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Abstract

Purpose Noise exposure is an important and highly pre-

valent occupational hazard in the construction industry.

This study examines hearing threshold levels of a large

population of Dutch construction workers and compares

their hearing thresholds to those predicted by ISO-1999.

Methods In this retrospective study, medical records of

periodic occupational health examinations of 29,644 con-

struction workers are analysed. Pure-tone audiometric

thresholds of noise-exposed workers are compared to a

non-exposed control group and to ISO-1999 predictions.

Regression analyses are conducted to explore the rela-

tionship between hearing loss and noise intensity, noise

exposure time and the use of hearing protection.

Results Noise-exposed workers had greater hearing los-

ses compared to their non-noise-exposed colleagues and to

the reference population reported in ISO-1999. Noise

exposure explained only a small proportion of hearing loss.

When the daily noise exposure level rose from 80 dB(A)

towards 96 dB(A), only a minor increase in hearing loss is

shown. The relation of exposure time and hearing loss

found was similar to ISO-1999 predictions when looking at

durations of 10 years or more. For the first decade, the

population medians show poorer hearing than predicted by

ISO-1999.

Discussion Duration of noise exposure was a better pre-

dictor than noise exposure levels, probably because of the

limitations in noise exposure estimations. In this popula-

tion, noise-induced hearing loss was already present at the

beginning of employment and increased at the same rate as

is predicted for longer exposure durations.

Keywords Noise-induced hearing loss � Occupational

noise exposure � Pure-tone audiometry � Ear protective

devices � Retrospective studies

Introduction

Noise is an important occupational health hazard, with a

high prevalence in the construction industry. The noise

exposure of construction workers varies greatly with the

activities performed and the equipment used on the work-

site (Hong 2005), frequently exceeding daily noise expo-

sure levels of 80 dB(A), which the European Directive

2003/10/EC defines as lower action level. This directive

also considers an upper action level of 85 dB(A), at which

the use of hearing protection is mandatory, and an exposure

limit of 87 dB(A) that takes the attenuation of individual

hearing protectors into account.

Long-term exposure to daily noise levels above the

lower action level of 80 dB(A) may eventually cause

noise-induced hearing loss (NIHL), a bilateral sensorineu-

ral hearing impairment. Typically, the first sign of NIHL is

a notching of the audiogram at 3, 4 or 6 kHz, with a

recovery at 8 kHz (May 2000). This audiometric notch

deepens and gradually develops towards the lower fre-

quencies when noise exposure continues (Rösler 1994).
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As a result of the high noise exposures in construction,

NIHL is one of the major occupational health problems in

this industry. It may have a great impact on a workers’

quality of life (May 2000), and it also influences workers’

communication and safety (Suter 2002). NIHL is the most

reported occupational disease in the Dutch construction

sector, with a prevalence of 15.1% in 2008 (NCvB 2009).

In other countries, NIHL is one of most prevalent occu-

pational diseases among construction workers as well

(Arndt et al. 1996; Hessel 2000; Hong 2005) and preva-

lence estimations range from 10% in the USA (Dobie

2008) to 37% in Australia (Kurmis and Apps 2007). A

large US analysis of self-reported hearing impairment in

industrial sectors showed that the largest number of

employees with hearing difficulty attributable to employ-

ment was found in the construction industry (Tak and

Calvert 2008).

Previous studies showed a dose–response relationship of

exposure to noise and hearing loss. Higher exposure levels

and longer exposure durations cause greater hearing

impairment (Rösler 1994; Prince 2002; Rabinowitz et al.

2007; Dobie 2007). This relationship is mathematically

described in the international standard ISO-1999 (ISO

1990), predicting both the distribution of the expected

noise-induced threshold worsening in populations exposed

to continuous noise, and the total hearing levels resulting

from NIHL in combination with age-related hearing loss.

Hence, the standard also incorporates a database for hear-

ing thresholds as a function of age, for male and female

populations separately. This algorithm, indicated as data-

base A, is an internationally well-accepted reference,

derived from data of an otologically screened non-noise-

exposed population.

The expected noise-induced threshold change is a

function of noise exposure level and exposure time.

Characteristically, NIHL develops progressively in the first

10–15 years of noise exposure, followed by a slowing rate

of growth with additional exposure to noise (Taylor et al.

1965; ISO 1990; Rösler 1994). This pattern is represented

in the ISO-1999 model. However, these predictions are

based on data from subjects exposed for 10 years or more.

The algorithm to predict hearing damage in the first

10 years is interpolated from the predicted median NIHL

after 10 years of exposure and the assumed hearing

threshold of 0 dB HL at the beginning of exposure (ISO

1990), resulting in a steep linear increase in hearing loss

during the first years of exposure.

A study of NIHL in railway workers showed that 20% of

final hearing loss at 2 and 4 kHz was already established

after the first year of noise exposure. This highly exceeded

the predictions of the ISO model, yet after 3–4 years of

exposure data and model are in close agreement (Hender-

son and Saunders 1998). On the contrary, another study

found only a slight increase in hearing threshold levels

(HTLs) of construction apprentices after the first 3 years of

employment in construction industry (Seixas et al. 2005),

which was much smaller than predicted by ISO-1999.

Because NIHL is preventable, hearing conservation

programmes are established, often relying on employee’s

use of hearing protection devices (HPDs) rather than on

controlling the noise exposure at its source (Neitzel and

Seixas 2005). Protection from HPDs depends largely on the

consistency of usage, because noise exposure during non-

use greatly reduces their effectiveness (Neitzel and Seixas

2005). Discomfort, hinder to communication and highly

variable noise levels, which are common in construction,

can cause irregular use of HPDs (Suter 2002; Neitzel and

Seixas 2005). Several studies focusing on the use of

hearing protectors in construction demonstrated low level

of HPD usage; Lusk et al. (1998) found that workers in

different construction trades reported to wear protection

during only 18–49% of the time exposed to self-reported

high noise. In a more recent study, this percentage was

41% (Edelson et al. 2009). Neitzel and Seixas (2005)

reported an even lower percentage of usage of less than

25% of the time that combined with the amount of atten-

uation resulted in negligible effective protection (Neitzel

and Seixas 2005). Nevertheless, a study examining hearing

loss in Canadian construction workers showed that HPD

usage was common ([90%) and resulted in a protective

effect on hearing (Hessel 2000).

These different findings underline the complicating effects

of the consistency of HPD usage in assessing the relationship

between occupational noise exposure and NIHL.

In addition, there is also a great variability in individual

susceptibility to hearing loss (Henderson et al. 1993; Sli-

winska-Kowalska et al. 2006), partly explained by other

possible causes of hearing loss. These are both intrinsic and

external factors (Sliwinska-Kowalska et al. 2006; Prince

et al. 2003). Intrinsic factors are for example gender, race,

genetics, medical history and hypertension (De Moraes

Marchiori et al. 2006). External factors concern ototoxicity,

leisure noise exposure, HPD usage and smoking (Mizoue

et al. 2003; Wild et al. 2005).

In this study, a large audiometric dataset of 29,216

construction workers is used to describe their hearing sta-

tus. The effect of noise exposure on hearing is observed by

comparing hearing threshold levels of noise-exposed

workers to thresholds of references. The relationship

between hearing and noise intensity and noise exposure

time is examined, with particular interest in the hearing

loss established during the first 10 years of noise exposure.

The measured relationships are compared to ISO-1999

predictions. In addition, the influence of wearing hearing

protection and other factors collected in periodic occupa-

tional health surveys on NIHL is considered.
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Methods

This cross-sectional study is based on data collected by

Arbouw, the Dutch national institute on occupational

health and safety in the construction industry. These data

are derived from medical records of periodic occupational

health examinations (POHE), performed between 1

November 2005 and 20 July 2006 throughout The

Netherlands.

A POHE consists of an extensive self-administered

questionnaire and a physical examination, including stan-

dardized audiometric testing. POHEs are provided for all

employees in the construction industry, irrespective of

occupational noise exposure. The right to participate is laid

down in the collective labour agreement, and participation

is completely voluntary.

Demographic, occupational and health-related data are

extracted anonymously from the medical records. This

includes information regarding job title, use of HPDs (yes/

no), self-reported hearing complaints, noise disturbance at

work and the number of years employed in both the con-

struction industry and the current occupation. Cigarette

smoking status (non-/ex-/current smoker) alcohol intake

(gl/wk) and blood pressure are also recorded. Hypertension is

defined as systolic blood pressure C 140 mmHg combined

with diastolic blood pressure C 90 mmHg (De Moraes

Marchiori 2006). Independent ethical approval is not needed

for this type of retrospective analyses in the Netherlands.

Participants

The eligible study population contains all 29,216 con-

struction workers who had undergone a POHE in the given

period. Hearing threshold levels of the noise-exposed

construction workers are compared to different reference

groups, in order to separate the effects of occupational

noise from those due to ageing and other non-occupational

causes of hearing loss. The ISO-1999 standard provides

two reference databases: database A, based on a highly

screened non-noise-exposed population free from otologic

disease, which is used in this study to correct for median

age-related hearing loss; and annex B, an alternative

database representing a typical otologically unscreened

population of an industrialized country, not occupationally

exposed to noise. This database derived from representa-

tive population-based samples can serve as an appropriate

comparison group (Dobie 2006).

The participants of the study population currently

exposed to daily noise exposure levels below 80 dB(A),

such as office workers, can be considered as a comparison

group as well. These non-noise-exposed employees are

recruited from the same companies and are examined in the

same period and according to the same protocol as the

exposed subjects.

However, almost two-third of these currently unexposed

workers (65.8%) reported prior employment in the con-

struction industry. Their past job titles, and corresponding

exposure history, are unknown, but past occupational noise

exposure cannot be excluded for each of these workers.

Since an unscreened industrialized population should not

be occupationally exposed, only the 1.016 non-exposed

employees without prior employment are considered as an

appropriate control group.

These controls show hearing threshold levels (HTLs)

very similar to ISO database B, especially in the high

frequency region (3–6 kHz). Since these non-exposed

employees match the workers under consideration, they

form an ideal comparison group (Prince 2002; Prince et al.

2003). Thus, this internal comparison group is preferred

over the unscreened ISO annex B to be used as control

group in this study.

Audiometric measurement

Hearing ability is assessed by a qualified medical assistant

using standardized audiometric examination procedures

according to ISO-6189 (ISO 1983). Pure-tone audiometry

is conducted at the workplaces in a mobile unit equipped

with a soundproof booth, using a manual audiometer

(Madsen Electronics, Taastrup, Denmark) coupled with

TDH-39 headphones. Audiometers are annually calibrated

according to the ISO-389 standard (ISO 1991). Testing is

done during the work shift, but subjects had at least a

noise-free period of approximately 2–3 h prior to testing.

Pure-tone air-conduction thresholds are determined at fre-

quencies 0.5, 1, 2, 3, 4, 6 and 8 kHz in both ears, in 5-dB

increments.

A hearing threshold level of 90 dB is the upper limit of

the equipment and hearing threshold is marked as 95 dB if

the participant does not respond to this maximum sound

signal. Because of this ceiling effect, only HTLs up to

90 dB HL or better are preserved in this analysis.

Noise exposure estimation

Years of exposure is defined as the years employed in

construction industry, as is reported in the questionnaire. If

the number of years employed in construction sector

exceeds the number of years in the current job, it is

assumed that the former job had equivalent exposure

levels.

Sound levels are expected to vary more from day to day

for the individual workers than between different workers

in the same trade. Therefore, workers are classified by the
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time weighted average (TWA) noise exposure levels esti-

mated for standardized job titles.

These daily noise exposure levels were extracted from a

database of Arbouw. Most of the estimates reported in this

database are retrieved from findings of Passchier-Vermeer

et al. (1991). Their findings were based upon a collection of

audiometric hearing thresholds of a large population of

construction workers. For each profession, the noise levels

were derived from the observed HTLs, using a maximum-

likelihood fitting procedure in conjunction with the algo-

rithm given in ISO-1999. A comparable approach is used

more recently in a military population (Tufts et al. 2009).

This way, hearing thresholds can be predicted for popula-

tions, even when noise exposure levels are not precisely

known. The calculated noise level estimates are a result of

all unknown aspects that may have influenced the workers’

noise exposure, such as HPD use, non-occupational noise

exposure, individual susceptibility and other factors.

Therefore, these predictions were verified by noise mea-

surements in 1983, 1991, 2002 and 2007. These measure-

ments are generated by Arbouw and include full-shift

personal dosimetry and sound level measurements during

specified job-related tasks. Sound level measurements are

combined logarithmically in order to calculate an 8-h

equivalent noise level, using the duration and frequency of

each task. The daily noise exposure levels obtained by

dosimetry are arithmetically averaged to obtain job-specific

exposure estimations. Table 1 provides an overview of the

available data on noise exposure estimates for the twenty

most prevalent jobs in the current dataset.

The results of the noise measurements showed good

agreement with the noise level calculations for the majority

of job titles (Table 1). In case of a deviation, the result of

the noise measurements was considered the appropriate

noise exposure level to be used in this study. Also, the

different measurements performed in different periods

showed great similarity.

Exclusion criteria

Of the 29,216 participants included in this study, all 951

female workers are discarded because of their concentra-

tion in non-noise-exposed jobs. Furthermore, one subject

lacks all audiometric data and 173 participants show HTLs

of 95 dB HL at one or more frequencies in both ears.

In addition, 357 subjects show HTLs of 95 dB in one ear

and hearing threshold levels of 90 dB HL or better at all

frequencies in the other ear. For these subjects, only the

latter ear is preserved in the dataset.

Data are excluded for 447 workers with insufficient

noise exposure data; they miss either information on job

title (n = 19) or duration of employment (n = 428).

Finally, the 1,958 currently exposed workers that reported

prior employment in construction are excluded from the

internal control group.

The excluded participants do not differ significantly

from the included subjects, except for younger age

(-3.3 ± 0.5 years) and shorter employment duration

(-6.0 ± 2.9 years). However, age-corrected hearing loss

is similar in both groups (p = 0.908).

The study population thus comprises 27,644 men and

54,931 ears.

Data analysis

All statistical analyses are performed using SPSS for

windows software, version 15.0. Binaural average thresh-

olds are computed for each test frequency and for all

subjects. If threshold levels of only one ear are available,

these are regarded as the binaural thresholds and are used

for further analyses.

Audiogram data usually have a positively skewed dis-

tribution. However, the tested sample is assumed to be

large enough to approach a normal distribution and para-

metric tests are used (Dawson-Saunders and Trapp 1994).

The mean binaural hearing threshold levels of exposed

workers are compared to age-matched. ISO-standard val-

ues using a paired Student’s t test, and to HTLs of the non-

exposed control group using an independent Student’s

t test.

In order to compare hearing thresholds of the noise-

exposed workers to those of controls and to NIHL pre-

dictions by ISO, HTLs of each participant are corrected for

age effects by subtraction of the age-matched median HTL

predicted by annex A of ISO-1999.

This ISO model assumes that noise-induced permanent

threshold shift (NIPTS) and age-related hearing loss

(ARHL) are additive, according to the following empirical

formula:

HTL ¼ ARHLþ NIPTS� ðARHL � NIPTSÞ=120

The correction term (ARHL * NIPTS)/120 starts to modify

the result significantly when NIPTS ? ARHL is more than

approximately 40 dB HL. To avoid underestimation of

NIPTS in this study, this correction term was taken into

account in calculating the age-corrected thresholds for

measured HTLs exceeding 40 dB HL.

To simplify the results, hearing loss is also evaluated

using pure-tone averages calculated for 1, 2 and 4 kHz

(PTA1,2,4) and for the noise-sensitive frequencies 3, 4 and

6 kHz (PTA3,4,6). These parameters are used in multiple

linear regression analyses, to investigate the dependence of

hearing threshold levels on noise intensity and exposure

time. Since there is an important dependence between age

and hearing loss, age is also considered as an explanatory
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variable. The possible statistically significant interaction of

noise intensity and noise exposure time is tested by adding

a product term in regression analyses.

In addition, multiple linear regression analysis is used

for the analysis of combined action of different parameters

on PTA3,4,6 values. Modelling proceeded in several steps.

First, bivariate relationships of the covariates with PTA3,4,6

are checked by simple linear regression. All analyses are

adjusted for age by including age as a covariate. Most of

the categorical variables are dichotomous, and others are

converted into dummy variables before inclusion into the

analysis. Variables are retained for further modelling if the

age-adjusted p value of the individual testing was \0.10.

Second, a multiple linear regression model is created using

the selected set of potential predictive variables. Relevant

variables are selected using a backward stepwise elimina-

tion procedure, with p \ 0.05 for inclusion and p \ 0.10

for exclusion.

The use of hearing protection devices reduces noise

exposure, which may lead to overestimation of exposure

levels and attenuation of the exposure–response relation-

ship (Sbihi et al. 2010). To reduce the effects of hearing

protection, some analyses are adjusted for reported HPD

use by performing stratified analyses for the subgroups of

HPD users and non-users.

The level for statistical significance is taken as p \ 0.01

for all analyses.

Results

General population characteristics

The total population of 27,644 men is divided into a large

group of noise-exposed employees (n = 24,670) and an

internal non-exposed control group (n = 1,016). The

exposed group is slightly older than that of the control

group (average age 44.3 and 40.9 years, respectively, see

Table 2). Noise-exposed workers are significantly longer

employed in both the construction industry and their cur-

rent occupation than controls. Mean employment differ-

ences are 12.4 and 6.7 years, respectively. More than half

of the exposed workers have always been employed in the

current job (55.5%). Of the exposed employees, 75.5%

claim to use hearing protection, 22.1% have complaints of

worsened hearing and 39.1% are bothered by noise during

work. Smoking status, alcohol intake and blood pressure do

not differ between the groups.

Hearing threshold levels

To examine the hearing ability of the employees, median

hearing threshold levels of the noise-exposed workers are

compared to median HTLs of the non-exposed controls and

to age-matched thresholds reported in annex A of the ISO-

1999 standard (Fig. 1).

Table 1 Noise exposure level

estimates for the 20 most

prevalent job titles, deriving

from calculations and different

noise measurements

Noise exposure levels are

expressed as equivalent 8-h,

A-weighted sound-pressure

levels (LA,eq(8h)), calculated

using an exchange rate of 3 dB

Job title n Calculations Sound level

measurement

Dosimetry Intensity

used

1 Carpenter 10,225 91 84–95 91

2 Bricklayer 2,394 91 87–92 91

3 Painter 2,082 88 80–90 88

4 Contractor 1,748 88 84–89 88

5 Hodman 635 90 80–90 87

6 Engineer (civil) 582 92 81–99 88

7 Navvy 518 91 81–95 91

8 Paver 508 91 86–93 92

9 Plasterer 412 90 85–108 93

10 Tiler 344 91 87–91 91

11 Crane operator 323 92 79–98 92

12 Driver/chauffeur 283 91 91

13 Mechanical woodworker 282 93 83–96 87–95 91

14 Concrete bender 237 89 82–89 89

15 Concrete scraper 224 91 87–92 91

16 Mechanic (machines) 214 92 90–95 92

17 Pipelayer 200 91 85–95 91

18 Mechanic 192 92 82–96 92

19 Pile driver 145 96 80–103 86

20 Destructor 140 89 81–109 96
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All curves show the well-known deterioration of hearing

with age, which is most prominent in the high frequency

region. Both the exposed workers and the internal controls

show significantly poorer hearing threshold levels relative

to the ISO predicted values, across the complete range of

test frequencies. In addition, both groups show a slight

worsening in the high frequencies in the two youngest

groups. In the older age groups, the differences between

median HTLs of the exposed workers and the internal

controls increase. These differences are greatest for hearing

thresholds at 4 and 6 kHz. With increasing age, the

exposed group develops a typical NIHL notching pattern in

the high frequency range, which broadens from 4 to 6 kHz

to the lower frequencies.

Figure 1 shows that hearing thresholds strongly depend

on age. Therefore, measured HTLs are corrected for age

effects. After these corrections, the differences between the

noise-exposed workers and controls remain statistically

significant for all frequencies (p \ 0.001). These differ-

ences are relatively small at 0.5 and 1 kHz (\1 dB) but

become more pronounced at higher frequencies, with a

maximum mean difference of 7.0 dB at 4 kHz.

Relationship of noise and hearing loss

In order to assess the relationship between hearing loss and

noise exposure, multivariate regression analyses are per-

formed, with age as covariate.

Both noise parameters and the interaction term show a

significant bivariate association with the PTA-values.

However, the interaction term does not contribute signifi-

cantly to both multivariate regression models and is

excluded from further analyses. For PTA1,2,4, the model

accounts for 24.3% of the variance. The age-adjusted

regression coefficient for noise level is 0.14 (99% CI

0.11–0.19), for years of exposure this is 0.07 (99% CI

0.05–0.09). The regression model for PTA3,4,6 accounts for

32.4% of the variance. Also the age-adjusted regression

coefficients for noise level and exposure time are higher for

PTA3,4,6, 0.27 (99% CI 0.22–0.32) and 0.12 (99% CI

0.09–0.15), respectively.

To gain more insight into the relationship between

hearing loss and noise exposure, the impact of both

parameters on hearing loss is further explored in separate

analyses. The age-corrected hearing thresholds enable

comparison to the noise-induced permanent threshold shift

(NIPTS) predicted by ISO-1999. These NIPTS values are

functions of audiometric frequency, exposure level and

exposure time. For each individual construction worker, his

expected median NIPTS is computed.

PTA3,4,6 is most affected by noise, and this age-cor-

rected pure-tone average is examined as function of

exposure duration. For exposure times between 10 and

40 years, the median value of expected NIPTS and its

distribution can be calculated. For exposure times shorter

than 10 years, median expected NIPTS values are

Table 2 Demographics and

hearing loss risk factors, by

subject group

* Difference between groups is

significant at 0.01 level

Italic values represent

percentages

Variables Exposed Controls

n 24,670 1,016

Age, yrs (mean ± SD)* 44.3 ± 11.4 40.9 ± 11.5

Years in construction (mean ± SD)* 24.3 ± 12.6 11.9 ± 10.2

Years in current job (mean ± SD)* 18.6 ± 12.8 11.9 ± 10.2

Always employed in current job (%)* 55.5 –

Usage of HPD (%)* 75.3 9.9

Complaints of worsened hearing (%)* 22.1 11.7

Bothered by noise during work (%)* 39.1 4.5

Smoking

Never (%) 35.0 36.4

Current (%) 32.8 33.5

Ex (%) 32.2 30.1

Cigarettes/day (mean ± SD) 14.7 ± 9.9 14.2 ± 9.2

Years of smoking (mean ± SD) 18.9 ± 11.8 18.9 ± 11.7

Alcohol intake, glasses/week (mean ± SD) 9.8 ± 10.3 9.8 ± 10.3

Hypertension (%) 21.6 19.7

LAeq, 8h (dBA)

80–84 (%) 0.6 –

85–89 (%) 29.0 –

90–94 (%) 68.7 –

[95 (%) 1.7 –
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interpolated from the value of NIPTS for 10 years,

according to ISO-1999 (Fig. 2).

Although the inter-individual variation in the age-cor-

rected hearing thresholds is larger in the exposed con-

struction workers than predicted by ISO-1999, the median

values of both groups follow a similar pattern for exposure

times ranging from 10 to 40 years. However, this is not the

case in the first 10 years of exposure. Where median values

of ISO are interpolated to a NIPTS of 0 dB HL at the start

of noise exposure, the population of noise-exposed con-

struction workers shows age-corrected PTA3,4,6 values that

are approximately 10 dB higher at the beginning of occu-

pational noise exposure without the steep increase as is

predicted by ISO-1999.

Similarly, age-corrected PTA3,4,6 values as function of

daily noise exposure level are examined (Fig. 3).The non-

exposed control group accounted for the starting point at

80 dB(A). There are large differences in the distributions

of age-corrected hearing thresholds between the exposed

study group and the ISO-1999 reference population.

Hearing loss variation is, again, much greater in exposed

employees, and their PTA3,4,6 values are almost evenly

distributed over the range of noise intensities. Hearing loss

increases only slightly with increasing noise exposure level

in this population, resulting in an almost flat curve that

deviates strongly from the NIPTS predicted by ISO-1999.

Up to exposure levels of 91 dB(A), construction workers

exhibit a greater hearing loss than predicted, while at

higher noise levels less hearing loss is observed.

Other variables of influence

Data collection during periodic occupational health

examinations also provides information about various

factors possibly associated with NIHL, such as, the use of

hearing protection, smoking and hypertension. To investi-

gate the association between these risk factors and hearing

loss, bivariate and multivariate regression analyses are

performed. These analyses focus on PTA3,4,6 only and are

adjusted for the confounding effect of age. Results are

displayed for the overall population and for both HPD

subgroups separately in Table 3.
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Fig. 1 Measured hearing thresholds levels of the exposed workers (thick black lines), compared to the non-exposed internal controls (grey area)

and age-matched ISO predictions of annex A (crosses), for five age groups
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Age, noise intensity and exposure time have shown to be

significant contributors to the regression model. The

addition of other potential risk factors improves the model

fit statistic from 32.6 to 42.0%.

For the overall population, the additional variables that

remain significant in the multivariate model include the use

of hearing protection, no change in job history, noise nui-

sance at work and the presence of hearing complaints.

The use of hearing protection shows a positive associ-

ation with PTA3,4,6 values, meaning that employees using

hearing protection exhibit slightly more hearing loss than

participants never using HPDs. Always being employed in

the current job is associated with significantly greater

hearing loss, and there is a strong correlation between the

subjective complaints about poor hearing and the degree of

hearing loss.

Hearing protection

Only 77% of the employees exposed to daily noise levels

exceeding 80 dB(A) report to wear hearing protection

devices at work, meaning that 23% of the exposed workers

state to never use protection.

Regression analyses show that employees using HPDs

have an overall increase in PTA3,4,6 of on average 1.4 dB

with regard to employees never using protection, after

adjusting for relevant covariates. To gain more insight into

the differences between participants using hearing protec-

tors and participants not using protection, both groups are

analysed separately.

These analyses show that HPD users are employed in

construction for a slightly shorter period (24.0 vs. 25.4 years)

and are significantly younger than non-users (43.7 and

46.1 years, respectively). The percentage of HPD users

declines with increasing age from 83.2% in employees

younger than 25 years to 68.5% of the workers 55 years or

older. Of the HPD users 44.8% indicated to be bothered by

noise in their jobs, which is twice as much as the 21.6% in the

non-user group. More importantly, the intensity of noise

exposure differs significantly between HPD users and HPD

non-users (90.6 and 89.5 dB(A), respectively).
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Stratified regression analyses for the subgroups of HPD

users and HPD non-users did not show any differences

between the results of both subgroups and of the overall

population, except for the insignificant contribution of job

history to the model for the non-users (Table 3). However,

the regression coefficient found for noise intensity in the

non-user group was slightly higher than in the user group.

Nevertheless, Fig. 3 does not show a stronger relationship

of noise exposure level with age-corrected PTA3,4,6 values

in the non-user group compared to HPD users.

When dividing the noise exposure levels into high noise

intensities ([90 dB(A)) and moderate noise levels

(between 80 and 90 dB(A)), it is shown that 84.4% of the

highly exposed workers report to use HPDs versus 53.6%

of the employees exposed to moderate noise levels. A

stratified regression analysis for these two groups showed

that HPD use only showed significant association with

PTA3,4,6 in workers exposed to noise levels between 80 and

90 dB(A) (data not shown).

Discussion

The results of this study confirm the adverse effect of noise

exposure on hearing threshold levels; the construction work-

ers exposed to noise have poorer hearing thresholds compared

to their non-exposed colleagues and to an international

reference population, especially in the 3–6 kHz region.

Audiometric results

This study shows a maximum mean deviation of 16.5 dB at

6 kHz from the ISO reference population. Compared to the

internal control group, the greatest average difference is

7.0 dB, at 4 kHz.

Although these differences are not as large as expected,

the findings are in agreement with a study of Suter (2002).

That study reports hearing threshold levels of carpenters

and equipment operators that were approximately 5 dB

worse than the HTLs reported in annex B of ISO-1999 in

the high frequency region. The unscreened reference pop-

ulation of annex B reports HTLs, which are comparable to

the high frequency thresholds measured in our internal

control group.

Nevertheless, the small group effects do not rule out

significant threshold shifts in the ears of individuals that are

more susceptible to noise-induced hearing loss than on

average.

Study limitations

Although the main strength of this study was the size of the

study population showing only a small percentage of

missing values, some limitations in test administration and

data collection cannot be avoided.

When comparing hearing threshold levels of construc-

tion workers to ISO-1999 standard values, both noise-

exposed workers and controls show a deviation of about

10 dB HL at the lower frequencies. This deviation is

reported in other studies as well, either in control groups

used to analyse hearing ability of construction employees

(Hessel 2000; Hong 2005) or in a general occupational

population (Dobie 2007). In this study, some aspects of test

administration may have been responsible for this

difference.

The available audiometric data are retrieved from

screening assessments, omitting measurements of bone

conduction. Therefore, we cannot correct for the presence

of possible conductive hearing losses (e.g. due to perma-

nent middle ear problems or temporarily conductive losses

caused by a cold) that may be responsible for the elevated

thresholds at the lower frequencies. Moreover, audiometric

measurements are carried out on location in a mobile unit

equipped with a soundproof booth. Nevertheless, possible

exposure to background noise during the hearing test,

which could produce elevated thresholds at 0.5 kHz, and to

a lesser extent at 1 kHz (Suter 2002), cannot be ruled out

completely.

Furthermore, in this study no fixed noise-free period

prior to audiometric measurements is defined. However,

minimal time between possible occupational noise expo-

sure and hearing tests was 2–3 h. Guidelines in literature

recommend a longer noise-free period, varying from 6 to

14 h (NCvB 1999; May 2000). Consequently, the noise-

free period of 2–3 h may not be sufficient to fully recover

from a possible temporary threshold shift (TTS) (Melnick

1991; Strasser et al. 2003), and a complete absence of TTS

cannot be guaranteed.

Moreover, collecting the appropriate data for noise

exposure in this large population appears to be another

limitation in this study. This study lacks individually

measured noise exposure levels. Because construction

workers are highly mobile and perform several different

tasks, it is extremely difficult to obtain accurate estimates

of the individual noise exposure levels.

Noise exposure estimations

Although regression analyses confirm a significant rela-

tionship between noise intensity and PTA-values, the

hearing thresholds increase only marginal with increasing

noise exposure level. This relationship follows a much

flatter curve than predicted by ISO-1999.

A previous examination of Dutch industry workers

compared single frequency threshold levels to ISO pre-

dictions (Passchier-Vermeer 1986) and obtained a similar
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pattern, suggesting that ISO underestimates hearing loss at

lower exposure levels and overestimates hearing loss at

higher noise levels. In a more recent study, the shift

between baseline and follow-up audiograms showed good

agreement with model predictions (ANSI 3.44 1996) at

lower noise exposure levels, while at higher noise inten-

sities less hearing loss than predicted was observed

(Rabinowitz et al. 2007).

In the current study, individual noise exposure intensi-

ties are assigned based on job titles. This may have been

too simplistic. It does not take into account that exposure

may vary extensively between workers and over time. The

diversity in specific tasks and the variety of equipment used

at different workplaces introduces uncertainty in the cal-

culations of noise exposure (Passchier-Vermeer 1986;

Rabinowitz et al. 2007). As a consequence, the resulting

estimates are not accurate enough to obtain a reliable dose–

effect relationship.

Although the majority of the noise level estimates used

in this study are mainly based upon carefully conducted

sound level measurements and/or on personal dosimetry,

noise levels are determined during a limited period of time.

Therefore, the noise estimations are only samples and this

limited sampling in complex and variable job situations,

may have resulted in less accurate estimations.

Finally, the present noise exposure levels are also used

as estimations of past exposure. Noise exposure levels of

the construction workers may have varied considerably

over their career. Regression analyses show only a small

effect of prior employment on hearing, but the changes

within jobs overtime may have limited the validity of the

noise intensity estimations.

All these uncertainties in noise level estimations may

have obscured a clear dose–effect relationship for the

individual construction worker. However, for groups of

workers with a sufficient number of employees, we may

assume that most of the uncertainties mentioned above, e.g.

the day-to-day variability and variations between individ-

ual workers, will be averaged out. Although the relations

found in such an approach may be prone to some bias, we

did not expect to find such a weak dose–effect relationship.

Attenuation of noise exposure from the use of hearing

protection might partly explain the lack of the typical

dose–response effect between noise level and hearing loss

as well (Rabinowitz et al. 2007). The use of HPDs can

cause inaccuracy in individual noise exposure estimation.

This may have resulted in an overestimation of hearing loss

for HPD users at noise intensities exceeding 90 dB(A), at

which a higher percentage of usage is reported. For this

reason, stratified analysis for subgroups of HPD users are

performed. The interpretation the results of the HPD users

is difficult because data on the effectiveness of hearing

protection and the consistency of wearing are unknown.

But also for the non-users the results do not show the

expected relationship of noise intensity and hearing loss

(Fig. 3).

Apparently, the variability between individual workers

combined with confounding factors such as the use of

hearing protection, differences in past exposure, slight

TTS-effects, and the inaccuracy of the noise exposure

estimations prevent us from making accurate predictions of

the effects of noise intensity on hearing, even in a popu-

lation of this large size.

Effects of hearing protection

Hearing protection may have its greatest effect at high

ambient noise levels. Workers exposed to higher noise

intensities are obliged to wear hearing protection and are

more bothered by ambient noise, making them more

consistent in wearing their protection (Rabinowitz et al.

2007). In lower ambient noise levels HPDs may interfere

with communication, jeopardizing the consistency of

usage (Suter 2002). Current analysis shows that 84.4% of

the employees exposed to noise levels exceeding

90 dB(A) indicated to use HPDs versus 53.6% of the

employees exposed to noise levels between 80 and

90 dB(A).

Regression analysis shows a positive association of

hearing loss and HPD use; employees using HPDs had on

average 1.4 dB higher PTA3,4,6 values than non-users.

Bauer et al. (1991) also found a positive association

between of the usage of HPDs and hearing loss by ana-

lysing a very large population of workers exposed to

occupational noise. This can be explained by the sugges-

tion that workers with beginning hearing problems are

better motivated to use HPDs more consistently than their

colleagues without hearing problems.

When workers are divided into highly exposed

employees and employees exposed to moderate noise lev-

els (80–90 dB(A)), HPD usage only shows a significant

association with hearing in the moderately exposed group

(data not shown). HPD use does not contribute significantly

to the multivariate regression model for PTA3,4,6 in the

highly exposed group, despite the assumption that these are

more consistent users.

In this study, HPD usage was scored as a binary vari-

able, while the actual consistency of usage would be a

more suitable predictor. The individual fitting of HPDs, the

consistency of HPD usage and exposure level during use

and non-use are crucial elements in determining the actual

noise dose (Seixas et al. 2005).

In addition, HPD data are based on employees’ self-

report, which can be subject to reporting bias and social

desirability (Griffin et al. 2009). These uncertainties can

lead to misclassification, thereby overestimating HPD
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usage and underestimating the true effect of hearing pro-

tection (Davies et al. 2008).

Unfortunately, data about the effectiveness of the HPDs

and about the consistency of usage were unavailable.

Effects of noise exposure time

The relationship of hearing loss and exposure time, defined

as years of employment in construction, is also explored.

Exposure time is positively related to hearing threshold

levels; longer exposure times are associated with higher

PTA3,4,6 values.

This effect was about 0.09 dB loss in PTA3,4,6 for each

year of exposure, after adjustment for age, noise intensity,

and other risk factors. This increase is similar as reported in

ISO-1999, which predicts an average increase in median

PTA3,4,6 values of 1 dB/decade for exposure levels of

90 dB(A) (ISO 1990). Also a review by Rösler (1994)

reports the same amount of increase in age-corrected HTLs

at 4 kHz, after the first 10 years of exposure.

When comparing the age-corrected PTA3,4,6 values of

the study population and the ISO predicted NIPTS as a

function of exposure time, the greater inter-individual

variation in the distribution of NIHL in exposed con-

struction workers is remarkable. This suggests a high var-

iation in factors influencing the susceptibility to hearing

loss in each exposure year interval of the study group, such

as HPD use, prior employment, non-occupational noise

exposure, hearing disorders, and variability in noise

intensity.

However, the median values of both the noise-exposed

workers and the ISO predictions have a similar slope, at

least for exposure times between 10 and 40 years.

An interesting aspect is the relationship during the first

10 years of noise exposure. Construction workers

employed for less than 10 years show greater hearing

losses than expected based on the interpolation of ISO-

1999. In addition, observed hearing loss increases over the

first 10 years of exposure at the same rate as in the fol-

lowing 10–40 years of exposure duration, where a pattern

of strongly increasing thresholds would have been expected

(ISO 1990; Rösler 1994; Prince 2002).

To investigate the role of job history in this group with

short exposure duration, this relationship is determined

only for construction workers younger than 30 years of age

that reported no prior employment. This selection of 2,190

employees shows the same pattern of median age-corrected

PTA3,4,6 values that is about 10 dB higher than predicted

by ISO.

A number of previous studies also found a discrepancy

between ISO predictions and measured hearing loss during

the first years of exposure. Analyses based on serial au-

diograms of railway workers showed that hearing

thresholds exceed model predictions in the very beginning

of noise exposure, showing age-corrected hearing loss at

job entrance of 9 dB averaged over 2 and 4 kHz (Hen-

derson and Saunders 1998). Another study, monitoring a

cohort of newly enrolled construction apprentices, showed

HTLs of 12.2 dB HL at 4 kHz at baseline (Seixas et al.

2004) without any change in audiometric hearing thresh-

olds over the first 3 years of employment (Seixas et al.

2005). The reported hearing threshold levels at job entrance

in these studies are all higher than 0 dB HL and correspond

to the median age-corrected PTA3,4,6 of 10.9 dB HL found

here.

The ISO-1999 model depends on the interpolation of

predicted hearing thresholds after 10 years of exposure and

the assumed hearing thresholds of 0 dB HL at the begin-

ning of employment. Our findings suggest that this may not

correctly represent the true development of NIHL over this

period of exposure. The interpolation of the ISO formula

could either be less applicable to the population of interest,

or the starting point of 0 dB HL is set too low, possibly due

to the fact that the amount of early hearing damage in this

population is underestimated.

NIHL in young employees

A Dutch survey of health-related and occupational prob-

lems among construction workers shows that 7.6% of

construction workers younger than 25 years are diagnosed

with NIHL (Arbouw 2009). Reported prevalence of hear-

ing loss among young adults entering the construction

industry in literature is even higher, ranging from 14.4 to

16% (Rabinowitz et al. 2006; Seixas 2005). This suggests

that the starting point of 0 dB HL defined in ISO-1999 is

set too low in this population, because NIHL is already

present in workers even before employment. Possibly, this

is caused by noise exposure in recreational settings,

underlining that non-occupational noise is another com-

plicating factor in the relationship of occupational noise

exposure and hearing impairment. Neitzel et al. (2004)

demonstrated that approximately one-third of apprentices

in the construction industry experience equivalent noise

levels higher than 80 dB(A) from recreational noise

exposure, placing them at risk for NIHL even before

considering occupational exposure. Effects of both occu-

pational and non-occupational noise exposure will accu-

mulate and exposure to non-occupational noise prevents

workers to recover from occupational noise exposure.

Since the current study was conducted during audiometric

screening in an occupational health setting, no information

concerning exposure to leisure noise is available.

Information about non-occupational noise exposure and a

baseline audiometric measurement would be highly

advisable for medico-legal purposes.
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Effects of confounding factors

The influence of other possible confounding factors must

be considered when interpreting the presented relationships

between hearing loss and noise exposure. Despite con-

founding factors such as job history and use of hearing

protection, the multiple linear regression analysis still show

a significant contribution of noise exposure to the regres-

sion model. Lifestyle factors, such as smoking, alcohol

intake and hypertension, do not show a relationship with

NIHL in this population. The multivariate model for

PTA3,4,6 only explains 41.1% of the variance in hearing

threshold levels; hence, most of the variation is not

explained by variables measured in this study. Other

studies performing multiple regression analyses to examine

the effect of noise exposure and hearing ability adjusted for

several confounders, found smaller R2 for their multivariate

models of 30.6% (Agrawal et al. 2010) and 36% (Toppila

et al. 2000).

Differences in the individual susceptibility to noise may

be responsible for the large spread of individual threshold

values. Several possible explanatory variables that hypo-

thetically could be responsible for part of the variance,

such as medical history, non-occupational noise exposure

and drug usage, are not included in these analyses, because

of a lack of information concerning these factors.

Conclusion

This analysis of a large audiometric dataset show that

Dutch construction workers exhibit greater hearing losses

than expected based solely on ageing. Accumulation of the

inevitable age-related hearing loss may result in moderate

to severe hearing impairment at retirement age.

Regression models show a great inter-individual vari-

ability in reported hearing loss, and only a weak relation-

ship between noise level and hearing ability is found. At

low noise exposure levels, hearing loss is much greater

than predicted whereas at high levels hearing loss is less.

This latter might be partly explained by the role of personal

hearing protection, which is worn by a greater proportion

of highly exposed workers than workers exposed to lower

noise levels. Individual noise exposure level measurements

can increase the accuracy of the noise intensity estimates

and results in a more reliable estimate of this relationship.

Growth of hearing loss with progressing exposure time

is in accordance with ISO predictions for exposure dura-

tions between 10 and 40 years. However, the interpolation

described in the ISO model that predicts hearing loss

developed during the first 10 years of exposure is not

consistent with our data and seems to be inapplicable in

this population. Our hypothesis is that pre-existing hearing

loss from non-occupational noise exposure is the most

important explanation for this inconsistency.

In a follow-up study, personal dosimetry and extensive

information on job history should be taken into account

estimating noise exposure levels. In addition, serial audi-

ometry with a baseline measurement at job entrance should

be performed and more detailed information should be

collected about factors influencing hearing ability, such as,

non-occupational noise exposure, medical history and

details of hearing protector usage.
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