the equivalent level of noise and the peak 
SPL.  

For anti-aircraft guns, measuring devices (CEL-350 with 
filters attenuating 10 dB) were placed at different distances 
from the noise sources along the length of the firing line. 
Since the measuring was performed on the coast, the 
condition of an open noise field was fulfilled because there 
was one reflective surface (the ground). Four measuring 
points were located to the right of the firing line, being 10 m, 
20 m, 30 m, and 40 m away from the group of two Browning 
heavy machine guns. Six measuring points were located to the 
left of the ZU-23-2 anti-aircraft cannon, being 10 m, 15 m, 20 
m, 30 m, 40 m, and 50 m away along the extensions of the 
firing line on the coast. Since the noise caused by firearms is 
propagated asymmetrically around the firing position, 
measuring devices should be placed behind the firing line to 
assess the spatial propagation of sound. But because there was 
a forest behind the firing line, it was impossible to place the 
measuring devices as suggested. Therefore, the sound field 
was considered to be symmetrical around the firing position.  

For large-calibre artillery systems and for training 
ammunition, noise levels were measured using a Brüel & 
Kjaer 2260 noise analyser. The measuring locations of the 
noise analyser were chosen so that the expected noise level 
would not exceed the measuring range of the measuring 
device. Based on the measured peak SPL results, the average 
peak SPL was calculated for a distance range of 0.1 to 200 m. 
When peak SPL at the measuring location exceeded the 

measuring range of the measuring device, peak SPL at that 
measuring point was calculated. 

For the AK-4 automatic rifle the noise level in the firing 
range was measured to assess the noise exposure levels of the 
shooting instructor and the active duty service members who 
regularly participate in target practice. In order to measure the 
noise levels, the shooting instructor (n = 1) and the measuring 
technicians (n = 2) wore a CEL-350 noise dosimeter. 

  

C. Calculations 
A logarithmic function (y) and its coefficient of 

determination (R2) was found based on the measurement 
results. The logarithmic function was used to calculate: a) 
noise levels outside the measured points and b) safe distances 
from the noise source. We have taken into account the inverse 
square law that the sound intensity level reduces by 6 dB each 
doubling of distance from the noise source [13].  

 

D. Regulations 
The results were compared with the limit level value 

provided in the normative document Health and safety 
requirements for the working environments affected by noise, 
maximum noise limits for the working environments and the 
noise measurement procedure – Regulation No. 108 of the 
Government of the Republic of 12 April 2007. In accordance 
with the limit level value, the peak SPL should not exceed 137 
dB(C). 

The measuring and calculation results have been compared 
with the limit level value presented in the normative 
document based on the worst case scenario method. The most 
health-damaging value (i.e. the lowest or the highest value) of 
the range of results is considered the most likely result.  

III. RESULTS AND DISCUSSION 

A. Anti-aircraft Guns 
Average peak SPL values in relation to the distance from 

the shooter are presented in Fig. 1. The peak SPL of anti-
aircraft guns exceeds the peak SPL value at distances up to 40 
m. For the Browning heavy machine gun, the peak SPL at 10 
m was 147.5 dB(C), while for the ZU-23-2 anti-aircraft 
cannon it was 148.6 dB(C). Close to the cannon the noise 
level can be even higher. As Młynski et al. [14] previously 
reported, gun crew members of the ZU-23-2K experience 
peak SPLs of 153.0–158.3 dB(C). The objective distance up 
to which it should be mandatory to wear hearing protection is 
40 m in the case of the Browning gun and 50 m in case of the 
ZU-23-2. 
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Fig. 1.  Measured average peak SPL values and their calculated 
relationship with distance from a firing group during shooting. 
 
Knowing the peak SPL at different distances, it is possible 

to calculate the safe distance from the noise source. 
According to the formed logarithmic functions (Browning R2 
= 0.966 (y = −6.882ln(x) + 162.865) and ZU-23-2 R2 = 0.963 
(y = −7.637ln(x) + 167.279) (Fig. 1.), peak noise levels are 3–
13 dB lower than theoretically calculated peak SPLs at the 
same distance, which means that natural conditions somewhat 
attenuate the noise level.  

Based on the measurement results at 10 m, 20 m, 30 m, and 
40 m, a peak SPL at 0.1 m of 176 dB(C) was calculated for 
the Browning (according to the inverse square law 189 dB(C)) 
and 163 dB(C) at 1 m (according to the inverse square law it 
is 169 dB(C)). Based on the measurement results at 10 m, 20 
m, 30 m, 40 m, and 50 m, a peak SPL at 0.1 m 182 dB(C) was 
calculated for the ZU-23-2 (according to the inverse square 
law, equal to 191 dB(C)) and at 1 m 167 dB(C) (according to 
the inverse square law it equals to 171 dB(C)), respectively. 

B. Large-Calibre Artillery Systems 
Measurement results of the peak SPL of M252 and M41D 

are presented in Fig. 2. The measurement and calculation 
results were compared to the limit level value presented in 
normative documents based on the worst case scenario 
method. It appeared that when firing in a firing range with the 
M252 positioned laterally, the peak SPL amounted to 138.9 ± 
3.5 dB(C) at 10 m, 133.9 ± 3.5 dB(C) at 20 m and 131.7 ± 3.3 
dB(C) at 25 m. To the posterior, the measurements were 137.0 
± 3.5 dB(C) at 10 m, 129.2 ± 3.3 dB(C) at 20 m, the estimated 
short-term peak SPL amounting to 162.0 dB(C). 

 
Fig. 2.  Measured peak SPL and their relationship with distance from the 
large calibre artillery systems (M252 (lateral) R2 = 0.996 (y = −7.705ln(x) 
+ 56.707), M252 (posterior) R2 = 1.000 (y = −11.253ln(x) + 62.911), 
M41D (lateral) R2 = 1.000 (y = −2.453ln(x) + 42.447), M41D (posterior) 
R2 = 0.987 (y = −7.581ln(x) + 53.396). 

C. Training Ammunition 
Fig. 3. shows the peak SPL measuring and the calculated 

results. The training ammunition PIL10T show the maximum 
calculated peak SPL of 166.6 dB(C) at 2.5 m (worst case 
scenario) and 152.0 ± 1.3 dB(C) at 10 m. The CN69 training 
grenade made a noise of 132.7 ± 1.3 dB(C) at 2.5 m and 131.1 
± 1.3 dB(C) at 5 m. 

 
Fig. 3. Measured peak SPL values for unprotected hearing and their 
relationship with the distance from the training ammunition (PIL10T R2 = 
0.996 (y = −10.541ln(x) + 76.103), CN69 R2 = 1.000 (y = −2.308ln(x) + 
34.815). 

 
It was calculated that the safe distance for unprotected ears 
when detonating the simulation device PIL10T in open field 
conditions (i.e. outside, on a field with no obstructions) is ≥ 
53 m (based on the worst case scenario method) and ≥ 46 m 
(based on the mean value). No comparable data for studied 
training ammunition was found in the relevant literature. 

D. Automatic Rifle AK-4 
Measurement results of exposure to the AK-4 automatic 

rifle noise are presented in Table I. The live firing exercise 
lasted 3 h 10 min, during which 1,200 shots were fired. 
Hearing protectors with noise attenuation factors SNR = 27dB 
and SNR = 25dB were used. Table I shows that the peak SPL 
of the rifle AK-4 exceeds the peak SPL value at the shooting 
instructors’ position on the firing line. The average peak SPL 
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of the entire target practice time period was > 143.5 dB(C). In 
comparison, it has been shown that shooters as well as 
shooting instructors are exposed to impulse noise levels 
greater than 150 dB for most of the weapons and weapon 
systems used during indoor and outdoor live fire training 
exercises [15]. 

 
TABLE I The noise exposure of military personnel shooting rifle AK-4 

and calculated peak sound pressure levels (SPL) for unprotected and 
protected hearing (with different Single Number Ratings, SNR). Background 
noise level on the firing line: equivalent noise level 41.6 dB, peak SPL = 59.0 
dB; *extrapolations based on the measurement result, noise level was actually 
above the measuring limit (143.5 dB(C)). 

 
 
 

E. Personal Protective Equipment 
Due to the high sound levels, it is mandatory for the 

shooters to use hearing protection while firing. Currently 
while working with different weapons or weapon systems, 
three types of foam earplugs with the noise attenuation 
property SNR either 15, 25, or 36 dB and earmuffs with the 
noise attenuation property SNR either 15, 27, or 33 dB were 
used. 

One might ask what kind of SNR is sufficient for the 
members of the defence forces to achieve the hoped-for 
hearing protection during fieldfire exercises. Opinions vary, 
as Lenzuni et al. [16] have argued that a moderate correlation 
of the peak attenuation with the SNR of the hearing protector 
might alternatively be exploited to use SNR as a predictor of 
peak insertion loss. Zera & Mlynski [11] have concluded that 
the SNR parameter only approximately represents the 
decrease in peak SPL. So in our study we use SNR as an 
indirect indicator predicting peak SPL loss. The peak SPL 
condition of ≤ 137 dB(C) in the outer ear is achievable with 
hearing protection with an SNR of at least 36 dB or with 
double protection (i.e. earmuffs and earplugs). Although the 
peak reduction of the double protection might be not additive 
due to the effects of bone conduction [17], it is known that the 
bone conduction limits the attenuation ranging from 40 to 60 
dB across the frequencies from 125 Hz to 8 kHz [18]. 
However, no evidence was found that it is adequate to 
eliminate the skull-transmission of the unattenuated or 
residual sound pressure to prevent hearing damage from peak 
sound pressure. When analysing the measurement results, it 
was established that the distance at which a person who is not 
wearing ear protection can stand without any significant 
danger of developing permanent hearing loss is 

approximately 100 m in the case of the Browning heavy 
machine guns and ~150 m in the case of the ZU-23-2 anti-
aircraft guns. These results are almost in line with Pääkkonen 
et al. [19] who found a peak SPL of 128–141 dB for the 23-
mm antiaircraft cannon (23AAC) at a distance of 100 m. The 
safe distance decreases significantly if there are any noise 
absorbing objects in the field (trees, landscape forms, etc.). 
Assuming that the noise attenuation capability of earmuffs is 
at least 20 dB, dual hearing protection should be used when 
situated closer to the weapons than 5 and 10 m, respectively 
for Browning and ZU-23-2. At this distance, landscape does 
not have a significant effect on peak noise. To fulfil the 
requirement of ≤ 137 dB(C), the noise generated by large 
calibre artillery systems can be attenuated in the outer ear 
using foam earplugs and earmuffs at the same time, preferably 
with SNR 36+ dB. A peak SPL of 137–152 dB(C) can be 
attenuated with earmuffs. If the peak SPL is under 152 dB(C), 
as in the case of the imitation explosives packet PIL10T, 
double hearing protection should be used.  

IV. CONCLUSION 
Conducting firing exercises at an outdoor firing range 

contributes to daily noise exposure. During firing exercises 
the most studied guns show a peak SPL above 140 dB(C), and 
thus increase the risk of noise-induced hearing loss. The noise 
from different weapons can be attenuated most effectively by 
using earplugs and earmuffs at the same time. Further studies 
should examine practical usage and attenuation of personal 
hearing protection. It seems to be critical to study how the 
skeletal transmission of noise through human skull or other 
bones affects the transmission of unattenuated peak noise into 
the inner ear thereby contributing to hearing loss.  
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ABSTRACT
Unexplained hearing loss might be combined to lead (Pb) induced hearing damage while practicing shooting at the 

firing range. The aim of the study was to assess the content of heavy metal Pb in the air of the indoor firing range as well 
as the noise levels and exposure during two hours target practice and air change efficacy by the ventilation systems. Air 
samples were collected in the course of firing from hand-held firearms. The air samples were analysed using the 
inductively coupled plasma optical emission spectrometry method. The noise levels were measured with Brüel & Kjaer 
Type 2260 noise analyser. Noise exposure of the military personnel was assessed using the noise dosimeter CEL-350. 
Based on the measurement results the daily noise exposure levels of the personnel were calculated. The results were 
compared with the limit level values provided in the normative documents. The lead concentration in the room`s air of 
the firing range were higher than the permissible value. The peak sound pressure of the noise of firing exceeded the noise 
dosimeter peak sound pressure limit values. When firing from hand-held firearms at the noise levels exceeding the limit
level values the maximum permittable exposure time to this noise environment should be limited and the noise attenuated 
by using effective hearing protection. Further studies on noise and lead mixed exposure should be better examined the 
pathophysiological processes in soft and hard tissues.

Keywords: hearing loss, peak sound pressure, lead exposure, active service
 
1. INTRODUCTION

Chemical risks for hearing loss when training 
shooting in the indoor firing range are often seen as 
indirect or secondary problem among the military 
personnel. 
professional duty in the military, excluding acute traumas, 
may mostly be caused by noise (Collée et al. 2011; 
Kurabi et al. 2017; Orru et al. 2020; Win et al. 2015), 
chemicals (Carlson & Neitzel 2019; Fábelová et al. 2019; 
Hormozi et al. 2017) and vibration (Pettersson et al. 
2012). With regard to ototoxic chemicals, aromatic 
compounds (Campo & Maguin 2007; Campo et al. 2013) 
and heavy metals like lead (Carlson & Neitzel 2019; 
Jamesdaniel et al. 2018; Roth & Salvi 2016) have the 
strongest correlation with the developing of hearing loss. 
The effect of lead is mostly neurotoxic (Mason et al. 
2014) but chronic exposure to lead might induce cochlear 
oxidative stress activating cochlear cell death pathways 
(Jamesdaniel et al. 2018) thus contributing to hearing 
loss. The pathophysiological effect of lead in turn 
depends on the diameter of the lead particle fractions. If 

is more likely to penetrate the blood-brain barrier and can 
reach target organs through the bloodstream (Baldauf et 
al. 2016), inter alia deposit into the hearing organ. 
According to the Occupational Safety and Health 
Administration (OSHA) standard 1910.1025 no employee 
should be exposed to an airborne concentration of lead 

3 averaged over an 8-hour period and 
action level with regard to the use of respirators is 30 

3.
Members of the Defence Forces are affected by 

combined exposure to noise and lead in indoor firing 
ranges. During firing toxic combustion residue of 
ammunition which contains heavy metals is released into 
the air of the room. Therefore ventilation systems used in 

indoor firing ranges should be effective in controlling 
lead exposures. The ventilation for indoor firing ranges 
should provide the air flow at least 0.25 m/s in the 
direction from the shooter towards the target (US Navy 
guidelines 2002). When firing a hand-held firearm like 
Heckler & Koch USP 9 mm, the equivalent noise level 
exceeds 100 dB and the short-term peak sound pressure 
can reach 150-170 dB (NATO RTO 2010).

Regarding the above mentioned chemical risks for 
hearing loss the aim of the study was to assess the content 
of Pb in the air of the indoor firing range as well as the 
noise levels and exposure during two hours target practice 
and air change efficacy by the ventilation systems.

2. MATERIALS AND METHODS
2.1 Measurement procedure

In the study we focused on the assessment of the 
content of lead (Pb) in the air of the indoor firing range as 
well as on the measurement of the noise levels during the 
target practice. Due to the limited options the case study 
was chosen as the study method. The content of Pb was 

range. The filters were placed in the vicinity of the 
breathing zone of shooters at the firing line. The samples 
were collected with ELPI+ (Electrical Low Pressure 
Impactor) (Dekati Ltd.) on two separate days. During air 
sample collection, hand-held firearms Heckler & Koch 
USP 9 mm were fired, on day one, approximately 400 
shots were fired (using Luger FMJ type ammunition, the 
bullets` weight being 8.0 g) and on day two 
approximately 270 shots were fired (using ammunition of 
unknown origin, the bullets` weight being 7.45 g). The 
samples were processed and analysed using the 
inductively coupled plasma optical emission spectrometry 
method. Measurement uncertainty of all the analyses 
results was determined.
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Simultaneously, the ventilation properties of the 
indoor firing range ventilation were measured. The 
measurement results were assessed based on the 
requirements presented in the U.S. Navy guidelines for 
indoor firing ranges Indoor Firing Ranges Industrial 
Hygiene Technical Guide (2002) which states that air 
flow velocity in indoor firing range should be at least 
0.25 m/s.

The noise level in the indoor firing range during firing 
was measured to assess the noise exposure levels of the 
shooting instructor and the active duty service members 
who regularly participate in target practice. Noise levels 
were measured using the Brüel & Kjaer Type 2260 noise 
analyser (measuring range 5
was placed about 1.5 meters from the shooter on a stand 
at the height of 1.5 m and was directed at the biggest 
source of noise; the measuring period was 5 minutes per 
shooter. In order to measure the noise exposure level, the 
shooting instructor (n=1) and the measuring technicians 
(n=2) were wearing a noise dosimeter CEL-350
(measuring range 70...140 dB, U=1.5 dB).

2.2 Calculations
Noise exposure levels were calculated using the 

following formula:

LEX,8h = LAeq,Te SNR + 10 log(Te/T0),

where LAeq,Te equivalent A-weighted noise level 
during the time period Te; SNR Single Number 
Rating, parameter of hearing protectors of the noise 
attenuation capability; Te time of exposure to noise 
during working day (h); T0 duration of working day (T0
= 8 h, week T0 = 40 h).

2.3 Regulations
Noise. The results were compared with the limit 

values provided in the normative document Occupational 
Health and Safety Requirements for Work Environment 
Affected by Noise, Occupational Exposure Limit Values 
for Noise and Procedure for Measuring Noise
Regulation No. 108 of the Government of the Republic of 
Estonia of 12 April 2007 (Government Regulation 2007).
In accordance with the limit values, the daily noise 
exposure level of an employee (in case of an 8-hour work 
day) should not exceed 85 dB(A) and the peak sound 
pressure of noise should not exceed 137 dB(C).

Lead (Pb). The results were compared with the limit 
values provided in the normative document Occupational 
Exposure Limits of Hazardous Substances Regulation 
No. 293 of the Government of the Republic of Estonia of 
18 September 2001 (Government Regulation 2001) and 
in the normative document Occupational Health and 
Safety Requirements for Using Lead and its Ionic 
Compounds Regulation No. 193 of the Government of 
the Republic of Estonia of 20 June 2000 (Government 
Regulation 2000). The limit value of air lead content in 
the air of working rooms is 0.1 mg/m3.

2.4 Personal protective equipment
The hearing protection used were foam earplugs with 

the noise attenuation property of SNR=37 dB and ear-
muffs with the noise attenuation property of SNR=26...27 
dB. No special respirators or masks were used during the 
shooting exercise.

3. RESULTS AND DISCUSSION
The concentration of lead (Pb) in the first sample of 

the air of the room was 0.984 mg/m3 (U±0.034 mg/m3), in 
3

(U±0.047 mg/m3). Taking the lead concentration 
expanded uncertainty into account, in both cases the Pb 
concentration in the air of the room was higher than the 
permissible value 0.1 mg/m3. With regard to the majority 
of the Pb particle fractions, the diameters of one of their 
dimensions exceeded 100 nm (most were up to 500 nm), 
the proportion of particles below 100 nm was relatively 
small. As the members of the Defence Forces did not use 
masks or respirators during indoor firing exercises and 
the lead levels in the air of the indoor firing range 
exceeded the limit value of 0.1 mg/m3, relative risk of 
inhaling the air pollutants is high. Although properties of 
lead ototoxicity are unclear (Carlson & Neitzel 2019) and 
in our study the fraction of particles <100 nm was small, 
we argue that when
respiratory tract and bloodstream into the cochlea and 
deposits into the structural elements of the hearing organ 
(the cells or the extracellular matrix), it can disrupt the 
working process of the hearing cells and the transmission 
of sound waves in the inner ear thus facilitating the 
development of hearing loss. The Pb elimination half-
time in blood varies with age and exposure,  ranging from 
1 week to 2 years and elimination of Pb from bones 
occurs with half-time about 1 2 decades (ATSDR 2019). 
Due to bioaccumulation of Pb in both cortical and 
trabecular bone tissues in adults the chronic exposure to 
lead can cause the damage of inner ear structures (stapes) 
when shooting in firing range room with poor ventilation 
conditions.

The peak sound pressure of noise of firing a hand-held 
firearm exceeded both the peak sound pressure (LCpeak)
(measuring capability of the noise analyser: 132.9 dB) 
and the noise dosimeter peak sound pressure (measuring 
range of the measuring device: up to 143.5 dB) limit 
values, thus exceeding the peak sound pressure limit 
value presented in the normative document Occupational 
Health and Safety Requirements for Work Environment 
Affected by Noise, Occupational Exposure Limit Values 
for Noise and Procedure for Measuring Noise
Regulation No. 108 (137 dB). The equivalent noise level 
(the average of the entire target practice time period) was 
107.7 dB, in which case the maximum permittable 
exposure time is 3 hours. Long-term exposure to an 
environment where the equivalent noise level exceeds 85 
dB(A) and the peak sound pressure exceeds 137 dB(C) 
without wearing any hearing protection device might 
result in hearing loss (Collée et al. 2011; Kurabi et al. 
2017; Win et al. 2015). Although it is mandatory for 
shooters to use hearing protection devices while firing, 
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short-term peak sound pressure may reach the level that 
can be partially attenuated using both foam earplugs and 
earmuffs.

The ventilation devices of the indoor firing range 
caused overpressure in the air of the room. During 
shooting practice total air injection was 5926 m3/h 
(U=420 m3/h) and total air exhaust 2871 m3/h (U=180 
m3/h), which does not provide diffused air flow in the 
direction of firing that would exceed air flow velocity of 
0.25 m/s.

A limitation of the study could be that only in one 
indoor firing range measurements were carried out. A
tone audiometry test was not performed to confirm a 
temporary hearing threshold shift and blood lead levels of 
the shooters were not measured. These weaknesses limit
the quantification of Pb exposure and to justify the effect 
of toxicity, so more focused studies on this topic are 
needed in the future.

4. CONCLUSIONS
Practise shooting in an indoor firing range contributes 

to the daily noise exposure of the relevant personnel.
Combined exposure to noise and lead might increase the 
likelihood of developing hearing loss. The improvement 
of ventilation and regular control of effectiveness of 
ventilation provide safe working conditions. The use of 
respirators is recommended among military personnel 
when training shooting in indoor firing ranges. When 
firing in an indoor firing range it would be advisable to 
replace lead-containing ammunition with non-lead-
containing ammunition.
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Hearing Problems Among the Members of the Defence Forces in
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ABSTRACT
Introduction
The Defence Forces’ members are exposed to high-level noise that increases their risk of hearing loss (HL). Besides
military noise, the other risk factors include age and gender, ototoxic chemicals, vibration, and chronic stress. The current
study was designed to study the effects of personal, work conditions-related risk factors, and other health-related traits
on the presence of hearing problems.

Materials and Methods
A cross-sectional study among active military service members was carried out. Altogether, 807 respondents completed
a questionnaire about their health and personal and work-related risk factors in indoor and outdoor environments. The
statistical analysis was performed using statistical package of social sciences (descriptive statistics) and R (correlation
and regression analysis) software.

Results
Almost half of the active service members reported HL during their service period. The most important risk factors
predicting HL in the military appeared to be age, gender, and service duration. Also, working in a noisy environment
with exposure to technological, vehicle, and impulse noise shows a statistically significant effect on hearing health.
Moreover, we could identify the effect of stress on tinnitus and HL during the service period. Most importantly, active
service members not using hearing protectors, tend to have more tinnitus than those who use it.

Conclusions
The members of the Defence Forces experience noise from various sources, most of it resulting from outdoor activities.
Personal and work conditions-related risk factors as well as stress increase the risk of hearing problems.

INTRODUCTION
The most common health problem among the members of
the Defence Forces is noise-induced hearing loss (NIHL).1–4

NIHL is predominantly caused by exposure to military noise
that can often exceed the occupational health limit values.
Members of the Defence Forces are exposed to noise both
in indoor (inside a room or building) and outdoor (in the
open air) environments. Whether individuals develop NIHL
depends on their association with noise sources, the length
of time they spend in the noisy environment and their use of
personal protective equipment (PPE).5,6

In the indoor/outdoor environment, the Defence Forces’
members are exposed to high-level noise, such as impulse
noise from shooting (indoor and outdoor shooting ranges)

*Institute of Technology, Estonian University of Life Sciences,
Kreutzwaldi 56/1, Tartu 51006, Estonia

†Institute of Veterinary Medicine and Animal Sciences, Estonian Univer-
sity of Life Sciences, Kreutzwaldi 62, Tartu 51006, Estonia

‡Institute of Family Medicine and Public Health, University of Tartu,
Ravila 19, Tartu 50411, Estonia

Any findings or recommendations expressed in this article are those of
the authors and do not necessarily represent the view of the Estonian Defence
Forces.

doi:10.1093/milmed/usaa224
© Association of Military Surgeons of the United States 2020. All rights

reserved. For permissions, please e-mail: journals.permissions@oup.com.

and noise from military vehicles.7–12 The sound pres-
sure of a cannon shot or an explosion can reach 160–
190 dB(C) in a very short period of time (<1 ms).13–15

The noise caused by military land transport vehicles reaches
115 dB(A), but the exposure time is longer, often lasting for
hours.7,16

Besides military noise sources, members of the defence
forces are exposed to noise sources similar to civilian ana-
logues: other people’s speech, ventilation, office equipment,
traffic noise from the streets, etc. Sometimes, hearing loss
(HL) can be amplified by factors other than noise, like oto-
toxic chemicals,17,18 vibration,19,20 sleep apnea,21 and chronic
stress.22

The effects of noise in the military can be reduced by
using PPE.23–25 The hearing protectors that are used include
both earplugs and earmuffs; in some cases, hearing protection
devices are also connected to helmets. Hearing protectors
differ from each other in terms of which frequency band
noise they reduce the best and whether they are capable of
transmitting human speech.26,27

One of the most specific noisy environments in our military
is a field training exercise of the Land Forces, where military
personnel have to train targeting, to detonate a simulation
device, to drive a heavy all-terrain truck, or ride in an armored
noisy personnel carrier.7

We hypothesized that HL of active service members can
be predicted by combining the indoor/outdoor environmental
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factors together with the age, health status, and risk factors of
the military environment. The current study was designed to
examine the effects of personal and work conditions-related
risk factors and other health-related traits on the occurrence
of hearing problems.

MATERIALS AND METHODS

Subjects and questionnaire

In the current study, 807 active service members of the Esto-
nian Defence Forces (the Land Force, the Navy Force, the
Air Force, the Central Command Units (CCUs)) completed
an online questionnaire in 2015 titled “Risk Factors of the
Work Environment of Active Service Members and Their
Health,” which included questions about the active service
members’ demographic, individual, and work-related risk fac-
tors in indoor and outdoor environments, as well as stress,
health-related traits, and usage of PPE. In Estonia, the limit
for when hearing protection is required is the daily (8 h) noise
exposure limit level value of 85 dB(A) and the peak noise
limit level value of 137 dB(C).28 We studied the occurrence
of four types of hearing problems in relation to risk factors:
tinnitus (hearing ringing in the ears); difficulty following a
conversation (when there is a background noise and babble
in the room: others speaking or typing, ventilation, noisy
office equipment, traffic noise from the streets); self-reported
hearing worsening during the past 3 years; and diagnosed HL
during the service period. The questionnaire also included
the General Health Questionnaire-12 (GHQ-12) questions as
a measure of psychological distress.29 The used questions
(except GHQ-12 questions) and descriptive statistics are pre-
sented in Supplementary Table SI.

Statistical analysis

In the first step, the Spearman correlation analysis was applied
to get an overview of the associations between the presence of
hearing problems and potential personal and work conditions-
related risk factors, stress, and other health-related traits. As
many potential risk factors were related to gender and age,
then in the second step, logistic regression analyses predicting
the probability of hearing problems were performed consider-
ing gender and age as confounding factors. Logistic regression
analysis also facilitates studying the effects of categorical
factors such as force, excessive noise exposure, stress, etc.,
and comparing different levels of ordinary work conditions-
related risk factors. The results of the logistic regression
analysis are presented as adjusted odds ratios (AORs) with
95% confidence intervals (CIs). All results were considered
statistically significant at P ≤ 0.05, and analyses were per-
formed using the statistical package of social sciences (IBM
SPSS Statistics 25) for descriptive statistics and R-Statistics
3.5.3 for correlation analysis and logistic regression analysis.

RESULTS
Among the respondents, 87.1% were male and 12.9% female,
with an average service time of 12.9 years (Supplementary
Table SI). Regarding ranks, 5.1% were soldiers, 48.7% non-
commissioned officers, 43.0% commissioned officers, and
3.2% cadets. Altogether, 45.7% were from the Land Forces,
12.4% from the Air Force, 5.6% from the Navy, and 36.3%
from the CCUs.

It appears that the active service members spent on
average 30% of their work time outdoors and 70% indoors
(Supplementary Table SI). In outdoor conditions, 58.5% of
the active service members were at least “sometimes” (once a
week or even less) exposed to loud technology noise (loud
noise from military devices and tools), 59.4% to impulse
noise (firing handheld firearms, explosions, etc.), and 50%
to noise heard while in military vehicles (armored personnel
carriers, trucks, ships, helicopters, etc.) for more than three
consecutive hours. Additionally, 46.1% of the respondents
were exposed to indoor noise (excessive noise in the working
room incl. background noise) “often” (at least twice a week)
or “sometimes.”

The respondents often reported hearing impairment-related
symptoms like tinnitus (20.3%), difficulty following a con-
versation (20.8%), worsened hearing compared to 3 years ago
(37.5%), and being diagnosed with HL during their service
period (52.4%) (Supplementary Table SI).

Correlation analysis

First, we conducted a correlation analysis that revealed weak
relationships between hearing impairment-related symptoms
and reported personal and work conditions-related risk fac-
tors. All correlation coefficients were in a range from −0.15
to 0.26 (Fig. 1). Among them, the strongest and statistically
significant (P < 0.05) associations appeared between wors-
ened hearing over the last 3 years and HL during service
and gender, age, and length of service. It was found that
males had more hearing problems than females (r = −0.08
and r = −0.15, P = 0.017, and P < 0.001, respectively).
Also, older- and longer-serving persons reported more HL
during service (r = 0.17 and r = 0.26, P < 0.001 for both
relationships, but less worsened hearing compared to 3 years
ago: r = −0.12 and r = −0.09, P = 0.001 and P = 0.015,
respectively). The length of service was also slightly related
to the presence of tinnitus (r = 0.08, P = 0.032).

Among work condition-related factors, dissatisfaction with
work conditions was related to all hearing problems—more
health complaints correspond to higher dissatisfaction (the
highest correlations were with tinnitus and worsened hearing:
r = 0.15, P < 0.001 and r = 0.11, P = 0.003, respectively).
Also, there were statistically significant, however weak, rela-
tionships between difficulties following a conversation and
the presence of bothersome excessive noise in the workroom
(r = 0.15, P < 0.001), as well as between worsened hearing
and exposure to chemicals, loud technology noise, and loud
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FIGURE 1. Results of the Spearman correlation analysis between the presence of hearing problems, potential personal, and work conditions-related risk
factors, and other health-related traits. The height and direction of the bars indicate the strength and direction of the relationship; stars denote statistically
significant (P ≤ 0.05) correlations.
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TABLE I. Effects of Personal Risk Factors on the Presence of Hearing Problems: AORs With 95% CI

Factors Tinnitus Difficulty following a
conversation

Worsened hearing over
the last 3 years

HL diagnosed during service

AOR∗ (95% CI)

Gender P = 0.001 P = 0.429 P = 0.060 P < 0.001
Female – – – –
Male 2.78 (1.40–5.51) 0.82 (0.50–1.34) 1.55 (0.97–2.48) 3.40 (2.15–5.39)

Age P = 0.251 P = 0.703 P = 0.005 P < 0.001
Continuous, years 1.01 (0.99–1.04) 1.00 (0.98–1.03) 0.97 (0.96–0.99) 1.05 (1.04–1.07)

Education P = 0.219 P = 0.030 P = 0.652 P = 0.062
Military high – – – –
Non-military high 1.23 (0.71–2.11) 1.83 (1.06–3.15) 1.18 (0.76–1.83) 0.59 (0.38–0.92)
Vocational 1.52 (0.92–2.51) 1.20 (0.70–2.07) 1.18 (0.78–1.77) 0.69 (0.46–1.04)
Secondary 1.47 (0.84–2.57) 2.18 (1.25–3.79) 1.15 (0.73–1.82) 0.63 (0.40–1.00)
Basic 3.49 (1.04–11.8) 1.16 (0.24–5.58) 2.41 (0.73–7.95) 1.97 (0.51–7.64)

Rank P = 0.135 P = 0.921 P = 0.453 P = 0.417
Enlisted – – – –
Non.-com. officer 0.74 (0.35–1.56) 0.92 (0.42–2.01) 0.72 (0.38–1.39) 1.28 (0.65–2.52)
Com. officer 0.51 (0.24–1.10) 0.85 (0.38–1.89) 0.62 (0.32–1.20) 1.40 (0.71–2.77)
Cadet 0.53 (0.15–1.93) 1.15 (0.35–3.78) 0.82 (0.31–2.30) 0.70 (0.23–2.08)

Force P = 0.008 P = 0.153 P = 0.014 P = 0.024
Land – – – –
Air 0.59 (0.33–1.07) 0.56 (0.29–1.05) 0.49 (0.30–0.80) 0.50 (0.31–0.79)
Navy 0.23 (0.07–0.76) 0.79 (0.35–1.76) 0.69 (0.36–1.33) 0.81 (0.43–1.54)
Central unit 0.67 (0.46–0.99) 1.11 (0.76–1.62) 0.71 (0.51–0.98) 0.96 (0.69–1.32)

Service duration P = 0.044 P = 0.143 P = 0.559 P < 0.001
Continuous, years 1.04 (1.00–1.08) 1.03 (0.99–1.07) 0.99 (0.96–1.02) 1.09 (1.05–1.13)

∗Adjusted for age and gender, − indicates reference group of factor variables, P-value less than or equal to 0.05 is written in bold.

impulse noise (r = 0.11, P = 0.002; r = 0.12, P = 0.001;
r = 0.13, P < 0.001, respectively).

The presence of tinnitus was statistically significantly asso-
ciated with the percentage of work time spent indoors and out-
doors (r = −0.07,P= 0.041; r = 0.07,P= 0.037), the number
of days worked outdoors in last year (r = 0.08, P = 0.021),
exposure to chemicals and excessive noise indoors (r = 0.10,
P = 0.006; r = 0.07, P = 0.037), and loud technology noise
outdoors (r = 0.07, P = 0.033). The use of PPE, when it
was necessary, was associated only with worsened hearing—
people not using PPE tend to have more problems with wors-
ened hearing over the last 3 years (r = 0.08, P = 0.016).

Regression analysis

In general, the logistic regression analysis adjusted for gender
and age did not change the results of the correlation analysis.
It appeared that of the personal risk factors, the most important
factors predicting the loss of hearing are age, gender, and
service duration (Table I). The probability of HL increased
with increased age and length of the service period. Also,
males have 3.40 (95% CI 2.15–5.39) times higher odds of
having been diagnosed with HL during service. Worsened
hearing was mainly associated with age, while the odds of
tinnitus are 2.78 times higher among males, also depending
on service duration. All hearing impairment-related symp-

toms are more frequent among persons serving in the Land
Forces.

The average percentage of work time spent indoors
is not related to any studied hearing problems (Table II).
Only the risk for tinnitus is statistically significantly higher
among active service members working more days per year
outdoors, but this effect is also marginal. Nevertheless, all
studied hearing problems were more frequent among active
service members bothered by excessive noise indoors “often”
or “sometimes” compared to those who had not been bothered
by excessive noise in their workroom over the past 4 weeks.
However, the effect of excessive noise had the highest
correlation with difficulty following a conversation. Also,
exposure to chemicals “often” or “sometimes” increased
the risk of all studied hearing problems, while the effect
is statistically significant only on tinnitus (P = 0.008) and
worsened hearing (P = 0.005).

Among outdoor work conditions, the active service
members exposed to impulse noise, vehicle noise, and other
loud noise caused by technology (eg, military devices, tools),
tended to have more hearing problems compared to personnel
exposed to non-bothersome noise; the effects of the three
studied noise types were not always statistically significant on
all four hearing problems (Table II). According to the current
analysis, the use of PPE did not statistically significantly affect
the risks of any studied hearing problems. However, it is worth
mentioning that the active service members never using PPE
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TABLE II. Effects of Work Conditions-related Risk Factors on the Presence of Hearing Problems: AORs With 95% CI

Factors Tinnitus Difficulty following a
conversation

Worsened hearing over
the last 3 years

HL diagnosed during
service

AOR∗ (95% CI)

Indoors P = 0.117 P = 0.211 P = 0.429 P = 0.870
Continuous, % 0.99 (0.99–1.00) 1.01 (1.00–1.01) 1.00 (0.99–1.00) 1.00 (0.99–1.01)

Excessive noise indoors P = 0.039 p < 0.001 P = 0.046 P = 0.041
Never – – –
Yes–sometimes 1.37 (0.88–2.15) 1.63 (1.05–2.55) 1.12 (0.76–1.63) 1.23 (0.84–1.79)
Yes–often 1.69 (1.12–2.54) 2.23 (1.49–3.34) 1.55 (1.10–2.20) 1.56 (1.10–2.23)

Chemicals indoors P = 0.008 P = 0.196 P = 0.005 P = 0.162
Never – – – –
Yes–sometimes 2.49 (1.40–4.40) 1.60 (0.88–2.89) 2.14 (1.25–3.66) 1.67 (0.95–2.92)
Yes–often 1.55 (0.70–3.40) 1.54 (0.73–3.28) 1.92 (0.97–3.81) 1.28 (0.63–2.57)

Days outdoors per year P = 0.012 P = 0.702 P = 0.052 P = 0.768
Continuous, change per 10 days 1.04 (1.01–1.07) 1.00 (0.97–1.03) 1.04 (1.00–1.06) 1.00 (0.97–1.02)

Impulse noise P = 0.131 P = 0.011 P = 0.001 P = 0.016
No – – – –
Non-bothersome 1.43 (0.99–2.08) 1.01 (0.70–1.46) 1.66 (1.22–2.26) 1.39 (1.02–1.88)
Bothersome 1.59 (0.73–3.44) 2.72 (1.40–5.28) 2.36 (1.24–4.48) 2.29 (1.17–4.47)

Vehicle noise P = 0.492 P = 0.199 P = 0.104 P = 0.013
No – – – –
Non-bothersome 1.11 (0.76–1.60) 0.74 (0.51–1.07) 1.13 (0.83–1.53) 1.02 (0.75–1.38)
Bothersome 1.42 (0.80–2.54) 1.12 (0.64–1.98) 1.71 (1.04–2.80) 2.12 (1.26–3.57)

Loud technology noise P = 0.033 P = 0.264 P = 0.008 P = 0.366
No – – – –
Non-bothersome 1.64 (1.13–2.39) 0.98 (0.68–1.41) 1.33 (0.98–1.81) 1.23 (0.91–1.67)
Bothersome 1.32 (0.69–2.51) 1.56 (0.88–2.77) 2.17 (1.30–3.63) 1.24 (0.74–2.08)

Use of PPE P = 0.203 P = 0.477 P = 0.234 P = 0.453
Yes–always – – – –
Yes–mostly 1.03 (0.72–1.48) 1.25 (0.88–1.77) 1.34 (1.00–1.80) 1.24 (0.92–1.66)
Yes–seldom 1.56 (0.47–5.15) 0.72 (0.16–3.28) 1.07 (0.35–3.29) 1.69 (0.53–5.33)
Never 3.91 (1.10–13.9) 1.92 (0.48–7.63) 1.72 (0.49–6.08) 1.01 (0.28–3.62)

∗Adjusted for age and gender, − indicates reference group of factor variables, P-value less than or equal to 0.05 is written in bold.

when it was necessary had 3.91 (95% CI 1.10–13.9) times
higher odds to have tinnitus compared to those always using
PPE.

According to our results, the frequency of hearing prob-
lems increased with worsening overall health status. The self-
reported current health status was statistically significantly
associated with all hearing problems, both according to the
correlation analysis (Fig. 1) and after adjusting results for age
and gender (Table III)—also, personnel with a higher stress
score were more likely to have different hearing problems,
and this effect became more obvious after adjusting for age
and gender (Table III). In our study, habitual smoking and
high blood pressure had no clear effect on hearing problems.
While correlation analysis revealed a relationship between
smoking and worsened hearing over the last 3 years (r = 0.09,
P = 0.014), the logistic regression analysis, adjusting results
for age and gender, also showed the effect on difficulties fol-
lowing a conversation (P= 0.002). Higher blood pressure was
associated with worsened hearing over the last 3 years; how-
ever, only systolic blood pressure was statistically significant.
Also, all the hearing problems—tinnitus, difficulty following
a conversation, worsened hearing over the last 3 years and

HL during service—are statistically significantly (P < 0.001)
associated with each other (Table III).

DISCUSSION
HL is a particularly important health issue in the military.
The daily dose of noise that members of the Defence Forces
experience is mostly of a mixed type, with some of the noise
exposure resulting from the indoor environment but most of it
resulting from the outdoor environment.

Just over half of active service members (52.4%) who
responded to the questionnaire said that they were diagnosed
with HL during their service time. However, most of those
diagnosed with HL are aged 40–49 years, the age range at
which the prevalence of HL rises to 62.1% among those active
service members who responded to the questionnaire. It is
slightly lower than but comparable to the NIHL prevalence
among service personnel in Finland, where NIHL affected
67.9%30 and in Belgium 65.7% of officers.5 Also, it is a bit
lower compared to a similar study of the Estonian Defence
Forces with audiometric tests, in which 62.7% of participants
had HL, but the majority of cases were mild.23
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TABLE III. Effects of Stress and Other Health-related Traits on the Presence of Hearing Problems: AORs With 95% CI

Factors Tinnitus Difficulty following a
conversation

Worsened hearing over
the last 3 years

HL diagnosed during
service

AOR∗ (95% CI)

Satisfaction with work environment P < 0.001 P = 0.583 P = 0.030 P = 0.083
Completely yes – – – –
Mostly satisfied 3.08 (1.45–6.56) 0.88 (0.53–1.48) 1.25 (0.79–1.97) 1.22 (0.78–1.88)
Dissatisfied 5.66 (2.50–12.8) 1.20 (0.65–2.23) 1.94 (1.12–3.33) 1.85 (1.08–3.18)
Completely no 5.03 (1.73–14.6) 1.12 (0.43–2.95) 2.26 (0.98–5.20) 1.77 (0.75–4.19)

Current health status P < 0.001 P = 0.025 P < 0.001 P = 0.033
Good – – – –
Fairly good 1.16 (0.69–1.96) 1.37 (0.83–2.25) 1.61 (1.07–2.42) 1.56 (1.07–2.28)
Moderate 2.36 (1.41–3.95) 1.80 (1.08–2.98) 2.24 (1.47–3.41) 1.45 (0.97–2.17)
Fairly bad 3.33 (1.13–9.86) 4.55 (1.64–12.7) 4.00 (1.44–11.1) 3.61 (1.25–10.4)
Bad 5.33 (1.08–26.2) 2.16 (0.40–11.8) 4.42 (0.92–21.1) 3.54 (0.64–19.4)

Stress level P < 0.001 P < 0.001 P = 0.002 P = 0.025
No – – – –
Distress 2.91 (1.68–5.05) 1.93 (1.10–3.38) 2.08 (1.24–3.49) 1.14 (0.67–1.94)
Severe problems and distress 3.37 (1.51–7.54) 4.74 (2.17–10.4) 2.65 (1.20–5.85) 3.23 (1.31–7.97)

Systolic blood pressure P = 0.660 P = 0.316 P = 0.012 P = 0.616
Continuous, mmHg 0.99 (0.97–1.02) 1.01 (0.99–1.04) 1.03 (1.01–1.05) 1.01 (0.98–1.03)
Diastolic blood pressure P = 0.357 P = 0.728 P = 0.119 P = 0.900

Continuous, mmHg 0.98 (0.95–1.02) 0.99 (0.96–1.03) 1.02 (0.99–1.05) 1.00 (0.97–1.03)
Smoking P = 0.249 P = 0.002 P = 0.097 P = 0.067

No – – – –
Yes–previously 1.33 (0.86–2.04) 1.92 (1.26–2.93) 1.37 (0.94–1.98) 1.54 (1.07–2.22)
Yes–occasionally 0.74 (0.36–1.51) 0.72 (0.34–1.51) 1.02 (0.59–1.77) 0.98 (0.57–1.67)
Yes–every day 1.03 (0.65–1.64) 1.01 (0.63–1.64) 1.55 (1.06–2.28) 1.39 (0.95–2.03)

Tinnitus P < 0.001 P < 0.001 P < 0.001
No x – – –
Yes 2.80 (1.91–4.13) 5.38 (3.68–7.86) 4.74 (3.10–7.26)

Difficulty following a conversation P < 0.001 P < 0.001 P < 0.001
No – x – –
Yes 2.81 (1.91–4.13) 3.76 (2.62–5.40) 3.24 (2.19–4.78)

Worsened hearing over the last 3 years P < 0.001 P < 0.001 P < 0.001
No – – x –
Yes 5.39 (3.69–7.88) 3.75 (2.61–5.37) 8.71 (6.05–12.6)

HL diagnosed during service P < 0.001 P < 0.001 P < 0.001
No – – – x
Yes 4.75 (3.10–7.27) 3.23 (2.19–4.78) 8.67 (6.02–12.5)

∗Adjusted for age and gender, − indicates reference group of factor variables, P-value less than or equal to 0.05 is written in bold.

Collée et al.5 have argued that we may overestimate the
true population prevalence associated with HL when study
participants predominantly belong to the Land Force (even
if in comparison with non-participants). In our study, 45.7%
of the subjects were from the Land Forces, and all hearing
impairment-related symptoms were more frequent among per-
sons serving in the Land Forces—53.9% being diagnosed
with HL—but the difference was very small. In our study,
the prevalence was highest in the CCU, where 55.8% of
participants reported diagnosed HL.

We can guess that respondents from the CCU had probably
experienced mixed noise exposure earlier in their service in
the air, land, or navy forces, and at a later age, they moved into
the CCU, after which the effects appeared. Since the duration
of noise exposure is an important factor in developing HL, it
is important to note that the average length of service of the

members of the CCU was 13.9 years, which slightly exceeds
the average length (13.2 years) of service of the members of
the Defence Forces. The correlation analysis showed weak
relationships between hearing impairment-related symptoms
and personal and work-related risk factors. Of the hearing
impairment symptoms, the strongest associations were with
gender, age, and length of service. In our study, being diag-
nosed with HL is strongly correlated with the age of the
active service member (P < 0.001). The results are simi-
lar to those in other studies: the rates of HL increase with
age.9,31,32 The logistic regression analysis adjusted for age
and gender almost reflected the results of the correlation
analysis.

Although gender is a well-known risk factor for HL,5

in many studies in the military, females are excluded from
analyses as a discrete category mostly because of the small
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number of women included.5,6 Given that, in our study, 12.9%
were women, it is worthwhile to mention that males have
3.40 times higher odds of being diagnosed with HL. Also,
the longer an individual’s length of service in the Defence
Forces is the more likely it is that HL will be diagnosed during
the service period (P< 0.001). No significant differences can
be seen here between genders. Very similar results have been
highlighted by Swan et al.33 and supported by the fact that
HL and tinnitus are the two most prevalent service-connected
disabilities among veterans.34

While we studied the effect of usage frequency of hear-
ing PPE on hearing problems, we did not see a statistically
significant effect on a group level. The earmuffs with a single
number rating of 15 . . . 33 dB (A, C) and earplugs with single
number rating 25 . . . 40 dB (A, C) are being used in the
Estonian Defence Forces, depending on potentially hazardous
noise levels. However, it is worth mentioning that the active
service members never using PPE, when it should be used, had
a 3.91 times higher chance to experience tinnitus compared to
those always using PPE. In general, the majority of studies
have shown that hearing protectors are an effective means
to protect from tinnitus and HL.14,24,35,36 Similar conclusion
was drawn in audiometric study with 150 Estonian Military
Service Members, where always using PPE decreased the risk
of HL.23 The main reason that this association is absent in the
current study could be poor data quality regarding the reported
use of PPE. However, Gordon et al.9 have concluded in a
study of Israeli military aviators that earplugs are ineffective
in avoiding HL risk with high noise levels. Even when hearing
protection is used correctly and when necessary, it may be
insufficient for noise reduction with very high noise levels.

Another issue is compliance and impropriate use of hearing
protection. Military personnel is in general well trained in
how to put on/in hearing protectors. But examples from the
other areas show that hearing protection might not always
correctly used due to individual user awareness of proper
pulling of earplugs into the outer ear channel, as well as
ergonomic fitting of earmuffs (not always fit well into the ear
canal) and optimal fitting or refitting of earplugs with work-
ers‘ auricles.37,38,39 Therefore, in order to achieve sufficient
attenuation, in addition to teaching how to put on/in hearing
protectors, only hearing protectors with individually proven fit
should be used in the military.40

The current study shows that active service members who
never use hearing protectors (earmuffs, earplugs) have an
increased risk of tinnitus. Altogether, one-fifth of the active
service members who responded to the questionnaire hear
ringing in their ears and have difficulty following a conver-
sation when there is background noise. The analysis showed
that the more time an active service member spends in a
noisy outdoor environment, the more they experience tinnitus.
The risk of tinnitus depends on the length of the service
period (P= 0.044) and active service members suffering from
tinnitus are less satisfied with their work environment. Muhr &

Rosenhall6 have declared a similarly elevated risk for tinnitus
in the Swedish Armed Forces, where the prevalence of tinnitus
was 23% at the time of reporting to military service and 32%
at the end of military service. According to Theodoroff et
al.41 the prevalence of tinnitus in the military might range
from 6.1%42 to 75.7%.43 According to more recent data by
Gonzalez-Gonzales,44 the prevalence of chronic tinnitus may
be up to 80% among active service members exposed to
noise. Bearing in mind that in the US Department of Veterans
Affairs, tinnitus is responsible for a high proportion of the
compensation costs paid to veterans,45 more attention should
be paid to tinnitus prevention in the military.

In the current study, we have seen that the frequency of
hearing problems increases with worsening overall health
status. However, as this is a cross-sectional study, we cannot
confirm this link, as self-reported poor health might be due
to tinnitus or HL. Also, personnel with different hearing
problems had a higher stress score, and this effect became
more obvious after adjusting for age and gender. Based on
the questionnaire and results of our study, again we were
not able to study causality, whether of stress-causing hearing
problems or vice versa. Even so, it is known that stress occurs
before idiopathic sudden sensorineural HL.46 In our study, we
could see that some of the hearing problems might be more
frequent among previous and current daily smokers. It has
been shown that smokers or ex-smokers do have a higher risk
of HL than non-smokers with a similar degree of occupational
noise exposure.47–49 An explanation for this might be that
smoking has an effect on the Eustachian tube and inner ear
function.49,50

The strongest associations were observed between the hear-
ing problems (tinnitus, difficulty following a conversation
when there is background noise, worsened hearing over the
last 3 years, and being diagnosed HL during service); all four
variables combined with each other had P< 0.001. This might
explain the dynamics of emerging hearing problems in the
military: the last 3 years of service are critical in terms of
acquiring hearing impairment. These associations also show
us that noise exposure in the military is unavoidable, although
it is mandatory to use PPE if the noise is over the limit level
value. We recommend the development of more silent military
technologies to protect active service members from hearing
impairment.

The study also has several weaknesses. First, it is a cross-
sectional study, so it is difficult to determine whether the
outcome followed exposure in time or if exposure resulted
from the outcome, especially regarding the interactions with
health status and stress. Therefore, a part of active service
members’ HL causes is still unexplained. Secondly, the par-
ticipants confirmed their diagnosis of HL only by answering
in the questionnaire that they had been previously diagnosed;
no tone audiometry was performed. Thirdly, some of the
exposures in the questionnaire as loud technology noise and
excessive noise in workroom have been difficult to interpret in
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detail, as the respondents might have interpreted those aspects
a bit differently. Fourthly, even many of the associations were
statistically significant; the correlation coefficients were rather
low and the results should be interpreted with caution.

The results of the study could help to raise awareness about
the importance of the HL issue among the Defence Forces,
but they do not enable us to make technical suggestions to
develop less noisy military technology. Our study reflects the
situation in the military in which the personnel of the CCU had
probably experienced noise exposure earlier in their service in
the other units/forces. We suggest keeping this in mind while
studying such multifaceted problems. Future studies could
focus on improving the efficacy of the methods of studying HL
and examining noise reduction while considering all relevant
aspects—technology, environment, and the human body.

CONCLUSIONS
Noise-induced HL is a key health issue in the military. The
daily dose of noise that members of the Defence Forces
experience is mostly of a mixed type, with some of the noise
exposure resulting from the indoor environment, but most of
it resulting from the outdoor environment (vehicle, impulse,
and technology noise).

Regardless of the analysis method (whether correlation
analysis or logistic regression analysis are used), age,
gender, and period of service best predict active service
members’ hearing problems. Nevertheless, a correlation
analysis revealed only weak relationships between hearing
impairment-related symptoms and reported personal, and
work conditions-related risk factors.

The longer their length of service in the Defence Forces, the
more likely it is that active service members will be diagnosed
with HL during service time, and the risk is higher among
males. Also, exposure to chemicals indoors, smoking, and
stress slightly increase the prevalence of hearing problems.
Active service members who never use hearing protectors
(earmuffs, earplugs) have an increased risk of tinnitus.

SUPPLEMENTARY MATERIAL
Supplementary material is available at MILMED online
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SSuupppplleemmeennttaarryy  MMaatteerriiaallss  

TTaabbllee  SSII.. Questions, abbreviations and descriptive statistics (n = 807). 

QQuueessttiioonn  AAbbbbrreevviiaattiioonn,,  
uunniitt  

VVaalluuee  ((aabbbbrreevviiaattiioonn))::  ppeerrcceennttaaggee  //  
mmeeaann  ((mmiinn,,  mmaaxx;;  iinntteerrqquuaarrttiillee  rraannggee))  

PPeerrssoonnaall  ddaattaa  
Sex Gender 

 
Male: 87.1% 
Female: 12.9% 

Age Age, years 35.9 (20, 59; 29-41) 
Education Education Military higher education: 21.8% 

Non-military higher education: 30.0% 
Vocational secondary education: 28.6% 
Secondary education: 18.1% 
Basic education: 1.5% 

Rank Rank Enlisted: 5.1% 
Non-commissioned officer: 48.7% 
Commissioned officer: 43.0% 
Cadet: 3.2% 

Force Force Land force: 45.7% 
Air force: 12.4% 
Navy force: 5.6% 
Central Command Unit: 36.3% 

Years of service Service duration, 
years 

12.9 (0, 38; 7.0-18.0) 

WWoorrkkiinngg  iinnddoooorrss  
What percentage of work time do 
you spend on average indoors? 

Indoors, % 70.1 (0.0, 100.0; 50.0-90.0) 

Have you been bothered by excessive 
noise in your work room over the 
past 4 weeks? 

Excessive noise 
indoors 

Yes, often (≥2 per week): 25.3% 
Yes, sometimes (≤1 a week): 20.8% 
Never (almost never): 53.9% 

Are you exposed to chemicals 
indoors? 

Chemicals 
indoors 

Yes, always: 4.5% 
Yes, sometimes: 7.4% 
Never: 88.1% 

WWoorrkkiinngg  oouuttddoooorrss  
How many days did you spend 
working outdoors over the past 12 
months? 

Days outdoors 
per year 

47.7 (0, 365; 8.0-60.0) 

During this time, were you exposed 
to loud impulse noise (firing, 
explosions)? 

Impulse noise Yes, this bothered me: 5.6% 
Yes, this didn`t bother me: 53.8% 
No: 40.6% 

During this time, did you spend more 
than 3 consecutive hours in a 
vehicle? 

Vehicle noise Yes, this bothered me: 9.7% 
Yes, this didn`t bother me: 40.3% 
No: 50.1% 

During this time, were you exposed 
to loud noise caused by technology? 

Loud technology 
noise 

Yes, this bothered me: 9.3% 
Yes, this didn`t bother me: 49.2% 
No: 41.5% 
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UUssee  ooff  ppeerrssoonnaall  pprrootteeccttiivvee  eeqquuiippmmeenntt  
What personal protective equipment 
have you used over the past 12 
months? (foam earplugs) 

PPE foam 
earplugs  

Yes: 86.0% 
No: 14.0% 

What personal protective equipment 
have you used over the past 12 
months? (earmuffs)  

PPE earmuffs Yes: 79.8% 
No: 20.2% 

Do you always use personal 
protective equipment when it is 
necessary? 

Use of PPE Yes, always: 51.1% 
Yes, mostly: 46.0% 
Yes, seldom: 1.7% 
Never: 1.2% 

SSuubbjjeeccttiivvee  ooppiinniioonnss  aanndd  hheeaalltthh,,  aanndd  lliiffeessttyyllee--rreellaatteedd  qquueessttiioonnss  
How satisfied are you with your work 
environment, work rooms, and work 
equipment? 

Satisfaction with 
work 
environment 

Completely satisfied: 12.8% 
Mostly satisfied: 66.9% 
Dissatisfied: 16.6% 
Completely dissatisfied: 3.7% 

How good do you consider your 
health to be currently? 

Current health 
status 

Good: 21.4% 
Fairly good: 42.5% 
Moderate: 33.0% 
Fairly bad: 2.2% 
Bad: 0.9% 

Stress Stress level No distress (GHQ-12 score < 15): 88.6% 
Distress (GHQ-12 score ≥ 15): 8.1% 
Severe problems and distress (GHQ-12 
score ≥ 20): 3.3% 

What is your blood pressure normally 
like: systolic 

Systolic blood 
pressure, mmHg 

125.3 (80.0, 170.0; 120.0-130.0) 

What is your blood pressure normally 
like: diastolic 

Diastolic blood 
pressure, mmHg 

80.0 (55.0, 110.0; 75.0-85.0) 

Have you ever smoked? Smoking No: 32.5% 
Yes, currently every day: 26.3% 
Yes, currently occasionally: 9.5% 
Yes, previously: 31.7% 

HHeeaarriinngg  iimmppaaiirrmmeenntt  
Do you hear ringing or whooshing in 
your ears? 

Tinnitus Yes: 20.3% 
No: 79.7% 

Do you have difficulty following a 
conversation when there is 
background noise? 

Difficulty 
following a 
conversation 

Yes: 20.8% 
No: 79.2% 

Do you think that your hearing has 
worsened compared to 3 years ago? 

Worsened 
hearing over the 
last 3 years 

Yes: 37.5% 
No: 62.5% 

Have you been diagnosed with 
hearing loss during your service time? 

HL diagnosed 
during service 

Yes: 52.4% 
No: 47.6% 
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Abstract

Context:Hearing loss (HL) is a major health concern amongmilitary personnel due to noise from shooting, blasts, military vehicles, and noisy
training environments. Nevertheless, one’s exposure can be partially reduced by using personal protective equipment (PPE). The aim of this
study is to estimate the prevalence of HL among military personnel, to analyse associations between HL and self-reported occupational and
leisure noise exposure, and use of PPEs. Materials and Methods: A cross-sectional study was conducted among 150 military personnel
during their routine medical examinations. First, all participants filled in a questionnaire about their exposure to noise and later the respondents
went through an audiometric test. The diagnostic criteria for slight, moderate, and severe HL was HL of 25–40, 41–60, and >60 dB at 4 and
6 kHz, respectively. The associations between noise exposure and HLwere studied with multinomial logistic regression analysis.Results: The
prevalence of slight to severe HL in high frequencies (4 and 6 kHz) among study participants was 62.7%. Nevertheless, the majority of it was
slight, as the prevalence of severe HL was 9.3%. The prevalence of any kind of HL was highest in the Navy and the prevalence of severe HL
was highest in the Central Command Units. The relative risk ratios (RRRs) for HL were higher among those who had been working for a long
time in a noisy environment, working with noise-producing equipment, driving in a PASI or a Bandvagn or had been shooting with blanks at
least once per week. It also appeared that military personnel who had HL, reported tinnitus more often. Respondents’ previous health
problems, music-listening habits, and amount of exposure to loud noise in non-military environments were not independently associated with
HL, but in several cases it increased the RRRs together with military exposure. We also found significantly more frequent HL among those
never using PPEs.Conclusion:HL loss was more prevalent among personnel who are more often exposed to military noise, especially among
those who never use PPEs. The effect was enhanced by leisure time noise, but it was not independently associated to HL.

Keywords: Active service, audiometry, hearing protection, noise exposure

INTRODUCTION
Military personnel during their service are exposed to noise
generated by shooting, military vehicles, and blasts, often at
levels hazardous to health.[1-3] The noise exposure during
service is considered by many to be the main risk factor in
causing hearing loss (HL).[4,5] Consequently Lie et al.
(2016)[6] concur with previous studies that sudden noise
may be more deleterious to hearing than continuous noise.
The prevalence of HL and tinnitus in the military population
is usually higher than in the general public, often between
20% and 60%.[7-10]

The risk of HL has been assessed to be especially high among
special forces,[11] where HL is more than two times higher
than the armed forces overall.[8] In these units, active service
members are exposed to high levels of noise from large-
calibre weapons, shooting, city combat training, etc.[12]While
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Heupa et al.[11] compared members of the Special Operations
Battalion with Military Police administrative staff members,
the analysis of audiogram results showed a hearing threshold
shift of more than 25 dB at frequencies of 3, 4, and/or 6 kHz
among a quarter of the Special Operations Battalion
members, whereas in the control group, the hearing
threshold remained unchanged.

Several studies have also listed air force pilots among the at-
risk groups for hearing impairment.[13-17] However, some
studies such as Kuronen et al.[18,19] have shown a low risk of
noise-induced HL among military pilots. HL might be also a
health problem in the navy among sailors of different types of
warships. In a study of HL in the U.S. Navy, audiograms of
active duty personnel during the period of 1979 to 2004
showed that time spent on surface warships had the greatest
impact on potential HL.[20]

Moreover, it has been shown that HL is significantly
associated with age and service experience in all
services[9,21] Higher ages often reflect longer service time
and therefore longer exposure time.[1] Gordon et al.[17] found
increasing HL risk with age from 9.4% at age 30 to 57.5% at
age 50. In addition, findings indicate that men are more at risk
than women which could be related to the duties that are more
prevalent among them.[22]

HL often remains after active military service and noise-
induced HL is one of the most common health problems
among veterans. According to the U.S. Department of
Veterans Affairs it is the second most common disability
benefit awarded to former members of the U.S. uniformed
services.[27]. Around 2.5 million veterans receive
compensations and 10% of them are for noise-induced
HL.[23] All of this has a high cost for society which is
increasing: in 2009 disability payments for tinnitus and HL
exceeded $1.2 billion.[3] In 2016 this resulted in 21,382,399
disabled people worldwide who receive disability
compensation for service-related auditory disabilities
(tinnitus, HL, labyrinthitis).[24]

Suspected noise-induced HL is partially preventable which
has been shown through applying hearing conservation
programmes for reducing HL in different military units.
These programmes are mostly focused on noise hazard
identification, noise level measurements, personalized
noise dosimetry, avoidance of noise hazards, reduction of
noise exposure, effective use of hearing protection, repeated
audiometric testing, and educating military personnel.[25-28]

Increased safety requirements and more common use of
personal protective equipment (PPE) have improved the
hearing levels of active service members.[29,30] However,
the risk of noise-induced HL when using hearing protective
equipment often remains since incorrect, improper, and
infrequent use of PPE does not guarantee complete
protection.[11,17]

The aim of our study was to describe the level of HL and its
pattern in the military and to evaluate the association between

noise exposure and the development of HL, to ascertain
whether daily exposure to different sources of noise
correlates directly to HL, which is often diagnosed in
active service members.

MATERIALS AND METHOD
Subjects
This study group was comprised of active service members of
the defence forces (DF) who had come to regular medical
examinations. Altogether 152 subjects were randomly and
voluntarily recruited during these regular medical
examinations, 150 of whom agreed to participate in the
study (response rate of 98.7%).

Questionnaire
The first part of the study consisted of a questionnaire survey.
We applied a questionnaire developed by Belgian scientists,
who had used it in a similar cross-sectional study among the
Belgian Armed Forces.[1] During the current study the
questionnaire was translated into national language,
reviewed, and adapted in some ways to the characteristics
of the national DF. The questionnaire includes questions
about various sources of noise that might cause HL, e.g.
working in a noisy environment, participating in shooting
training, working with armoured vehicles and trucks, etc. In
addition, the subjects were asked if they commonly use any
PPE, and if so, what types of PPE they use. Furthermore, they
were asked about exposure to noise in their daily lives, for
example listening to loud music, working with noise-
producing equipment, riding a motorbike, etc., all of which
might also cause HL. The questionnaire was self-
administrative and was filled in while waiting to be
examined by an otorhinolaryngologist.

Hearing investigations
The second part of the study was a hearing investigation
which included tone audiometry, performed by an
experienced otorhinolaryngologist. First, if necessary, ear
irrigation was performed. Second, hearing tests were
performed, which included pure tone audiometry as well
as tympanometry and measuring acoustic reflexes. The
results of the examinations were evaluated and based on
Collee et al.[1] HL at 4 and 6 kHz was categorised into
three groups: slight (25–40 dB), moderate (41–60 dB), and
severe (>60 dB). In parallel the subjects’medical history was
reviewed and included in the study materials.

Statistical analysis
For statistical analysis of the relationship between HL and
noise exposure, multinomial logistic regression analysis was
applied in STATA (version 12.1; StataCorp LP, College
Station, TX, USA). This statistical analysis method enables
assessment of the impact of noise exposure on each degree of
HL or to add different categories and factors together if
necessary.
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RESULTS
Among the respondents 88.7% were males and 11.3%
females. Half of the respondents were 34–43 years old
(50.7%) and of these 85.6% were male and 16.4% were
female. The highest proportion of females was in the age
groups 44–48 and 49–54. The highest proportion of females
was in the navy (17.5%) and the lowest was in the air force
with no female participants.

The majority of participants were serving in the Central
Command Units (65.3%), followed by the Land Forces
(22.7%), the Air Force (8.0%), and the Navy (4.0%).
Among the respondents, 79.3% had worked in a noisy
environment, and out of these, the largest proportion
worked for up to 5 years (30.0%) [Table 1]. The largest
group of respondents working in a noisy environment was
members of the navy, but the personnel with very long
exposure (> 20 years) were most prevalent among recruits
from the Land Forces and the Central Command Units.
Similar trends, but somewhat lower exposure levels,
appeared for respondents working with noisy equipment
and who had worked as shooting instructors.

Of all the respondents, 47.3% had ridden in an armoured
personnel carrier (PASI) or a tracked articulated all-terrain
carrier (Bandvagn) during their service and almost half of these

respondents had used these vehicles for at least five years
[Table 2]. In general PASI and Bandvagn are the vehicles
usedmost oftenas thosearepart of theLandForces’ equipment.

In Table 3 the percentages per unit of shooting blanks, small-
calibre and large-calibre weapons during shooting practice at
a shooting range (times per week) are presented. Of all the
respondents, most had regularly shot small-calibre weapons
during shooting practice at a shooting range (93.9%). The use
of large-calibre weapons is more common amongmembers of
the Navy and the Land Forces.

Exposure analysis to noise from non-military sources showed
that 24.8% of respondents listen often (3 hours per week) to a
music player, many reporting a rather high sound level. A
majority (86.2%) of respondents visited night clubs less

Table 1: Exposure times for noisy environment and noisy equipment by service branch (% of respondents)

�5 years 6–15 years ≥16 years Never

Time spent working in a noisy environment

Land Force 26.4 35.4 17.6 20.6

Air Force 25.0 25.0 33.3 16.7

Navy 50.0 33.3 16.7 0.0

Central Command Units 30.6 22.4 24.5 22.5

Combined total 30.0 25.9 23.4 20.7

Working with noisy equipment

Land Force 32.3 32.4 14.7 20.6

Air Force 25 33.3 16.7 25.0

Navy 16.7 33.3 16.7 33.3

Central Command Units 24.5 17.3 8.2 50.0

Combined total 26 22.7 10.6 40.7

Table 2: Years spent driving in an armoured personnel
carrier (PASI) or a tracked articulated all-terrain carrier
(Bandvagn) during their entire service time by service
branch (% of respondents)

�5 years 6–15 years Never

Land Force 44.2 23.5 32.4

Air Force 41.6 0 58.3

Navy 33.4 16.7 50.0

Central Command Units 33.7 7.1 59.2

Combined total 36.7 10.6 52.7

Table 3: Shooting small-calibre and large-calibre weapons
during shooting practice at a shooting range (times per
week) (% of respondents)

≥1 <1

Blanks

Land Force 48.3 51.7

Air Force 42.9 57.1

Navy 42.7 57.3

Central Command Units 44.1 55.9

Combined total 46.3 49.7

Small-calibre weapons (<20mm)

Land Force 96.9 3.1

Air Force 75 25.0

Navy 100.0 0.0

Central Command Units 94.4 5.6

Combined total 93.9 6.1

Large-calibre weapons (≥20mm)

Land Force 68.7 31.3

Air Force 60.0 40.0

Navy 100.0 0.0

Central Command Units 60.3 39.7

Combined total 63.7 36.3
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frequently than once per month and 9.2% of respondents
reported 1–2 times per month. Two-thirds (64.4%) of
respondents stated that they visited rock concerts less
frequently than once per year, while 27.8% visited
concerts two times per month, and 7.8% visited concerts at
least 3–4 times per month. Among concert attendees, 15.6%
stated that they had experienced a worsening of hearing after
a rock concert and 26.4% stated that they had heard ringing in
their ears. Altogether 18.6% of respondents were regularly
exposed to loud noises domestically (e.g. hedge trimmer/
lawnmower, drill, compressor) one or more times per week,
42.1% less frequently than once a week and 39.3% were
exposed rarely or never. Every seventh respondent (14.7%)
drove a motorbike (most of them 20 hours per month) and
10.8% of respondents played some musical instrument
(73.3% guitar, 20.0% a wind instrument, and 6.7% drums).

Among previous health disorders, 34.7% of the respondents
had otitis in childhood, followed by high blood pressure
(7.4%) and head traumas (4.7%). Sudden HL was reported
by 2.7% of the respondents, ototoxic drugs had been used by
2.0%, and 1.3% of the respondents were diabetics. There were
no respondents with drainage of the ears and/or ear surgery or
early deafness in the family. Nevertheless, 28.4% said they
have difficulties understanding talk in conditions with
background noise and 23.8% said their hearing had
deteriorated compared to three years ago.

Hearing loss and tinnitus
The prevalence of the high frequency (4 and 6 kHz) HL was
62.7%. Nevertheless, the majority of it was slight (59.5% of
any kind of HL), as the prevalence of severe HL (>65 dB)
was 9.3%. The prevalence of any kind of HL was highest in
the navy and the prevalence of severe HL was highest in
central units [Figure 1].

It appeared that 66.0% of respondents experienced noise or
rustling in their ears (an indication of tinnitus), among whom
7.3% experienced it often and 48.7% sometimes. We found
that the noise or rustling in ears was significantly more

frequently reported among those, who had severe or
moderate HL (P < 0.05). The RRRs among persons with
slight to severe HL were 2.6 (95% CI 1.2–5.3) and 29.9 (95%
CI 3.3–269.5) for having sometimes or often noise or rustling
in ears, respectively.

The association between HL and self-reported noise exposure
was studied with four different statistical models [Table 4]. In
the first model, the association between HL and noise was
categorized by age, since age is an important risk factor in
inducing HL in itself. In the second model, the analysis was
categorized by previous health problems (having otitis in
childhood, sudden HL, use of ototoxic medications) that are
the main risk factors for HL. In the third model listening to
music (listening to a music player and visiting clubs or rock
concerts) was taken into account and the fourth model
included all the previous information as well as the regular
exposure to domestic noise as noise from lawnmowers, hedge
trimmers, drills, compressors, etc.

In Model 1, a statistically significant association (P < 0.05)
was found between HL and working with noise-producing
equipment [Table 5]. We could see an increase in RRRs with
exposure time, being 2.57 (95% CI 1.04–6.35) and 6.50 (95%
CI 1.63–25.93), when exposed for 6–15 years and more than
16 years, respectively. Moreover, personnel riding in PASIs
or Bandvagns is at higher risk of HL. Riding in these vehicles
for up to five years, the RRR was 2.73 (95% CI 1.22–6.05)
and riding for 6 to 15 years the effect was almost doubled
(RRR= 5.36, 95% CI 1.10–26.08) compared to those who
had not driven these vehicles. The RRR for having HL was
also significantly higher among those shooting with blanks at
least once per week (RRR= 3.64, 95% CI 1.12–11.82). Being
in a noisy environment, shooting small- and large-calibre
weapons, and regular exposure to loud noise in a non-military
environment did not have a statistically significant impact.

The results of Model 2 show the increase of RRRs for HL
among those who have had an earlier health disorder
compared to those who did not report this. Similar to
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Figure 1: High frequency (4 and 6 kHz) hearing loss by service branch (% of respondents).
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Model 1, HL risk was especially increased among those
working with noise-producing equipment more than 16
years (RRR= 8.19, 95% CI 1.91–35.17). These people also
had a higher HL risk if they had been riding in a PASI or
Bandvagn, and the effect was higher among those who had
ridden longer (RRR= 9.74, 95% CI 1.28–74.23 among 6–15-
year riders, compared to RRR= 3.28, 95% CI 1.24–8.71
among up to 5-year riders). Being in a noisy environment,
shooting with blanks, and small- and large-calibre weapons as
well as regular exposure to loud noise in non-military
environment did not have a statistically significant effect
on the prevalence of HL. The results of Model 3 show the
RRRs are even higher among those who have been working
with noise-producing equipment more than 16 years (10.69,
95% CI 1.00–114.03).

The results of Model 4, adjusted to all factors, in contrast to
other models, revealed the effect of being in a noisy military
environment (RRR= 3.42, 95% CI 1.03–11.37). Similarly,
working with noise-producing equipment for more than 16

Table 5: The association between HL (from slight to
severe) and previous health problems, listening to music,
and being regularly exposed to loud non-military noise

Hearing loss

RRR1 (95% CI)

Otitis in childhood 0.65 (0.31−1.35)

Use of ototoxic drugs 0.35 (0.03−4.09)

Occurrence of brain trauma/injury 2.34 (0.46−11.78)

Listening to music player 0.76 (0.36−1.61)

Using a Hi-Fi device with an amplifier 0.51 (0.17−1.56)

Visiting night clubs at least once per month 2.60 (0.84−8.02)

Visiting rock concerts at least once per year 1.44 (0.66−3.17)

Regular exposure to loud noise 1.12 (0.57−2.18)

Riding motorbike 0.98 (0.39−2.42)

Participation in motorsports 0.59 (0.05−6.65)

Playing musical instrument 1.20 (0.43−3.39)
1RRR − relative risk ratio, analysis adjusted for age.

Table 4: Association between HL (from slight to severe) and noise-producing activities at work expressed as relative risk
ratio (RRR)

Hearing loss, RRR (95% CI)

Model 1 Model 2 Model 3 Model 4

Being in noisy environment

�5 years 1.05 (0.39−2.86) 0.97 (0.28−3.38) 0.21 (0.04−1.27) 0.88 (0.23−3.41)

6–15 yrs 0.97 (0.36−2.65) 1.35 (0.39−4.72) 0.21 (0.03−1.27) 1.63 (0.44−6.03)

≥16 yrs 2.15 (0.78−5.93) 2.79 (0.88−8.80) 1.10 (0.21−5.81) 3.42 (1.03−11.37)*

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Working with noise-producing equipment

�5 years 2.02 (0.84−4.83) 2.47 (0.85−7.13) 0.84 (0.19−3.71) 2.19 (0.73−6.58)

6–15 yrs 2.57 (1.04−6.35)* 2.82 (0.89−8.95) 1.25 (0.30−5.26) 2.24 (0.69−7.33)

≥16 yrs 6.50 (1.63−25.93)* 8.19 (1.91−35.17)* 10.69 (1.00−114.03)* 8.24 (1.87−36.45)*

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Riding in PASI or Bandvagn

�5 years 2.73 (1.22−6.05)* 3.28 (1.24−8.71)* 1.58 (0.45−5.50) 2.92 (1.08−7.92)*

6–15 yrs 5.36 (1.10−26.08)* 9.74 (1.28−74.23)* 7.83 (0.95−64.88) 5.22 (0.57−47.50)

Has not driven 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Shooting with blanks

At least once per week 3.64 (1.12−11.82)* 3.63 (0.85−15.42) 5.56 (0.44−70.09) 3.11 (0.70−13.79)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Shooting small-calibre weapons

At least once per week 3.44 (0.62−19.16) 1.25 (0.16−9.63) − 1.20 (0.15−9.53)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Shooting large-calibre weapons

At least once per week 1.32 (0.55−3.15) 1.52 (0.49−4.69) 1.58 (0.32−7.88) 1.24 (0.39−3.95)

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Regular exposure to loud noise in non-military environment

Less than once per week 1.02 (0.49−2.16) 1.18 (0.48−2.95) 1.61 (0.47−5.59) −

More than once per week 1.18 (0.46−3.06) 1.28 (0.40−4.13) 1.90 (0.42−8.64) −

Never 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) −

*P< 0.05; RRR, relative risk ratio; CI, confidence interval. Model 1 adjusted to age; Model 2 adjusted to previous health disorders and age;Model 3 adjusted to
listening to music and age; Model 4 adjusted to previous health problems, listening to music, regular exposure to loud noise, and age. Previous health problems
refer to having had an ear infection as a child, sudden hearing loss and using ototoxic medications. Listening to music refers to listening to a music player and
visiting clubs or rock concerts.
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years increased the HL risk (RRR= 8.24, 95% CI
1.87–36.45). In our analysis of riding in a PASI or
Bandvagn, we could see a statistically significant impact
among those riding for up to five years (RRR= 2.92, 95%
CI 1.08–7.92), which is the opposite of earlier models.
Shooting with blanks, and small- and large-calibre
weapons as well as regular exposure to loud noise in non-
military environment did not have a statistically significant
effect [Table 4].

Subsequently, the independent effect of previous health
disorders, listening to music and regular exposure to loud
noise was tested in connection with prevalence of HL. In the
analysis we could not see any statistically significant effect.
Thus the non-military noise seems to have no independent
effect on respondents [Table 5], but it might increase the
effect of military noise [Table 4].

HL can also be related to poor use of hearing protective
equipment. Even though auditory organ protective
equipment was reported to be used always or almost
always while shooting small-calibre weapons (94.6%) and
large-calibre weapons (91.2%), there appeared to be 1.5%
and 4.4% of respondents who never use it, respectively
[Figure 2]. The proportion among never-users was even
higher (9.1%) among who had ridden a PASI or
Bandvagn and 34.1% use hearing protective equipment in
those vehicles almost never. In working with noise-
producing equipment, 8.7% of respondents use it never or
almost never.

In the regression analysis we could see a significant increase
in RRR among those working with noise-producing
equipment and those only sometimes using hearing
protective equipment, RRR= 6.96 (95% CI 1.05–45.97)
(Table 8). A statistically significant association also
appeared among those who never use any kind of hearing
protective equipment and shoot small- or large-calibre
weapons, RRR= 13.26 (95% CI 1.04–169.34). Among the

other noise sources, we could not see any statistically
significant association [Table 6].

DISCUSSION

Exposure to noise due to various military activities has a
significant impact on diagnosed high-frequency HL.
Besides noise exposure, HL might be related to age, service
time, earlier health problems, regular exposure to loud non-
military noise, etc.[31] In our analysis the general trendwas that
the longer the time of exposure (indicated by service time), the
more it affected persons who had been diagnosed with HL. In
the crudest analysis (Model 1, adjusted only for age) while
working in a noisy environment, with noise inducing
equipment and riding a PASI or Bandvagn, the highest
RRRs appeared among those who had served more than 16
years, followedby thosewith5–16years of service time.These
results seem to be consistentwith other studies to prove that the
longer service time in noisy conditions, the more probable
noise-induced HL is.[1,9,10,14,17,20,22,32]

According to Model 1 [Table 4], being in a noisy
environment, shooting weapons of different calibres and
being exposed to noise from other sources did not have a
significant impact on HL. After adjusting for previous
health problems and age, the results of Model 2 indicate
that persons with HL and previous health problems were
more affected by noise exposure than persons without
previous health problems. Similar to the findings of
Model 1, persons with HL and previous health
problems were more affected by working with noise-
producing equipment if they used them for more than
16 years (RRR= 5.36). Moreover, noise exposure risks
were higher for these persons if they had been riding in a
PASI or Bandvagn and the effect increased if they had
been riding in them for a longer period.

In our analysis we also studied exposure to shooting with
blanks in relation to HL.We could see 3.64 times higher RRR

Shoo�ng with blanks

Small-calibre weapons 
(<20 mm)

Large-calibre weapons 
(>20 mm)

N ( l t )

Being in a noisy 
environment

Working with noise-
producing equipment

Driving in a PASI or a 
BandWagen

Shoo�ng with blanks

(<20 mm)

Never (almost never)

Some�mes

Always (almost always)

Being in a noisy 
environment

0 20 40 60 80 100

Figure 2: Use of hearing protective equipment (% of respondents).
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(95% CI 1.12–11.82) among those who shot blanks at least
once per week during field training, compared to non-
shooters. As shooting with blanks still creates relatively
high noise levels (peaks above 140 dB),[33] it increases the
risk of HL and use of proper PPE is vital.

In addition to professional noise exposure, leisure time
exposure is part of the total noise exposure.[34,35]

Nevertheless, our results indicate that for persons with HL
and exposed to noise, listening to music regularly does not
increase the risk of HL [Table 5]. However, among those who
had worked for a long period of time with noise-producing
equipment, listening to music player increased the RRRs for
HL [Table 4].

The results of Model 4 showed that persons who had HL and
previous health problems and were exposed to noise from
noise-producing equipment during non-working hours were
most affected by being in a noisy environment for a long period
of time (more than 16 years) (RRR= 3.42) in comparison with
persons without HL. They were also most affected by working
with noise-producing equipment for more than 16 years
(RRR= 8.24). These persons were more affected by riding
in a PASI or Bandvagn if they had been riding in these vehicles
for up to five years (RRR= 2.92) in comparison with persons
who had been riding in them for longer. This trend differs from

others because in this analysis group,most persons rode in these
vehicles for up to five years, and therefore, the effect was
greater. The correlations observed in Model 4 show that
working as a shooting instructor, shooting with blanks and
shooting weapons do not have a significant impact on persons
with HL.

In our study we could see the highest prevalence of severe HL
in central units, followed by the land force. The persons
currently serving in central units had often served earlier in
other forces and their exposure might have happened
elsewhere.[4] Also they were older with longer exposure
times which increased the risk of HL.[1] At the same time
the total HL (from slight to severe) in central units was lower
than elsewhere. This could justify the theory of exposure
happening elsewhere and latter recruitment in central units.
Overall the HL was highest in the navy, where a majority of
the participants had at least slight HL. The average prevalence
of HL in our study group was relatively high (62.7%), being
similar to the higher side of the prevalence studies.[7-10,36]In
the current analysis the criteria for HL were based on Collee
et al.,[1] where the HL at high frequencies (4 and 6 kHz) was
applied. However, those criteria and the definition of HL vary
in different studies and forces.[36] For instance, in the
Estonian Defence Forces the HL in lower frequencies (0.5,

Table 6: The associations between the severity of HL and use of hearing protective equipment while exposed to different
military noise sources

Use of hearing protective equipment Hearing loss, RRR1 (95% CI)

Slight Moderate Severe Slight to severe

In noisy environment

Never 0.93 (0.09−9.55) 2.81 (0.41−19.08) - 1.16 (0.22−6.14)

Sometimes 1.95 (0.57−6.62) 1.89 (0.47−7.71) - 1.31 (0.46−3.72)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

When working with noise-producing equipment

Never 1.26 (0.18−8.65) 2.39 (0.33−17.22) - 1.27 (0.25−6.53)

Sometimes 3.64 (0.58−22.99) 6.96 (1.05−45.97)* 1.69 (0.12−22.87) 4.09 (0.77−21.67)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

While riding in PASI or Bandvagn

Never 1.79 (0.38−8.42) 0.89 (0.21−3.69) 0.24 (0.04−1.47) 0.82 (0.28−2.38)

Sometimes 3.55 (0.62−20.29) 1.26 (0.23−6.87) 0.47 (0.07−3.37) 1.41 (0.39−5.14)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

While shooting with blanks

Never 0.95 (0.07−12.70) 0.77 (0.05−10.98) - 0.62 (0.07−5.23)

Sometimes 3.29 (0.73−14.90) 3.91 (0.82−18.71) 1.09 (0.11−10.79) 2.82 (0.79−10.15)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

While shooting small- or large-calibre weapons

Never 8.12 (0.66−99.20) 13.26 (1.04−169.34)* 7.63 (0.43−136.59) 9.40 (1.00−88.60)

Sometimes 0.87 (0.07−10.46) 1.29 (0.10−15.86) - 0.80 (0.10−6.11)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Regular exposure to loud noise in non-military environment

Never 0.62 (0.19−1.99) 0.32 (0.07−1.43) 0.15 (0.02−1.44) 0.41 (0.15−1.09)

Sometimes 0.78 (0.25−2.47) 0.54 (0.14−2.10) 0.60 (0.13−2.83) 0.66 (0.26−1.67)

Always 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
1Adjusted for age, *P < 0.05; RRR, relative risk ratio; CI, confidence interval.
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1, and 2 kHz) has been surveyed in medical examinations.[37]

Nevertheless, high-frequency audiometry is sensitive in early
identification of HL and can be useful for early diagnosis of
hearing impairment, thus preventing HL in lower frequencies,
especially speech frequencies.[38,39]

It has been shown that the prevalence of noise-induced HL
could be reduced by using hearing protective equipment.
Among military personnel this has been clearly indicated
by studies in the Finnish Defence Forces, proving that if the
use of PPE had become more common (2003–2005 vs
1984–1986), the prevalence of HL and tinnitus had
decreased.[29,30] Moreover, Trost and Shaw[20] have
discussed that use of PPE makes a difference: reducing
noise exposure on surface warships by wearing hearing
protection devices could reduce the number of sailors
suffering HL in their naval careers, by 18%. As in our
study, 83.3% of respondents from the navy had HL and
regular wearing of PPE has great potential to improve this
statistic among military personnel. According to the self-
reported data, at least 4.8% of personnel never (or almost
never) use PPE in a noisy environment. The proportion of
non-users was especially high while riding a PASI or
Bandvagn which has not been seen as a high-risk activity.
At the same time, according to measured values, the levels
could easily exceed the 8h limit value. As in Finland, despite
improved hearing protection regulations and increased use of
hearing protection equipment, a large proportion of
professional soldiers still experience disabling tinnitus and
HL.[40]

In our study we had very high response rate (98.7%), so there
is no reason to suspect non-response bias. Also the tone
audiometry was conducted by two experienced
otorhinolaryngologists in the same place, which gives
more confidence to the data quality. Nevertheless, as we
did a cross-sectional study with only one observation, thus in
the context of this article we have discussed only HL, not
noise-induced HL. Moreover, we had only self-reported
noise-exposure data available, which might have caused
some bias in real exposure. Even though there were
relatively more personnel from the Central Command
Units, respondents had probably experienced most of the
noise exposure earlier in their service in other forces. Another
limitation of the present study was that there was a relatively
low proportion of people from the air force and the navy,
where the HL problems seem to be most common. Thus the
very high prevalence rates among them should be taken with
reservation because of the small sample size.

CONCLUSIONS
In our study we observed a relatively high proportion (62.7%)
of military personnel with at least slight HL in high
frequencies (4 and 6 kHz). However, around 9.3% of
participants had severe HL. We could see the risk of HL
increasing over a longer service time.

In our analysis we found a statistically significant effect of
being in a noisy environment, working with noise-producing
equipment, riding in an armoured personnel carrier (PASI) or
a tracked articulated all-terrain carrier (Bandvagn), and
shooting with blanks on the prevalence of HL.
Respondents’ previous health problems, music-listening
habits and exposure to loud noise in non-military
environments were not independently associated with HL,
but in several cases they increased the RRRs together with
military exposure.

It is important to note that noise-induced HL is partially
preventable by proper use of hearing protection equipment
which would require appropriate training. As in our study at
least 4.8% of personnel never or almost never used PPE in
noisy environments, in the context of noise-induced HL
prevention we can see some potential for proper use of
personal protective equipment in the military. We also saw
that the HL was significantly more frequent among those
never using PPEs.
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