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Abstract
Hearing impairment (HI) is a common sensory impairment among ageing adults. It has been
associated with worse health status, psychosocial problems, depression, and even dementia. With
the increasing proportion of older individuals in Western countries, the number of hearingimpaired people is growing. This creates an increased need for resources for hearing health care.
The aim of this study was to investigate epidemiological aspects of HI among ageing adults in
Northern Finland, in the Oulu region and among indigenous Saami living in northernmost Finland.
Both the incidence and change in hearing thresholds were studied in a longitudinal setting. In
addition, the impact of cardiovascular diseases (CVDs) and CVD-related risk factors on HI were
studied. The impact of CVD on hearing threshold changes over a 13-year time frame was also
analysed.
The subjects of the Oulu sample were randomly sampled from the population register by postal
code and the year of birth. Of the 850 baseline participants, with a mean age of 61 years, 599
participated in the follow-up study 13 years later at a mean age of 74 years. In the Saami
population, 514 participants participated with an age range of 49–77 years (mean age 61 years). A
structured interview based on an extensive questionnaire, otological examination and pure-tone
audiometry were performed.
The overall prevalence of HI (at least 20 dB in the better ear) increased from 26.7% to 70.3%
among the Oulu sample during the 13-year follow-up. No association between CVD and HI was
observed in the baseline study or between CVD and hearing threshold changes in the follow-up
study. Heavy smoking was found to be a risk factor for HI in both men and women. Obesity and
lower socioeconomic class were risk factors for HI in men only. The overall incidence rate for HI
was 45.8 per 1000 person years, and the 13-year cumulative incidence was 60.9%. Among Saami,
both measured (37.2%) and self-reported HI (46.9%) were common.
These results indicate that HI is highly prevalent and incidental among older adults. The
prevalence and incidence of HI are higher among men, but there were no significant differences
between men and women with respect to hearing threshold changes. These results can be used
when planning hearing health care in the future.

Keywords: cardiovascular diseases, hearing loss, incidence, population, prevalence, risk
factors

Lohi, Venla, Kuulovika ikääntyvillä aikuisilla Pohjois-Suomessa: Vallitsevuus,
ilmaantuvuus ja riskitekijät.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1650, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Kuulovika on ikääntyvillä aikuisilla yleinen aistivamma. Se on tutkimuksissa yhdistetty huonompaan terveydentilaan, psykososiaalisiin ongelmiin, masentuneisuuteen ja jopa dementiaan.
Länsimaissa ikääntyneiden osuus väestöstä kasvaa, minkä seurauksena myös kuulovikaisten
määrä lisääntyy. Tämä aiheuttaa kasvavaa resurssien tarvetta kuulonhuoltoon.
Tämän tutkimuksen tavoitteena oli tutkia kuulovian epidemiologiaa ikääntyvillä aikuisilla
Pohjois-Suomessa Oulun alueella ja Pohjois-Suomen saamelaisväestössä. Pitkittäistutkimuksella haluttiin selvittää kuulovian ilmaantuvuutta ja kuulokynnysmuutoksia. Näiden lisäksi tutkimuksen tavoitteena oli selvittää sydän- ja verisuonisairauksien ja niihin liittyvien riskitekijöiden
yhteyttä kuulovikaan sekä sydän- ja verisuonisairauksien yhteyttä kuulokynnysmuutoksiin 13
vuoden seurantatutkimuksen aikana.
Oulun aineiston tutkittavat valittiin satunnaisotannalla väestörekisteristä postinumeron ja
syntymävuoden perusteella. Ensimmäiseen tutkimukseen osallistuneista 850 tutkittavasta, joiden keski-ikä oli 61 vuotta, 599 osallistui seurantatutkimukseen 13 vuotta myöhemmin, jolloin
keski-ikä oli 74 vuotta. Saamelaistutkimukseen osallistui 514 tutkittavaa ikävälillä 49–77 vuotta
(keski-ikä 61 vuotta). Tutkittavat täyttivät laajan kyselylomakkeen, jonka pohjalta tehtiin strukturoitu haastattelu. Lisäksi heidän korvansa tutkittiin ja heille tehtiin kuulontutkimukset.
Kuulovika määriteltiin vähintään 20 dB keskiarvokuulokynnystasona paremmassa korvassa
0.5, 1, 2 ja 4 kHz taajuuksilla. Kuulovian yleisyys oli ensimmäisessä tutkimuksessa 26,7 % ja
seurantatutkimuksessa 70,3 %. Sydän- ja verisuonisairauksien ja kuulovian välillä ei todettu
yhteyttä poikkileikkaus-tutkimuksessa. Yhteyttä ei löytynyt myöskään pitkittäistutkimuksessa
sydän- ja verisuonisairauksien ja kuulokynnysmuutosten välillä. Runsas tupakointi lisäsi kuulovian riskiä sekä miehillä että naisilla. Lihavuus ja alhainen sosiaaliluokka olivat miehillä itsenäisiä kuulovian riskitekijöitä. Kuulovian ilmaantuvuus oli 45.8. tuhatta henkilövuotta kohti ja 13vuoden kumulatiivinen ilmaantuvuus oli 60,9 %. Saamelaisilla sekä mitattu kuulovika (37.2 %)
että itse ilmoitettu kuulovaikeus (46,9 %) olivat yleisiä.
Tämän tutkimuksen tulosten mukaan kuulovian vallitsevuus ja ilmaantuvuus ovat korkeita
ikääntyvillä aikuisilla. Sekä ilmaantuvuus että vallitsevuus olivat miehillä korkeammat kuin naisilla, mutta kuulokynnysten heikkenemisessä ei havaittu eroa sukupuolten välillä. Tämän tutkimuksen tuloksia voidaan hyödyntää tulevaisuuden kuulonhuollon suunnittelussa.

Asiasanat: ilmaantuvuus, kuulovika, riskitekijät, sydän- ja verisuonisairaudet,
vallitsevuus, väestötutkimus

To all the hearing impaired who would like to hear and
their loved ones who would like to be heard
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1

Introduction

Age-related hearing impairment (ARHI) affects practically all people who live long
enough. Currently, hearing impairment (HI) is estimated to be the most common
sensory impairment (Schubert et al., 2017) and one of the leading causes of
disability worldwide (Graydon, Waterworth, Miller, & Gunasekera, 2019). The
estimated number of hearing-impaired people today is 466 million (6.1% of the
world’s population), and the projected increase is up to 630 million by 2030 and
900 million in 2050 without preventive actions (World Health Organization, 2018).
Population demographics are changing globally, and the proportion of older age
groups is rapidly increasing, leading to a growing number of hearing-impaired
persons. There are regional differences in the prevalence of HI and the projected
increase in people with HI. The most rapid increase is projected to occur in the
Western Pacific region, African region and Eastern Mediterranean region. In
Western and other high-income countries, the increase is projected to be slower
(Haile et al., 2021).
The aetiology of ARHI is multifactorial. Researchers have found numerous
possible risk factors that contribute to HI, and its occurrence is a combination of
subject-dependent factors, such as genetics, sex, and age, as well as medical and
environmental factors (Agrawal, Platz, & Niparko, 2008; Bovo, Ciorba, & Martini,
2011; Van Eyken, Van Camp, & Van Laer, 2007). Some risk factors are modifiable,
such as noise exposure, medical conditions, or smoking. Recent research has
attempted to identify possible risk factors with the general aim of determining
whether ARHIs are at least partially preventable (Engdahl, Aarhus, Lie, & Tambs,
2015; Joo et al., 2020; Kiely, Gopinath, Mitchell, Luszcz, & Anstey, 2012; Linssen,
van Boxtel, Martin P J., Joore, & Anteunis, 2014).
Worse hearing has been linked to several issues at the individual level. A
person’s ability to communicate is affected by HI, which can cause social problems
and lead to isolation (Mick, Kawachi, & Lin, 2014). Hearing-impaired adults have
lower quality of life and greater risk for depression (Gurgel et al., 2014; Olusanya,
Davis, & Hoffman, 2019). Self-reported HI is associated with many medical
conditions and worse overall health during the preceding year (McKee, Stransky,
& Reichard, 2018). Furthermore, HI has been linked to the probability of incident
dementia in individuals more than 85 years old (Jia et al., 2020). ARHI cannot be
cured, but rehabilitation with hearing aids aims to prevent at least some of the
adverse outcomes caused by HI (Choi et al., 2016; Jayakody et al., 2020; Mulrow
et al., 1990). However, the symptoms may not be recognized at an early stage due
19

to the slow development of ARHI (Gates & Mills, 2005; Pacala & Yueh, 2012), and
many people with HI receive hearing aids too late (Nash, Scott D. et al., 2013;
Uimonen, Huttunen, Jounio-Ervasti, & Sorri, 1999).
Epidemiological studies of HI have recently increased, but there are still only
limited data on the incidence and risk factors for HI in older age at the population
level. National epidemiological data are needed, especially in longitudinal settings,
to estimate the future needs of hearing health care. Analysing risk factors will
inform methods for how to prevent ARHI.

20

2

Review of the literature

2.1

Presbyacusis and age-related hearing impairment

Presbyacusis is traditionally defined as a gradual loss of hearing in both ears that is
caused by degenerative changes of the inner ear (Belal & Glorig, 1987). In addition
to pure biological ageing, many subject-dependent and environmental factors
influence an individual’s hearing during their lifetime, many of which are
irreversible or might also be preventable. Furthermore, the age-related decline in
central auditory processing, which reduces the ability to discriminate speech in
noise, is one part of the hearing difficulties during older age (Sardone et al., 2019).
Thus, the preferred term is age-related hearing impairment (ARHI) which has a
broader meaning and better describes the complex aetiology and diverse
manifestation of the disease (Martini & Mazzoli, 1999). Today, ARHI is understood
to be a heterogeneous combination of all factors that influence hearing during a
person’s lifetime and is considered “a multidimensional disease” (Eckert et al.,
2021). However, the terms presbyacusis and ARHI are often used synonymously
in the literature.
Multiple aetiologies and phenotypes of ARHI have been described (Schuknecht
& Gacek, 1993). Schuknecht’s classification (1964), based on studies of temporal
bones in humans, includes four types of HI: sensory, neural, strial or metabolic and
cochlear conductive presbyacusis, each leading to different configurations in
audiograms. Sloping audiograms are typical in sensory presbyacusis, and in neural
presbyacusis, word discrimination is diminished. Strial or metabolic presbyacusis
is caused by atrophy of the stria vascularis and lateral wall of the cochlea, leading
to a flat audiogram configuration (Schuknecht, 1964). Cardiovascular diseases
(CVDs), which are of special interest in this study, are suggested to cause strial
presbuacusis by limiting blood flow in the cochlea (Gates, Cobb, D'Agostino, &
Wolf, 1993).
2.2

Defining hearing impairment by pure-tone threshold
measurement

There is no fixed global definition for HI. It can be described as an impaired
function of the auditory system, which consists of the outer ear, middle ear, inner
ear, and central auditory system. Pathologies in different regions of the system
21

cause different types of HI. Sensorineural HI is caused by the inner ear and central
processing dysfunction. In clinical practice, HI is classified as elevated pure tone
thresholds using an audiogram. Generally, the hearing status of a person is defined
as pure tone thresholds averaged over frequencies of 0.5, 1, 2 and 4 kHz in the
better ear (better ear hearing level, BEHL). The definition using the better ear
excludes persons with unilateral HI; to include them, worse ear hearing level
(WEHL) can be applied. Different definitions have been used in audiological
research. Commonly used definitions for any hearing impairment are ≥20 dB in the
better ear, according to the definition of European expert group (British Society of
Audiology, 1988; Stephens, 1996) or >25 dB, which has been the definition of the
World Health Organization (WHO) (World Health Organization, 1991). A new
definition and grading system have been recently adopted by the WHO as a part of
their Global Burden of Disease Project (World Health Organization, 2021). In the
new definition, the limit of mild HI is the same as in the EU definition, BEHL ≥20
dB, including persons with slight hearing difficulties (Humes, 2019; Stevens et al.,
2013). In the updated WHO proposed grading, a “moderately severe” degree has
been added, and a verbal description of the grade of hearing difficulty is included
to define the communication function (Humes, 2019). Grades of HI by different
definitions are presented in Table 1.
Table 1. Definitions and grades of hearing impairment according to WHO and EU expert
groups based on a mean of hearing thresholds at 0.5, 1, 2 and 4 kHz in the better ear.
Grade of HI

EU group, dB

WHO, 1991, dB

no HI

<20

<26

<20

Mild

≥20 and <40

≥26 and <41

≥20 and <35

Moderate

≥40 and <70

≥41 and <60

≥35 and <50

-

-

≥50 and <65

≥70 and <95

≥61 and <80

≥65 and <80

≥95

≥ 81

≥80 and <95

Moderately severe
Severe
Profound impairment

2.3

WHO, 2021, dB

Prevalence and incidence of hearing impairment

2.3.1 Population estimates of hearing impairment
Estimates of the prevalence of HI are based on studies with different definitions,
age distributions and measurements. Furthermore, considering regional differences,
it is difficult to make universal prevalence estimates (Roth, Hanebuth, & Probst,
22

2011; Stevens et al., 2013). Globally, the prevalence of HI is highest in developing
regions and lowest in high-income countries, in which ear infections are still a
common cause of HI (Stevens et al., 2013). Recently, the prevalence of HI has been
found to be decreasing according to population-based studies from Sweden,
Norway, and the United States (US) (Engdahl, Stigum, & Aarhus, 2021; Hoff,
Tengstrand, Sadeghi, Skoog, & Rosenhall, 2018; Hoffman, Dobie, Losonczy,
Themann, & Flamme, 2017; Zhan et al., 2010). However, the number of hearingimpaired people is still increasing due to projected changes in the age distribution,
and ARHI will be one of the major health concerns among ageing adults over the
next decades, even in high-income countries. The proportion of oldest people in the
population is increasing rapidly especially, e.g., in Finland, the number of adults
aged ≥85 years is projected to double by 2050 (Nordic statistics,
pxweb.nordicstatistics.org).
The prevalence of HI has been reported in several population-based, crosssectional studies. In some of them, a longitudinal study was also conducted.
Selected studies from Europe, the USA and Australia are described here.
The National Study of Hearing (NHS) is a comprehensive study reporting
the prevalence of HI for different ages (18–80 years) in the UK (Davis, 1995). The
data were collected in the 1980’s. The prevalence of HI is reported for the total
population (N=2910) and according to age, sex, and occupation and for different
definitions of HI. Davis and colleagues also conducted a small longitudinal study
among a subsample of the NHS (Davis, A. C., Ostri, & Parving, 1990).
A hearing study was conducted among the Framingham Heart Study cohort
in the US. The first audiological examination was conducted from 1978–1979 on
2293 participants aged 57–89 years. The second examination with 1662
participants aged 63–95 years old (mean age 73 years) was conducted from 1983–
1985. A 6-year longitudinal study with 1475 participants was also conducted (Gates
& Cooper, 1991; Gates, Cooper, Kannel, & Miller, 1990; Moscicki, Elkins, Baum,
& McNamara, 1985).
The Epidemiology of Hearing Loss Study (EHLS) provides rich and
substantial data on HI in adults (Cruickshanks et al., 1998). It began in 1993 and it
is still ongoing. In reports from the EHLS, the worse-ear-based definition was used
(WEHL0.5-4 kHz>25). Cross-sectional prevalence and 5-, 10-, 15- and 20-year
cumulative incidences are reported, with 3753 participants at baseline
(Cruickshanks et al., 2003; Cruickshanks et al., 2010; Schubert et al., 2018).
The National Health and Nutrition Survey (NHANES) is an ongoing crosssectional survey representative of the US population. Audiometric data were
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collected between 1999–2004 from 5742 participants aged 20 to 69 years and
between 2005–2010 from 1535 participants aged 70 years or older (Agrawal et
al., 2008; Li et al., 2014).
In Sweden, several reports concerning ARHI have been published in the
context of the Gothenburg H70 Birth Cohort Studies, starting in 1971 and still
ongoing, reporting longitudinal changes in hearing up to 95-year-old participants
(Hoff et al., 2018; Jonsson & Rosenhall, 1998; Pedersen, Rosenhall, & Moller,
1989).
The Norwegian HUNT hearing studies are part of a large general health
screening study representative of the population of Nord-Trondelag County.
Hearing studies were conducted between 1996–1998 on 50277 participants and
between 2017–2019 on 28339 participants, including longitudinal data of 12964
participants who were included in both examinations (Borchgrevink, Tambs, &
Hoffman, 2005; Engdahl & Tambs, 2010; Engdahl et al., 2015; Engdahl, Strand, &
Aarhus, 2020).
The prevalence of HI has also been reported in The Blue Mountains Hearing
Study (BMHS) on 2940 Australian adults aged 49 years or older (Gopinath et al.,
2009), with a longitudinal study reporting the incidence, progression and risk
factors for HI (Kiely, Gopinath, Mitchell, Luszcz, & Anstey, 2012; Mitchell et al.,
2011).
Furthermore, studies on the prevalence of HI have been conducted in China,
the Netherlands, and Germany (Homans et al., 2017; von Gablenz, Hoffmann, &
Holube, 2017; Wang et al., 2019). In Finland, two population-based studies of HI
are available. In one of them, the prevalence of HI was analysed for different ages
from 5 to 75 years (Uimonen, Huttunen, Jounio-Ervasti, & Sorri, 1999). In another
study, the hearing of a 75-year-old population was examined in Finland, Sweden
and Norway (Hietanen et al., 2005). A longitudinal study was also conducted on
Finnish participants (n=291) (Hietanen, Era, Sorri, & Heikkinen, 2004).
2.3.2 Hearing impairment among indigenous populations and the
Saami
HI was previously reported to be common among arctic indigenous populations in
Canada and Greenland (Baxter & Ling, 1974; Counter & Klareskov, 1990). Moore
(1991) studied hearing among native people (n=1897) in four regions in the western
Canadian Arctic. HI was present in 57–63% of subjects in one or both ears,
depending on the region (Moore, 1991). A high prevalence of chronic otitis media
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as a cause of HI was reported among indigenous children in northern Canada and
in Australia (Bowd, 2005; Gunasekera, Morris, Daniels, Couzos, & Craig, 2009).
The Saami are the only indigenous population in Europe. They are considered
a genetically isolated population, and there is no close genetic relationship between
the Saami and the Finns (Lahermo et al., 1996). The Saami presumably descended
from a distinct subgroup of Europeans who settled northern Fennoscandia several
thousand years ago (Norio, 2003; Tambets et al., 2004). Many of the Saami have
moved from their traditional living areas, the Saami “homeland”, but
approximately 75 000 to 110 000 Saami still live in the northern areas of Finland,
Norway, Sweden, and the Kola Peninsula of Russia (www.samediggi.fi). The
overall health status, life expectancy and mortality patterns of the Saami do not
differ remarkably from those of the nonindigenous residents of northern
Fennoscandia (Sjölander, 2011; Young & Chatwood, 2011). However, the Saami
are less satisfied with their health care services in Norway and Finland, at least
partly due to the poor language skills of health care personnel (Heikkilä, Heikkilä,
Laiti-Hedemäki, & Pohjola, 2013; Nystad, Melhus, & Lund, 2008). The traditional
lifestyle of the Saami – reindeer herding and hunting – is one possible cause for
noise-induced hearing loss, as previously reported among indigenous people in
Canada and Greenland (Baxter & Rojskjaer, 1979). Hearing among the Saami has
not previously been studied.
2.3.3 Incidence of HI
The incidence of HI among adults has been reported in only a couple of studies
with different definitions. In the EHLS, the 5-year cumulative incidence for HI
(worse ear hearing level, WEHL0.5-4 kHz>25 dB) was 21.4% among adults aged 48
to 92. The cumulative incidences increased starkly with age, being 7.0% among
48- to 59-year-old subjects and 45.2% among 70- to 79-year-old subjects
(Cruickshanks et al., 2003). Furthermore, cumulative incidences of 37.2% at 10year, 54.9% at 16-year and 75% at the 20-year follow-up have been reported in the
EHLS (Cruickshanks et al., 2010; Paulsen et al., 2019; Schubert et al., 2018). In an
Australian population, the 5-year incidence for bilateral HI (pure tone average, PTA
(0.5-4 kHz) >25 dB in the better ear) was 17.9% (Mitchell et al., 2011). In the
Framingham cohort, the 6-year incidence (PTA>25 dB at follow-up) was 8.4% in
the right ear and 13.7% in the left ear (Gates & Cooper, 1991).
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2.4

Longitudinal studies of hearing impairment

Longitudinal studies enable the observation of changes in a certain population or
sample but are more time-consuming and resource demanding. Hearing
deteriorates during the ageing process, and longitudinal studies, in particular, are
expected to provide valuable information. Previous population-based longitudinal
studies of HI are summarized in Table 2.
2.4.1 Progression of HI and hearing threshold changes
The progression of HI can be defined as a change in pure-tone thresholds over time.
However, in previous studies, varying definitions have been used. In the
Framingham cohort, significant progression was defined as ≥ 10 dB hearing decline
in the PTA (0.5, 1 and 2 kHz) (Gates & Cooper, 1991). A change of >5 dB in the PTA (0.5,
1, 2, 4 kHz) in 5 years was used in the EHLS and >10 dB in 5 years in the BMHS
(Cruickshanks et al., 2003; Mitchell et al., 2011).
Hearing thresholds at different frequency ranges
Pure-tone thresholds are generally measured at different frequencies, ranging from
0.125 kHz to 8 kHz (ISO, 2010). According to the European expert group, the
frequency areas have been defined as follows: low frequencies refer to up and equal
to 500 Hz; mid frequencies refer to greater than 500 Hz up to and equal to 2000 Hz;
high frequencies refer to those greater than 2000 and up to and equal to 8000 Hz;
and extended high are greater than 8000 Hz (Stephens, 1996). However, varying
definitions of low and high frequencies have been used in research. In ARHI,
hearing deterioration begins at higher frequencies, and during ageing, deterioration
extends to the lower frequencies (Lee, F. S., Matthews, Dubno, & Mills, 2005;
Wiley, T. L., Torre, Cruickshanks, Nondahl, & Tweed, 2001).

26

27

1999–2004

20–70

1978, 63.2% men
WEHL0.5, 1, 2, 4 kHz > 251

health examination data,

Korea

9

retrospective analysis of

Kim et al. 2018

3526, 46.3% men

BEHL 0.5, 1, 2, 4 kHz

(73.6)

50–103

sample

Australia

11

pooled population, random

Kiely et al. 2012

significant deterioration: ≥10
dB in 5 years at 3–4 kHz

31–50

705, 47.9% men

5

BEHL0.5, 1, 2, 4 kHz ≥20

8 kHz in left and right ear

hearing thresholds at 0.25 to

BEHL0.5, 1, 2, 4 kHz > 25

WEHL0.5-4 kHz>25

Definition or measure

Denmark

random, 1991

167 (40 m, 127 w)

182, 42%men

Karlsmose et al. 2000

70

75

Denmark: 206 – 158 – 135

GB: 405 - 98

5-year 2800, 10-year 2395

41–65

baseline: 3753, 42.3% men

48–92
(65.8)

N

80 (18 m, 62 w)

5 and 10

10

up to 8

every 5

years (mean)

Age at baseline,

Finland

Hietanen A (2004)

all in age range, 1990–2000

birth dates), 2005

Sweden

birth cohort 1930 (selected

(2019)

random, 1983–1986

census, 1993 to ongoing

Follow-up
time, years

Sample, the time of start time
(years)

Göthberg & Rosenhall

Denmark

Britain (GB) and

Davis et al. 1991, Great

2008, US

al. 2003, Wiley et al.

EHLS, Cruickshanks et

Population-based studies

Study

Table 2. Longitudinal studies of hearing impairment.
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1

w: 18–86

w: up to 12.9

study of ageing,

Weighted four-frequency methods (500+1000+1000+2000+2000+4000)/6

(mean 5.2)

m: 17–90

Pearson et al. 1995
(mean 9.1)

(68)

60–81

58–88

(71)

m: up to 22.9

screened, 1965

(mean 6.4)

3–11.5

6

(mean 4.4)

Baltimore longitudinal

US

Lee et al. 2005

screened, 1987

1979

Gates & Cooper 1991,

US

Cohort, screened, 1978–

Framingham cohort

Studies with screened populations

2011, ongoing

Rotterdam Study

≥55

population-based cohort,

Rigters et al. 2018

3.3–5.1

(68.4)

(1997–2004)

5

census

Australia

24–84 (median

Mitchell ym. 2011

12

years (mean)

Age at baseline,

51.3)

random sample, 1994

Follow-up
time, years

Sample, the time of start time
(years)

Netherlands

Linssen et al. 2014

Study

681 men, 416 women

188, 51.6% men

1475, 40.6% men

675, 48% men

1556, 41.1% men

1408, 51.9% men

N

8000 Hz

Békésy audiometry, 500–

in right and left ear

pure-tone threshold changes

PTA (0.5, 1, 2kHz) > 10 dB

significant worsening:

kHz; 2,4, and 8 kHz

and 1 kHz; 0.5, 1, 2 and 4

frequency ranges: 0.25, 0.5

Better ear change at different

BEHL0.5, 1, 2, 4 kHz >25

BEHL 1, 2 and 4 kHz

change of

Definition or measure

Rate of change
In a longitudinal study of adults aged 41 to 65 years, it was found that the decline
in hearing (mean thresholds) was approximately 3 dB per decade in adults under
55 years of age and approximately 9 dB per decade in adults over 55 years (Davis
et al., 1990). In the EHLS, the mean rate of change was 0.5 to 1.5 dB/year and
accelerated with age (Cruicshanks 2003, Wiley 2008). A similar overall rate of
deterioration, approximately 1 dB per year for subjects aged ≥60 years, has also
been reported in another study (Lee, Matthews, Dubno, & Mills, 2005).
Longitudinal studies in Nordic countries have been conducted in older populations
(70- to 90-year-olds in Sweden and 70- to 80-year-olds in Finland), although with
a rather small number of participants showing significant deterioration in hearing
even at advanced ages (Hietanen, Era, Sorri, & Heikkinen, 2004; Jonsson &
Rosenhall, 1998)
2.5

Risk factors for age-related hearing impairment

2.5.1 Age
The prevalence of HI increases with age (Cruickshanks, K. J., Wiley et al., 1998b;
Davis, A., 1995). Age has been found to be the strongest predictor of hearing
change, and the rate of hearing deterioration has been found to be quadratically
related to age at baseline (Linssen et al., 2014). Mitchell et al. (2011) found in a 5year follow-up that the risk of incident HI (BEHL>25) becomes threefold for each
decade of age older than 60 years. A ceiling effect has been described, but some
studies reported that hearing continues to deteriorate even at an advanced age
(Gothberg et al., 2019; Wiley, Chappell, Carmichael, Nondahl, & Cruickshanks,
2008).
2.5.2 Sex
According to most previous studies, men generally have worse hearing than women
(Cruickshanks, Wiley et al., 1998; Davis, 1995; Goman & Lin, 2016; Hannula,
Mäki-Torkko, Majamaa, & Sorri, 2010; von Gablenz, Hoffmann, & Holube, 2020).
Sex differences have also been observed in hearing threshold changes in some
longitudinal studies. The onset of HI differs between men and women, and in EHLS,
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the onset of HI occurred 6 years later in women than in men (Wiley et al., 2008).
Pearson reported more rapid deterioration of hearing in men than in women in a
screened population, in which participants with noise-induced HI were excluded
(Pearson et al., 1995). Men exhibited a slightly faster rate of hearing deterioration
change at 1 kHz, while women displayed a faster rate of change at 6 to 12 kHz in
a study by Lee et al. (Lee et al., 2005). In a 12-year longitudinal study, sex was
reported to be the second strongest predictor of hearing deterioration (Linssen et al.
2014).
2.5.3 Genetic risk
The heritability of ARHI has been found to substantial and varies from 0.35 to 0.75
in different studies (Gates, Couropmitree, & Myers, 1999; Kvestad, Czajkowski,
Krog, Engdahl, & Tambs, 2012; Viljanen et al., 2007). In a Finnish twin study,
genetic factors were suggested to explain for 75% of the variance in the BEHL
(Viljanen et al., 2007). Recent genome-wide association studies have identified
several genes to be involved in ARHI, indicating that ARHI is not only a
multifactorial but also a highly polygenic disease (Nagtegaal et al., 2019; Wells et
al., 2019). The genetic architecture of ARHI is described to be complex, including
common variants with small effects on hearing but also rare variants causing more
severe HI (Eckert et al., 2021).
2.5.4 Social class and education
Persons with higher education, between the ages of 20–69 years, displayed better
hearing than those with lower education after adjusting for confounding factors
(age, sex, race/ethnicity, education, smoking, noise exposure, diabetes mellitus
(DM) and hypertension (HT)) in the NHANES (Agrawal et al., 2008). In the EHLS,
socioeconomic status was found to be associated with HI, and those with lower
status exhibited a higher hazard ratio for a 10-year cumulative incidence of HI
(Cruickshanks et al., 2010). Social class has been found to influence low- and highfrequency hearing even if noise exposure and tympanic membrane pathology are
considered (Rudin et al., 1988). In addition, parents’ social class is suggested to
have an appreciable effect on subjects’ hearing in middle age (Rosenhall &
Pedersen 1995). A Norwegian study found a higher risk of hearing loss among men
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with less education or a lower socioeconomic class (SEC) (Helvik, Krokstad, &
Tambs, 2009).
2.5.5 Smoking
Smoking has been identified as an independent risk factor for HI (Agrawal, Platz,
& Niparko, 2009; Dawes, Cruickshanks et al., 2014; Fransen et al., 2008; Gopinath,
B. et al., 2010; Nash, S. D. et al., 2011; Nomura, Nakao, & Yano, 2005; Park, H. J.,
Yoo, Woo, Kim, & Cho, 2017; Wang et al., 2019). There are also studies showing
no association between smoking and HI (Brant et al., 1996; Curti et al., 2020; Gates
et al., 1993; Lin, F. R., Thorpe, Gordon-Salant, & Ferrucci, 2011). In the HUNT
study, smoking was associated with HI only at high frequencies (3–8 kHz) (Engdahl
et al., 2015). A cumulative effect of smoking has been described in NHANES
(Agrawal et al., 2009). In a 5-year longitudinal study, smoking was not associated
with deterioration of hearing in 31–50-year-old adults (Karlsmose, Lauritzen,
Engberg, & Parving, 2000).
2.5.6 Cardiovascular diseases and cardiovascular risk factors
Reduced blood flow to the cochlea has been suggested as a mechanism for the
influence of CVD on HI (Gates et al., 1993). Rosen et al. (1962) studied hearing
using pure tone audiometry in people from the Mabaan tribe, a noise-free
population in Sudan. The study population consisted of 541 unselected subjects,
with estimated ages from 10 to 90 years. None of them had HT or were overweight.
The Mabaans retained good hearing throughout their lives. They generally
displayed better hearing thresholds, particularly at higher frequencies, than
relatively healthy people from an urban environment. The authors concluded that
possible explanations could include the noise-free environment and lack of CVD
in the Mabaan population. Since then, several studies have been conducted to
clarify the impact of CVD and CVD-related risk factors on HI (Drettner, Hedstrand,
Klockhoff, & Svedberg, 1975; Engdahl et al., 2015; Gates et al., 1993; Helzner et
al., 2011; Hutchinson, Alessio, & Baiduc, 2010; Park, S., Johnson, Shea Miller, &
De Chicchis, 2007; Rubinstein, Hildesheimer, Zohar, & Chilarovitz, 1977). Once
more, the varying methods, distinct selection criteria, different definitions of HI or
CVD and a variety of combinations of risk factors have been identified in previous
studies. For these reasons, the results of previous studies cannot be compared to
one another in a simple or straightforward manner.
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In addition to studies addressing the presence of risk factors and worse hearing,
there are studies in which the absence of risk factors in relation to HI has been
studied. In the Jackson Heart Study, the overall cardiovascular health of 1314 adults
(mean age 61.8 years) was assessed using Life’s Simple 7 scoring tool, and the
results were analysed in relation to audiometric data (Curti et al., 2020). Elevated
PTA and an increased risk of HI (WEHL>25) were observed among participants
with worse cardiovascular health. In particular, a lower BMI, physical activity,
ideal blood pressure and ideal fasting glucose levels were associated with better
hearing. In the NHANES population, better cardiovascular fitness, which was
measured using maximum oxygen uptake, was associated with better hearing in
women (Loprinzi, Cardinal, & Gilham, 2012).
Cardiovascular diseases
In the Framingham study, the total CVDs variable, including coronary heart disease,
heart attack, stroke, and intermitted claudication, was associated with lowfrequency HI (PTA (0.5, 1, and 2 kHz) at least 40 dB in the better ear), especially in
women (Gates et al., 1993). Myocardial infarction was associated with worse
hearing in women but not in men when hearing was assessed using distortion
product otoacoustic emissions in 1501 participants in the EHLS (Torre,
Cruickshanks, Klein, Klein, & Nondahl, 2005). Furthermore, cross-sectional
associations of CVD and HI were observed in the EHLS and in an Australian
community-based study (Joo et al., 2020; Tan et al., 2018). Inconsistent with these
findings, cardiac disease was not associated with HI in a Korean study (Park et al.,
2017). An association between low-frequency HI and CVD has been identified in
clinical studies (Friedland, Cederberg, & Tarima, 2009; Wattamwar et al., 2018).
At the population level, evidence for the association between clinical CVD and
measured HI is still scarce. However, an analysis of nationally representative
survey data (N=53 111) from the USA suggests a cross-sectional association
between self-reported CVD and self-reported HI (McKee et al., 2018). In previous
longitudinal studies, no or a very small effect of CVD on hearing deterioration has
been reported (Joo et al., 2020; Kiely et al., 2012; Linssen et al., 2014).
A history of stroke was associated with HI in a multivariable analysis in a
Korean study (Park et al., 2017). Similarly, in the BMHS, moderate or severe HI
was associated with previous stroke, but HI did not increase the risk of stroke in
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the 5-year follow-up (Gopinath, Bamini, Schneider, Rochtchina, Leeder, &
Mitchell, 2009).
Hypertension
HT is the primary risk factor for cardiovascular disease (Mancia et al., 2007). In
the Framingham cohort, HT was associated with worse hearing in men at high
frequencies and in women at low frequencies (Gates et al., 1993). In the NHANES,
HT was associated with HI only at 1 kHz (Agrawal et al., 2009). In a Swedish
cohort study, high systolic BP was associated with worse hearing levels at low
frequencies (0.25, 0.5 and 1 kHz) in 79-year-old women but not in 70- or 75-yearold women or men when hearing was compared to quartiles of BP levels (Rosenhall
& Sundh 2006). In a European population-based multicentre study, no significant
association between HT and HI was observed (HT was defined by a physician
diagnosis, systolic BP greater than 140 or diastolic BP level higher than 90 mmHg
or the use of antihypertensive medication) (Fransen et al., 2008).
Diabetes, metabolic syndrome, and obesity
The association between non-insulin-dependent DM and HI was investigated in the
Epidemiology of Hearing Loss Study, with 3571 subjects aged 43–84 years (Dalton
et al., 1998). In a univariate analysis, subjects with non-insulin-dependent DM
(mean age 69.6 years) were more likely to have HI than subjects without diabetes
(mean age 65.1 years). However, the difference was not significant after controlling
for age. In another population-based study, DM was associated with significantly
increased hearing thresholds in the 0.5–8 kHz frequency range among 20–69-yearold subjects (Agrawal et al. 2009). An association between increased fasting plasma
glucose and HI was found in a Korean study, but metabolic syndrome was not
observed (Lee, H. Y. et al., 2016). Higher waist circumference and obesity have
been recognised as risk factors for HI (Cruickshanks et al., 2015a; Engdahl et al.,
2015; Fransen et al., 2008).
Lipoprotein/other cardiovascular disease markers
A significant association between low-density lipoprotein (LDL)-cholesterol level
and HI was observed in a Finnish study (Pyykko et al., 1988), and a Korean study
observed an association between low levels of LDL (under 100 mg/dL) and smaller
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changes in hearing in a 9-year longitudinal study. In the Framingham study, an
inverse correlation was found between low levels of high-density lipoprotein and
HI in women (Gates et al. 1993).
2.5.7 Noise exposure
Noise exposure is known to damage the inner ear. The assumed cellular
mechanisms include loss of the outer hair cells of the cochlea and synaptopathy of
the auditory nerve (Kujawa & Liberman, 2015). The role of noise exposure in
ARHI is still not fully understood. A cross-sectional study reported an association
between noise exposure and ARHI (Van Eyken, Van Camp, & Van Laer, 2007). In
longitudinal studies, no significant association between noise exposure and the
hearing threshold deterioration rate was found (Davis, A. C., Ostri, & Parving, 1990;
Karlsmose, Lauritzen, Engberg, & Parving, 2000; Lee, Matthews, Dubno, & Mills,
2005). Furthermore, no association between occupational noise exposure and 5year incidence of hearing loss was reported in the EHLS (Cruickshanks et al., 2003).
In a longitudinal analysis of 203 men, the pattern of hearing change over 15 years
was different in men with noise-induced notches in audiograms compared to men
without notches (Gates, Schmid, Kujawa, Nam, & D'Agostino, 2000). Kiely et al.
found in a longitudinal analysis that participants reporting 5 years or more of
workplace noise exposure displayed slower increases in hearing thresholds (Kiely
et al., 2012). In another study, hearing decline was not different between noiseexposed and nonexposed adults aged 70 to 75 years at any frequency (Hederstierna
& Rosenhall, 2016).
2.5.8 Ear diseases, ototoxic medication, and alcohol use
Otological diseases are seldom reported in recent population-based studies in
Western countries. In Finland, the prevalence of ear diseases in a population-based
sample was 5.3% for chronic otitis media, 1.3% for otosclerosis and 0.7% for
Ménière´s disease (Hannula, Bloigu, Majamaa, Sorri, & Maki-Torkko, 2012). In a
Swedish birth cohort study of 70-year-old participants (N=251), HI was mostly
sensorineural, while only 3.7% of hearing-impaired participants had a conductive
type of HI, which is 2% of the population, and there were only a few reported cases
of ear diseases (Hoff, Tengstrand, Sadeghi, Skoog, & Rosenhall, 2020).
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Numerous medications have been found to be ototoxic. Chemotherapy used
with cisplatin and aminoglycoside antibiotics has been recognized as ototoxic and
a cause of hearing loss (Kros & Steyger, 2019). There is not much evidence on the
association between ototoxic medication and ARHI. However, in a recent report
from the EHLS, nonsteroidal anti-inflammatory drugs (NSAIDs) and loop diuretics
were associated with the incidence of hearing loss (Joo et al., 2020).
Moderate alcohol consumption has been found to have a positive effect on
hearing (Engdahl et al., 2015; Fransen et al., 2008; Gopinath et al., 2010). Similarly,
a protective effect of alcohol consumption on hearing was observed in a study in
which hearing was evaluated using a speech-in-noise hearing test in adults aged
40–69 years (Dawes, Fortnum et al., 2014).
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3

Aims of this study

The general aim of this study was to examine the epidemiological aspects of HI
among ageing adults in Northern Finland, including a longitudinal study to estimate
the incidence of HI and the change in hearing at a 13-year follow-up. Another aim
was to clarify the impact of CVD on HI both cross-sectionally and longitudinally
in a population-based setting. The specific aims of this study were as follows:
1.
2.
3.

To investigate the prevalence of HI among adults in Northern Finland
To investigate the incidence of HI and describe hearing threshold changes
among adults in a 13-year follow-up study
To investigate the impact of CVD and CVD-related risk factors on HI and the
impact of CVD on hearing deterioration
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4

Methods

4.1

Study participants

The background of this study is the European Union (EU) age-related hearing
impairment (ARHI) Project (QLRT-2001-00331), a multicentre study aiming to
investigate environmental, medical, and genetic factors contributing to ARHI
(Fransen et al., 2008; Van Eyken et al., 2007). In this study, the Oulu region was
one of the study locales, as well as the traditional living area of the Saami in
northernmost Finland. The original EU ARHI study aimed to examine HI in healthy
subjects, and the inclusion criteria were strict, leading to the exclusion of many
participants (Fransen et al., 2008). However, the excluded ARHI participants were
included in the epidemiological study, which started as an independent continuation
of the original ARHI study, aiming to examine HI in an unscreened population
(Hannula, Mäki-Torkko, Majamaa, & Sorri, 2010). The present study continues the
work of Hannula (Hannula, 2011) and consists of two study samples, the Oulu
sample and the Saami sample. The participants of the Oulu sample were enrolled
in the follow-up study.
4.1.1 Baseline sample collection in the Oulu region
Study participants were randomly sampled from the population register by year of
birth and postal code. The baseline study population consisted of 850 adults who
were native Finnish, born between 1938–1948 and living in or in the surroundings
of the City of Oulu. The baseline examinations were conducted from 2003–2007.
Two rounds of invitation letters were sent, and the sample consisted of 850
participants aged 54–66 years. A full, detailed description of the baseline sampling
has been previously described (Hannula S., 2011).
4.1.2 Collection of the Saami sample
Because registers based on ethnicity are not allowed in Finland, sampling of the
Saami population was performed in three steps and thus cannot be considered a
population-based sample. First, this study wanted to focus on the traditional living
areas of the Saami, and three northernmost municipalities of Finland were selected:
Utsjoki, Enontekiö and Inari. In addition, the Vuotso village of the municipality of
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Sodankylä was selected. As in the Oulu population, the inclusion criteria for the
Saami sample were looser than those in the original EU ARHI study. Thus, all
individuals of Saami ethnicity living in the study locales and born between 1928–
1954 were putative study subjects for this study. Based on an expert evaluation of
Saami communities, an invitation letter was sent to 914 possible participants, and
566 of them agreed to participate. In addition, 11 participants fulfilling the birth
year and ethnicity criteria were recruited by one of their own contacts or as a spouse
of the original participant. According to the definition of Saami in the Act of Saami
Parliament, a Saami is a person who considers him- or herself a Saami, provided
that this person has learned Saami as his or her first language or has at least one
parent or grandparent whose first language is Saami. The Saami ethnicity was
confirmed at the study appointment by asking “Do you consider yourself Saami?”,
leading to 32 exclusions. Furthermore, 31 participants were excluded: 16 due to
unreliable audiograms arising from issues with calibration of the audiometer and
15 who either declined to participate or were not able to provide written informed
consent due to disability or illness. Finally, 514 Saami individuals were included in
this study, 296 men (56.7%) and 218 women, with a mean age of 61 years (SD=7.4).
Most of the included study subjects (n=247, 48.1% of total) were from the largest
municipality, Inari, which was visited three times for data collection. The other
study locations were visited once, and the proportions of the included participants
were 28.1% from Utsjoki (n=161), 11.1% from Vuotso village of Sodankylä (n=57)
and 9.5% from Enontekiö (n=49). Principally, 45% of participants were in
Enontekiö, and 62–69% were in the three other locations.
4.1.3 Follow-up data collection
All participants who had attended the baseline examinations in Oulu from 2003–
2006 were contacted and invited to participate in the follow-up study between 2017
and 2018 (Figure 1). A total of 749 of 850 (88%) baseline participants were alive
at the beginning of the follow-up. The putative participants were contacted in the
same order in which they had participated in the baseline study, aiming to keep the
length of follow-up constant. Most of the putative participants were contacted by
telephone. A total of 62 invitation letters were sent to putative participants who
were not reached after three phone call attempts or whose telephone number was
not found, including 11 persons who had moved; three of them called back and
participated. For those who agreed to participate, an appointment for clinical
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examination and hearing tests was scheduled. A few participants did not come at
all or cancelled the appointment; a new appointment was scheduled if possible.
Finally, 559 persons (74.6% of alive baseline participants) participated in the
follow-up study, 248 men (44.4%) and 311 women.
4.2

Data collection

4.2.1 Questionnaire and structured interview
All participants were sent an extensive questionnaire before the scheduled study
appointment to fill out at home. To correct all possible misinterpretations of the
questions, the questionnaire was checked similar to a structured interview at the
study appointment by one of the researchers: Samuli Hannula (SH) and Elina MäkiTorkko (EM-T) at the Oulu baseline study, SH at the Saami study and Venla Lohi
(VL) at the Oulu follow-up study. In the questionnaire, self-reported hearing
problems, medical history, possible risk factors for HI, exposure to noise,
medication, smoking history, and body height were assessed. Body weight was selfreported in the baseline Oulu and the Saami studies, but in the follow-up study, the
participants were weighed. The profession of the study participants and
occupational information were recorded to define SEC. In addition, in the Oulu
study, personal medical files were available to check the medical history when
needed.
The original questionnaire was identical to the original EU ARHI project. For
the present study, the English questionnaire was translated into Finnish. Validation
of the translation was performed by translating the questionnaire back to English
and comparing the two English versions. The same questionnaire was used in the
follow-up study with slight modification. Some questions were not thought to be
relevant for the follow-up study and were removed, i.e., questions concerning
family history. Furthermore, some questions concerning general health and
possible use of a hearing aid were added.
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Fig. 1. Flow chart of the sample collection for the 13-year follow-up study in the Oulu
region.
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Cardiovascular diseases and risk factors
The presence of cardiovascular diseases (CVD) was inquired by several questions
concerning cardiovascular health, medication, and possible heart surgeries. Some
questions were further specified in secondary questions concerning the type and
time of disease event or operation. A participant was considered to have CVD if he
or she reported a history of one or more of the following conditions: coronary heart
disease or heart attack/myocardial infarction, history of stroke or transient
ischaemic attack, atrial fibrillation or flutter, valve problem or heart insufficiency.
The presence of transient ischaemic attack was not investigated in the baseline
study but was added to the follow-up questionnaire.
HT, hypercholesterolemia, DM, and obesity were considered cardiovascular
risk factors (Mancia et al., 2007), and the presence of these diseases was screened
in the questionnaire by self-report or the use of related medication and was
confirmed in the interview. Body height and weight were used to calculate the body
mass index (BMI), and a definition of ≥30 kg/m2 was applied for obesity according
to European guidelines (Executive summary of the clinical guidelines on the
identification, evaluation, and treatment of overweight and obesity in adults.1998).
Smoking and alcohol use
The principal question concerning tobacco smoking was “Have you ever smoked
regularly?” If the participant answered yes, he/she was asked to respond to the
following questions: “For how many years did you (have you) smoke(d) up to now?”
The participant was further asked to estimate the amount of cigarettes smoked: 1)
less than 5 each day, 2) 5–10 each day, 3) 10–20 each day or 4) more than 20 each
day. In addition, the number of cigars, cigarillos and amount of pipe tobacco (grams)
were assessed in the baseline study. For data analyses, smokers were divided into
three classes according to the number of cigarettes smoked a day, and a weighting
factor was assigned accordingly: 1) less than 10 cigarettes a day (weighting factor
=0.5), 2) 10–20 cigarettes a day (weighting factor =1) and 3) more than 20
cigarettes a day (weighting factor =1.5). To estimate the pack-years of smoking, we
multiplied the time (in years) a subject had been smoking by the weighting factor,
as reported in the study of Fransen et al. (2008). Three categories for pack-years in
the analyses were used: zero for nonsmokers, 1–19 and ≥20. At the baseline study,
pack-years could not be calculated for 16 subjects, as data concerning smoking
years were missing from 3 subjects, and the daily number of cigarettes was missing
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from 13 subjects, including 7 subjects who consumed only cigars/cigarillos or pipe
tobacco. Moreover, for 21 (2.4%) subjects who reported smoking pipes and/or
cigars in addition to cigarettes, the classification was based only on the number of
smoked cigarettes. Fifteen participants were included in the heavy smoker group
(≥20 pack-years). Thus, for six subjects, the pack-years might have been
underestimated at the baseline study (Study I). In the follow-up study, the packyears were calculated in a similar way, and the smoking status and number of packyears were updated. None of the participants reported using cigars, cigarillos or
pipe tobacco at the follow-up interview.
The study subjects were asked about their alcohol use habits with the following
questions: “Do you drink alcohol regularly (every week)?” In addition, subjects
were asked to report the amount of consumed alcohol: One bottle of beer, 12 cl
wine or 4 cl of spirit was counted as one drink. Structured answers were 1) less
than 1 drink each week, 2) 1–5 drinks each week, 3) 1–3 drinks each day or 4) more
than 3 drinks each day. In the analyses, we used a dichotomized variable: those who
did not consume alcohol at all or used irregularly and those who consumed alcohol
regularly every week. However, self-reported use of alcohol is subject to bias and
considered unreliable; thus, questions concerning alcohol use were removed from
the follow-up questionnaire.
Socioeconomic class
SEC was defined according to the classification of socioeconomic groups
(Statistics Finland, 1989): 1. Self-employed persons, 2. Upper-level employees
with administrative, managerial, professional, and related occupations, 3. Lowerlevel employees with administrative and clerical occupations, 4. Manual workers,
5. Students, 6. Pensioners, and 7. Others. Occupational information and reported
profession of each participant were used to define SEC. However, if the participant
was a pensioner, his or her earlier occupation was used to define the status. This
decision was made due to the age distribution of the subjects in the current study
being a potential risk for overrepresentation of pensioners. There were no students
in the study population. Eight subjects’ occupations were classified as “Others”,
and they were stated as missing data. In the analyses, socioeconomic class 2 (upperlevel employees) was used as a reference group because group 1 includes a wide
variety of occupations, including farmers and manual workers, and group 2 (upperlevel employees) represents a higher social class with more education; therefore,
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they presumably have the smallest risk for HI. Nearly all participants were
pensioners at the time of the follow-up study, and the SEC defined at baseline was
used in the analyses (Study IV).
Noise exposure
Exposure to noise was screened in the questionnaire, including questions on
occupational, leisure time and firearm noise exposure. The question concerning
occupational noise exposure was “Have you ever worked more than one year in a
place where you had to raise your voice to make yourself heard by someone
standing one metre away from you?”, and leisure time noise exposure: “During
your leisure time, are you/have you been regularly (more than once a week)
exposed to intense sounds or noises (so that you have to shout to make yourself
heard by someone who stands more than one metre away from you)?” A subject
was considered noise-exposed if he/she had a history of any of the following:
working more than one year in a noisy environment; regular (more than once a
week) leisure time noise exposure or gunfire noise (more than 100 rounds with a
light weapon and/or more than 10 rounds with a heavy weapon).
Ear diseases and other otological risk factors
The following ear diseases and other otological risk factors were screened in the
questionnaire and interview: chronic ear infection, otosclerosis, Méniére’s disease,
sudden sensorineural HI, herpes zoster oticus, congenital and hereditary HI, ear
trauma, severe head trauma, ototoxic medication, and radiation therapy in the area
of the head. For analyses, these risk factors were subdivided into ear diseases that
have clear deteriorating effects on hearing: chronic ear infection, otosclerosis,
Méniére’s disease, sudden sensorineural HI, herpes zoster oticus, congenital and
hereditary HI and ear trauma and other otological risk factors: severe head trauma
(leading to unconsciousness and a need to contact health care), ototoxic medication
(amimoglycoside antibiotics or chemotherapy) and radiation therapy in the area of
the head. Subjects with ear diseases were excluded from the multivariable analysis
in Study I. A history of ear diseases, noise exposure and other otological risk factors
was assessed and updated in the follow-up examination.
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4.2.2 Otological examination
All subjects underwent an otological examination, including pneumatic otoscopy,
performed by ear, nose and throat surgeons (SH or EM-T in the Oulu baseline study,
SH in the Saami study and VL in the Oulu follow-up study). Otomicroscopy was
conducted in the Oulu study when necessary. Tympanometry was used in the Oulu
study. Ear wax was removed when needed.
4.2.3 Audiometry
Pure-tone air conduction thresholds (0.25, 0.5, 1, 2, 3, 4, 6 and 8 kHz) and bone
conduction thresholds (0.25, 0.5, 1, 2 and 4 kHz) were measured by trained
audiology assistants using the ascending method according to the International
Organization for Standardization (ISO 8253-1, 1989; ISO 8253-1, 2010).
Study appointments in Oulu, both at baseline and follow-up, were conducted
at the Hearing Centre of Oulu University Hospital in sound-insulated booths (Puma
Pro 45, Puma Soundproofing, Italy). For the Saami study, the health centres of Inari,
Enontekiö and Utsjoki were available for the study appointments. In Vuotso, there
were no health centres, so the study appointments and audiometry occurred at the
local church hall. A sound-insulated booth was available only in the Enontekiö
health centre; in other locations, audiometry was performed in a quiet examination
room.
In the Oulu baseline study and in the Saami study, Madsen Midimate 602 and
Madsen Orbiter 922 (Otometrics, Denmark) clinical audiometers were used and
calibrated according to ISO 389–1 (1998) and ISO 389–3 (1994). In the follow-up
study, Aurical Aud (Otometrics, Denmark) clinical audiometers were used and
calibrated according to ISO-389-1 (1998). Supra-aural TDH-39 earphones with
MX-41/AR cushions and a Radioear B-71 bone vibrator were used with both
audiometers.
A value of 130 dB was used for data entry if an air-conduction pure-tone
threshold exceeded the maximum output of the audiometer, according to the
recommendation of the British Society of Audiology (1988).
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4.3

Audiological criteria and definitions

The average air conduction thresholds (pure tone average, PTA) at frequencies of
0.5, 1, 2 and 4 kHz and PTA (0.5-4 kHz) for the right and left ears were used to define
HI. Better ear hearing level (BEHL) was applied for bilateral HI and worse ear
hearing level (WEHL) to include unilateral HI. As recommended by the European
expert group (Stephens, 1996; Stevens et al., 2013) and recently by the Global
Burden of Disease expert group on hearing loss (Humes, 2019; Olusanya, Davis,
& Hoffman, 2019), HI is defined as PTA (0.5-4 kHz) ≥20 dB in the better ear for
bilateral HI (BEHL ≥20, hereafter “the EU definition”). Another definition is that
of WHO, wherein PTA (0.5-4 kHz) ≥26 in the better ear (WHO, 1991), which has been
used in many previous studies (BEHL ≥26, hereafter “the WHO definition”). To
enable comparison with previous studies, we calculated the prevalence and
incidence figures of HI using both the EU and the WHO definitions (Study III).
Furthermore, PTA (0.5-4 kHz) ≥35 dB was applied as a definition for moderate or worse
hearing impairment (Olusanya et al., 2019; Stevens et al., 2013). Cumulative
incidence was calculated as the number of new cases of HI during the 13-year
follow-up time divided by the total number of individuals in the study population
at risk. To estimate the annual incidence, we calculated the sum of the follow-up
years for subjects who did not have HI at the baseline examination, and the
incidence rate figures are reported as cases per 1000 person years.
If the difference between the left and the right ear was 20 dB or more for at
least two frequencies out of 0.5, 1 and 2 kHz, the HI was considered asymmetrical
(Stephens, 1996). A conductive HI was defined as 15 dB or more difference
between air and bone conduction thresholds averaged over 0.5, 1 and 2 kHz
frequencies and a mixed HI as a conductive HI and, in addition, mean bone
conduction (over 0.5, 1 and 2 kHz) ≥20 dB (Stephens, 1996).
Body mass index (BMI) ≥30 kg/m2 was applied as a definition for obesity, as
recommended by the Expert Panel on the Identification, Evaluation, and Treatment
of Overweight and Obesity in Adults (1998).
4.4

Statistical analyses

All statistical analyses were performed using SPSS for Windows (IBM Corp.,
released 2017, SPSS Statistics for Windows, Armonk, USA) software; versions
20.0 (Study I), 21.0 (Study II), 25.0 (Study III) and 26.0 (Study IV) were used. To
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confirm accurate statistical methods, a professional medical biostatistician was
working as a part of the study group for all original publications.
Summary measurements for continuous variables are presented as the mean
and standard deviation (SD) unless otherwise stated and as the number of cases
with percentage (%) for categorical variables (Studies I, II, III, IV). Confidence
intervals (95% CI) were calculated when appropriate. Pearson’s chi-square test
(significance level p<0.05) was applied for sex differences in categorical data
(Study I). Student’s t-test was used to compare hearing levels between the Saami
and Oulu populations (Study II) and to compare hearing threshold changes between
men and women (Study IV). The incidence rates were calculated with 95%
confidence intervals (Study III).
In Study I, a multivariable logistic regression model was built to detect risk
factors for HI (BEHL≥20 and WEHL≥20) separately for men and women. Potential
risk factors with a p-value <0.3 in a univariate model were entered one-by-one into
the model and were left in the model if the adjusted p-value was <0.05 or the
variable significantly decreased the -2log likelihood function. Additionally, the
Hosmer–Lemeshow p-values were calculated to check the goodness-of-fit of each
model.
A propensity score-adjusted logistic regression model (Study I) was built to
evaluate the impact of CVD on HI (for both BEHL≥20 and WEHL≥20, separately
for lower and middle frequencies). First, the propensity score was calculated by
creating a logistic regression model for CVD with SEC, smoking (none, 1–19 and
≥20 pack-years), diabetes, hypercholesterolemia, age (≤60 vs. >60 years), BMI
(<30 vs. ≥30 kg/m²), alcohol use (regular weekly usage vs. less frequently) and HT
as confounding factors. Continuous variables were classified if they acted
nonlinearly. Second, sex and otological risk factors (direct and indirect separately)
were added to the propensity score-adjusted model to increase the precision and to
determine possible differences between males and females. The propensity score
was classified into quintiles due to its nonlinear nature. Odds ratios (ORs) with 95%
confidence intervals (95% CIs) are presented for logistic regression models.
Interaction terms in all models were calculated and found to be nonsignificant.
Two-tailed p-values are reported.
In Study IV, paired samples t-tests were used for the crude estimates and
confidence intervals of threshold changes. To include estimates of hearing
threshold changes for nonparticipants, the missing audiogram data were imputed
using the multiple imputation (MI) method. Fifty different datasets were created,
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and pooled results are presented for hearing changes in the better ear. Imputation
was performed only for those alive at the time of follow-up. Two different
multivariable adjusted linear regression models were used to analyse the effect of
cardiovascular diseases on hearing deterioration. In Model 1, possible risk factors
based on the literature were selected as covariates: age, sex, hypercholesterolemia,
hypertension, diabetes, smoking, obesity, SEC, noise exposure, ear diseases and
other otological risk factors. In Model 2, a directed acyclic graph (DAG,
www.dagitty.net) was used to select the adjusting covariates, and age, sex,
hypercholesterolemia, hypertension, diabetes, smoking, obesity, and SEC were
included accordingly (Figure 2).

Fig. 2. Direct acyclic graph (www.dagitty.net) for selecting covariates for the
multivariable adjusted model in Study IV.

4.5

Analysis of non-participants

The analysis of non-participants of the Oulu baseline study has been previously
described (Hannula et al., 2010). No further analysis of non-participants of the
Saami study was available.
In the follow-up study, a short questionnaire was planned for the analysis of
nonparticipants. The questions contained self-reported hearing problems, the
possible use of hearing aids, cardiovascular morbidity, ear diseases and smoking.
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To obtain information about ototoxic medication, a history of chemotherapy or
tuberculosis was investigated. The questionnaire was completed during the
telephone call for 101 nonparticipants. In addition, 16 of the non-participants who
could not be contacted by telephone and were sent an invitation letter filled in and
returned the questionnaire by mail, resulting in a total of 117 at least partial answers,
which was 61.6% of the 190 non-participants. The remaining 73 either did not want
or were not able to answer the questions or were not contacted at all. The proportion
of men was slightly lower among nonparticipants than among participants
(p=0.038), and the nonparticipants were one year older on average. There were
some differences between the participants and nonparticipants (Table 3). Nearly
half of the participants answered “yes” to the question “Do you have any difficulty
with your hearing?”, but any difficulty with hearing was reported by only 37
nonparticipants (31.6% of responders). However, HI (BEHL≥20) at baseline was
more prevalent among nonparticipants than among participants. The use of hearing
aids was also more common among nonparticipants than among participants.
Table 3. Comparison

of

the

characteristics

of

the

study

participants

and

nonparticipants in the 13-year follow-up study. Responders refer to nonparticipants
who responded to a short query.
Variable

Baseline
N=850

Men, N (%)

383

Follow-up
Participants

Nonparticipants

N=559

N=117

Non-responders
N=73

248 (44.4)

50 (42.7)

28 (38.4)

(45.1)
Age range, years
Mean age, years (SD)

54–66

67–79

68–79

68–80

61.0 (3.4)

73.9 (3.3)

74.9 (3.6)

74.4 (3.4)

Median age, years

62.0

74.0

77.0

75.0

Prevalence of HI at the baseline

227

134 (24.0)

32 (27.4)

25 (34.2)

260 (46.9)

37 (31.6)

-

83 (14.9)

23 (19.7)

-

(BEHL0.5-4 kHz≥20 dB), N (%)
Self-reported hearing difficulty1, N (%)

(26.7)b
315
(37.1)b

use of hearing aid, N (%)
1

-

answered “yes” to the question: “Do you have any difficulty with your hearing?”

previously reported data (Hannula et al., 2010; Hannula et al. 2011)
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4.6

Ethical considerations

This study plan was approved by the ethics committee of North Ostrobothnia’s
hospital district according to the guidelines of the Finnish National Advisory Board
on Health Care Ethics. Written informed consent was obtained from all participants,
including permission to review personal medical files when needed. No financial
compensation was provided for participation.
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5

Results and comments

5.1

Prevalence of HI among adults in Northern Finland (Studies II
and III)

5.1.1 Prevalence and type of HI in the Oulu follow-up study (Study III)
The prevalence of HI according to the EU definition (BEHL≥20) was 70.3% among
all follow-up participants and was higher in men (78.6%) than in women (63.7%,
p<0.001, Table 4). The overall prevalence of uni- or bilateral HI (WEHL≥20) was
81.9%. Corresponding figures for the older WHO definition were 48.1%
(BEHL≥26) and 66.0% (WEHL≥26). For moderate or worse HI, according to the
new WHO definition, the prevalence figures were 24.7% (BEHL≥35) and 41.5%
(WEHL≥35). The prevalence figures for men and women according to the EU and
WHO definitions of HI at baseline and follow-up are shown in Table 3. Most
(97.2%) subjects who had HI in at least one ear (WEHL≥20) had sensorineural HI.
Thirteen subjects had mixed HI (2.3% of all subjects). Thirty-nine (7.0%) subjects
had asymmetrical HI (eleven of them mixed type), and 28 (5.0%) subjects had an
asymmetrical sensorineural HI.
Table 4. Prevalence of hearing impairment (HI) in the baselinea (n=850, mean age 61.0
years) and follow-up examinations (n=559, mean age 73.9 years) according to different
definitions and gender. HI is defined as a pure-tone average of ≥20 dB, ≥26 dB or ≥36
dB at frequencies of 0.5, 1, 2 and 4 kHz in the better (BEHL) and worse ears (WEHL). χ2test was applied to examine sex differences (P<0.001).
Definition of HI

Baseline1, N (%)

Follow-up, N (%)

Men N= 383

Women N=467

Men N=248

Women N=311

BEHL≥20

141 (36.8)

86 (18.4)

195 (78.6)

198 (63.7)

WEHL≥20

206 (53.8)

153 (32.8)

222 (89.5)

236 (75.9)

BEHL≥26

73 (19.1)

43 (9.2)

141 (56.9)

128 (41.2)

WEHL≥26

136 (35.5)

80 (17.1)

187 (75.4)

182 (58.5)

BEHL≥35

27 (7.0)

15 (3.2)

80 (32.3)

58 (18.6)

WEHL≥35

64 (16.7)

34 (7.3)

130 (52.4)

102 (32.8)

1

Previously published (Hannula et al., 2010)
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5.1.2 Hearing impairment among Saami adults (Study II)
Presence and type of HI among Saami
Of all participants, 37.2% (n=191) had bilateral HI (BEHL ≥20), and 53.5% (n=275)
had uni- or bilateral HI (WEHL ≥20). HI was more common among men (42.9%)
than in women (29.4%), as defined by BEHL (p=0.002). Women had significantly
fewer difficulties following conversation in background noise than men (45.4% vs.
63.2%, p<0.001). Half of men (50.3%) and 42.2% of women answered “yes” to the
question: “Do you have any difficulty with your hearing?” One-third (33.4%) of
men and 27.4% of women reported tinnitus. There were no significant sex
differences in any self-reported hearing difficulties (p= 0.074) or tinnitus (p=0.15).
Results were analysed separately for the four study sites, and no significant
differences were observed.
Among all subjects with either uni- or bilateral HI, 91.9% (n=252) had
sensorineural HI. The rest were either mixed-type HI (5.5%, n=15) or conductivetype HI (2.9%, n=8). Four participants had missing bone conduction thresholds,
and the type of HI could not be defined. HI was asymmetrical in 48 participants,
comprising 17.5% of all participants with HI. Fourteen of them had asymmetrical
conductive or mixed-type HI, 33 participants had asymmetrical sensorineural HI,
and the type of asymmetrical HI could not be defined for one participant.
Comparison of hearing levels between Oulu and Saami
When comparing the audiogram data between the Saami population (n=514) and
the Oulu baseline population (n=850), the Saami population had significantly
worse hearing thresholds (p<0.005). Figures 3 and 4 show the audiograms of Saami
and Oulu men and women. When analysing men and women and lower (average
of 0.125, 0.25 and 0.5 kHz) and higher (average of 4, 6 and 8 kHz) frequencies
separately, the differences between Oulu men and Saami men were not significant
in the left ear at lower or higher frequencies. Among women, the threshold
differences were not significant at higher frequencies in either ear. The pure tone
averages (0.5, 1, 2 and 4 kHz) in the right and left ears for Saami and Oulu men
and women are shown in Table 5. Audiograms with mean pure air conduction
thresholds at 0.125 to 8 kHz for men and women are presented in Figures 2 and 3.

54

Table 5. Comparison of right- and left-ear pure-tone averages (PTAs) at 0.5, 1, 2 and 4
kHz frequencies among Saami and Oulu men and women. Fisher’s exact test was
applied to determine differences between the two study populations.
Men

Ear
Saami, N=296

Oulu, N=383

dB (SD)

dB (SD)

Women
P- value

Saami

Oulu

N=218 dB (SD)

N=467 dB (SD)

P-value

Right

24.1 (18.8)

21.0 (15.3)

0.008

18.9 (16.9)

15.8 (12.0)

<0.001

Left

25.8 (16.5)

21.8 (13.9)

<0.001

19.1 (15.7)

15.6 (11.4)

<0.001

Fig. 3. Audiogram for Saami (n=296) and Oulu men (n=383) with mean air conduction
hearing thresholds.
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Fig. 4. Audiogram for Saami (n=218) and Oulu (n=467) women with mean air conduction
hearing thresholds.

5.1.3 Comments
Prevalence of HI (Study III)
The increase in the overall prevalence of HI (BEHL0.5-4 kHz ≥20) during the 13-year
follow-up was remarkable, ranging from 26.7% to 70.3%. In other words, HI was
present at the follow-up in 60.9% of the participants, who did not have HI at
baseline. The overall prevalence of at least moderate HI (according to the newly
proposed WHO definition, BEHL≥35 dB) increased fivefold from 4.9% to 24.7%.
A comparison to other population-based studies reporting the prevalence of HI is
shown in Table 6. Studies with comparable age groups and definitions are included.
The nearest eligible age group was selected for comparison. In some studies,
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prevalence figures were only given for men and women separately, and they were
not included.
Table 6. Prevalence of hearing impairment (HI) in different population-based studies. HI
is defined as a pure-tone average of ≥20 dB, ≥26 dB or ≥36 dB at frequencies of 0.5, 1, 2
and 4 kHz in the better (BEHL) or worse ear (WEHL).
Study

Age,

Time

Prevalence, %

years (N)
Present study

68–80

BEHL≥20

BEHL≥26

WEHL≥26

BEHL≥35

2017–2018

70.3

48.1

66.0

24.7

2017–2019

64.3

(559)
HUNT, Norway
(Engdahl et al., 2020)
Sweden (Hoff et al.,
2018)

>64

70

2014–2015

25.4

2014–2015

67.8

(1135)

China, (Gong et al.,

70–74

2018)

(1146)

Korea, (Park et al., 2017)

25.2

(8251)1

≥70

2010–2012

81.9%

(1449)
NHANES, USA (Goman
and Lin 2016)

70–79

2001–2010

54.6

1997–1999

49.6

68.2

(?)

BMHS, Australia

70–79

(Mitchell et al., 2011)

(891)

EHLS, USA

70–79

(Cruickshanks, Wiley et

(892)

1993–1995

66.0

al., 1998)
Finland (Uimonen et al.,

75 (382)

1980

64.5

NHS, Great Britain

71–80

1980

74.0

(Davis, 1995)

(272)

32.5

1999)

1

40.0

HUNT participation: https://www.ntnu.edu/hunt/participation

As shown in Table 4, the prevalence figures are very near those of the NHS, the
NHANES and the EHLS (Cruickshanks et al., 1998; Davis, A., 1995; Lin, Frank
R., Niparko, & Ferrucci, 2011). Our prevalence results are also comparable to those
of a Norwegian study in adults aged 70–74 years, in which HI prevalence was 64%
in men and 45% in women (Borchgrevink et al., 2005). However, there are also
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different results reported, as in a recent Swedish study in a 70-year-old population
where the prevalence of HI (BEHL≥25) was clearly smaller (25.4%) than in the
present study (48.1%) (Hoff et al., 2018). This difference can only partially be
explained by the slightly younger age of their population. One possible explanation
could be that the increase in prevalence is not linear, and studies including
participants with older age or wider age ranges result in higher prevalence estimates
(Linssen et al., 2014). There were also differences in the equipment and methods
of the hearing measurements (Hoff et al., 2018). Furthermore, lifestyle and
occupational differences may explain these differences, as participants in the
Swedish study were living in the city of Gothenburg, which is likely a more urban
area than the sampling area of the present study.
According to a study by Hoff et al. (2018), the prevalence of HI in Sweden has
decreased in recent decades. Similar findings have been reported in the Norwegian
HUNT study, in the EHLS and in the NHANES (Engdahl et al., 2021; Hoffman et
al., 2017; Zhan et al., 2010). Suggested reasons include reduced exposure to
occupational noise, increased education, less smoking and less recurrent ear
infections (Engdahl et al., 2021; Hoff et al., 2018). In Finland, most men participate
in military service. Most men in the age group in this study population had been
exposed to gunfire noise, and hearing protection was not sufficient at the time of
military service of the men (Holma, 2015). In two previous Finnish studies, the
prevalence estimates of 75-year-old adults were different from our results. Higher
figures have been reported in a study by Hietanen et al., in which the prevalence of
Finnish participants was 89.8% in men and 75.5% among women (Hietanen et al.,
2005). In another study conducted in the same area as the present study, the
prevalence figures were lower, especially when using the WHO criteria (Table 5)
(Uimonen et al., 1999). The reason for these differences remains unclear. However,
there are currently not enough studies to draw any conclusions about changes in
the prevalence of HI in Finland.
HI among Saami adults
In this study population of Saami adults living in Northern Finland, HI was a
common finding. No previous studies reporting hearing problems among Saami or
were found for comparison. Hearing has been studied before among the indigenous
Eskimo population (n=3574) of the Baffin Zone, Canada (Baxter & Ling, 1974),
more than 30 years ago and among Polar Eskimos (n=118) of northwest Greenland
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(Counter & Klareskov, 1990). Both studies reported a high prevalence of
sensorineural HI, especially among men. The age distribution was different in these
studies: most (74.8%) of the Baffin Zone study population was younger than 22
years (Baxter & Ling, 1974), and in the Northwest Greenland study, 6- to 80-yearold subjects were included (Counter & Klareskov, 1990). These results are not fully
comparable to the present study due to time gaps and possible lifestyle and
environmental changes.
The hearing results of the Saami population were compared to data from the
Oulu study collected during the same years, with similar age ranges, age
distributions and study protocols. HI was markedly more common among Saami
(37.2%) than among Oulu participants (26.7%). The PTA (0.5-4 kHz) was significantly
worse among Saami men and women than among Oulu men and women. In a
comparable age group (51–60 years) of a larger British population-based study, the
PTA (0.5-4 kHz) was also lower (20.1 dB in both ears) than in the present study but
slightly higher than in the Oulu study (Davis, 1995). The proportion of conductive
or mixed-type HI (4.3%) was quite similar to previous population-based studies
(Cruickshanks et al., 1998; Davis, 1995; Hannula et al., 2010).
5.2

Follow-up study: Incidence of HI and hearing threshold
changes (Studies III and IV)

5.2.1 Incidence of HI (Study III)
The mean follow-up time between the baseline and follow-up audiogram dates was
13.4 years (13.0–15.2 years). To estimate the incidence of HI, participants without
HI at the baseline examination were analysed. The incidence rates per 1000 personyears were calculated for different definitions of HI separately for men and women
and for two baseline age groups: 54–60 years and 61–66 years. Participants at risk,
new cases, incidence rates per 100 person years with 95% CI and 13-year
cumulative incidences are shown in Table 7 for men and in Table 8 for women. In
general, the incidence figures were higher in both age groups in men than in women.
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Table 7. Incidence rates and 13-year cumulative incidences among men for hearing
impairment (HI), defined as ≥20, ≥26 or ≥35 dB better or worse ear hearing level (BEHL
or WEHL) at 0.5, 1, 2 and 4 kHz in two age groups: 54–60 years (1) and 61–66 years (2).

Definition of HI
BEHL

WEHL

BEHL

WEHL

BEHL

WEHL
1

20 𝑑𝐵

20 𝑑𝐵

26 𝑑𝐵

26 𝑑𝐵

35 𝑑𝐵

35 𝑑𝐵

Cumulative

Age

No. at

New

Person

Incidence rate1

group

risk

cases

years

(95% CI)

1

78

44

1038

42.4 (30.8 to 52.9)

56.4

2

85

66

1134

58.2 (45.0 to 74.0)

77.6

1

59

42

786

53.4 (38.5 to 72.2)

71.2

2

64

55

853

64.5 (48.6 to 83.9)

85.9

1

96

36

1278

28.2 (19.7 to 39.0)

37.5

2

81

64

1464

43.7 (33.7 to 55.8)

57.7

1

81

48

1078

44.5 (32.8 to 59.0)

59.3

2

85

57

1119

50.9 (38.6 to 66.0)

67.1

1

102

21

1359

15.5 (9.6 to 23.6)

20.6

2

132

45

1741

25.8 (18.9 to 34.6)

34.1

1

93

35

1238

28.3 (19.7 to 39.3)

37.6

2

116

56

1528

36.6 (27.7 to 47.6)

48.3

incidence,
%

per 1000 person years

5.2.2 Hearing threshold changes (Study IV)
Threshold changes in the right and left ear
In the right ear, the pure-tone average (PTA) changes were smallest at the lower
frequencies and increased to the higher frequencies. In the left ear, the decline was
greatest at 4.0 kHz in men and at 4.0 and 6.0 kHz in women. The mean audiograms
for men and women at baseline and follow-up are shown in Figures 5 and 6. The
mean PTA (0.5-4 kHz) at follow-up was 29.8 dB (median 27.5, SD 16.1) in the right
ear and 30.4 dB (median 28.8, SD 14.3) in the left ear. Among all subjects, there
was a 0.48 dB difference in the PTA (0.5-4 kHz) change between the right and left ears
(95% CI -0.05 to 1.07). The difference between the right and left ears was 1.69 dB
in men (95% CI 0.17 to 3.2) and -0.27 dB in women (95% CI -1.59 to 0.85).
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Table 8. Incidence rates and 13-year cumulative incidences among women with hearing
impairment (HI), defined as ≥20, ≥26 or ≥35 dB better or worse ear hearing level (BEHL
or WEHL) at 0.5, 1, 2 and 4 kHz in two age groups: 54–60 years (1) and 61–66 years (2).

Definition of HI
BEHL

WEHL

BEHL

WEHL

BEHL

WEHL
1

20 𝑑𝐵

20 𝑑𝐵

26 𝑑𝐵

26 𝑑𝐵

35 𝑑𝐵

35 𝑑𝐵

Cumulative

Age

No. at

New

Person

Incidence rate1

group

risk

cases

years

(95% CI)

1

134

55

1789

30.7 (23.2 to 40.0)

41.0

2

128

94

1697

55.4 (44.8 to 67.8)

73.4

1

118

67

1573

42.6 (33.0 to 54.1)

56.8

2

81

104

1381

58.7 (46.6 to 72.9)

77.9

1

143

38

1923

19.8 (14.0 to 27.1)

26.6

2

140

62

1855

33.4 (25.6 to 42.8)

44.3

1

136

54

1829

29.5 (22.2 to 38.5)

39.7

2

127

80

1683

47.5 (37.7 to 59.2)

63.0

1

148

15

1990

7.5 (4.2 to 12.4)

10.1

2

154

34

2041

16.7 (11.5 to 23.3)

22.1

1

144

28

1934

14.5 (9.6 to 20.9)

19.4

2

147

54

1947

27.7 (20.8 to 36.2)

36.7

incidence,
%

per 1000 person years

Better ear changes averaged at different frequency ranges
The overall mean BEHL change was 12.0 dB (95% CI 11.4 to 12.6). The mean
deterioration rate of BEHL was 0.91 dB/year. The rate was 0.41 dB/year at the
lower frequencies and 1.55 dB/year at the higher frequencies. There were no
significant differences between men and women in the rate of change (t-test, p=0.2
at 0.5–4 kHz). The changes increased by age and from the lower to the higher
frequencies in both sexes and age groups and were smallest in younger women at
lower frequencies (3.5 dB) and highest in older women at higher frequencies (23.7
dB). The mean changes in hearing thresholds in the better ear according to sex and
age at baseline are shown in Table 9. There were only minor differences between
MI and complete case analyses, and the results of both are presented.
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Fig. 5. Mean audiogram in men at baseline and follow-up for the right ear (red) and left
ear (blue).

Fig. 6. Mean audiogram for women at baseline and follow-up for the right ear (red) and
left ear (blue)
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3.5 (2.6 to 4.4)

All
5.2 (4.5 to 6.0)
5.4 (4.8 to 6.1)

Women (311)

7.2 (6.3 to 8.1)

Women (161)

Men (248)

5.5 (4.5 to 6.6)

Men (140)

61–66 years

4.9 (3.9 to 5.9)

Women (150)

0.5 kHz

0.125, 0.25 and

Men (108)

54–60 years

sex (N)

Baseline age

11.7 (10.9 to 12.5)

12.4 (11.6 to 13.2)

13.5 (12.4 to 14.5)

13.0 (12.0 to 14.1)

9.8 (8.7 to 10.8)

11.5 (10.3 to 12.8)

0.5, 1, 2 and 4 kHz

21.3 (20.0 to 22.5)

20.2 (18.9 to 21.5)

23.7 (22.0 to 25.5)

21.2 (19.3 to 23.0)

18.6 (16.8 to 20.3)

18.9 (17.0 to 20.8)

4, 6 and 8 kHz

Better ear change, dB (95% CI)

5.4 (5.0 to 5.9)

5.3 (4.6 to 5.9)

6.7 (5.8 to 7.5)

5.5 (4.6 to 6.4)

4.0 (3.1 to 4.9)

4.9 (4.0 to 5.9)

kHz

0.125, 0.25 and 0.5

12.1 (11.6 to 12.7)

12.5 (11.7 to 13.3)

13.0 (12.0 to 14.0)

13.0 (12.0 to 14.0)

10.2 (9.2 to 11.3)

11.8 (10.6 to 13.0)

0.5, 1, 2 and 4 kHz

20.6 (19.7 to 21.5)

20.0 (18.7 to 21.3)

22.4 (20.7 to 24.2)

20.4 (18.6 to 22.1)

19.4 (17.7 to 21.1)

19.4 (17.6 to 21.2)

4, 6 and 8 kHz

Multiple imputation results, dB (95% CI)

according to age at baseline and sex. The results of complete case analyses and multiple imputation analyses are presented.

Table 9. Better ear pure tone average changes with 95% confidence intervals for different frequency ranges in 13-year follow-up

5.2.3 Comments
The incidence of HI appeared to be high in this study. Incidence figures for different
definitions were calculated to make comparisons to previous studies easier.
Nevertheless, comparable figures were found only in the 15-year follow-up of the
EHLS (Cruickshanks et al., 2015). Among 1925 subjects at risk, 835 new cases of
HI were reported (43.4%), which is less than in our study (57.6%). One plausible
explanation is that in the EHLS, HI was more prevalent at baseline (WEHL>25)
than in our study (45.9% vs. 25.4%) (Cruickshanks et al., 1998a). Furthermore,
there were differences in the age distributions between our study and the EHLS. In
the current study, the incidence of HI was higher in men than in women. This was
the case especially in the younger participants, where the 13-year cumulative
incidence was 56.4% in men and 41.0% in women, according to the EU definition.
The sex difference was clearly smaller between the older men (77.6%) and women
(73.4%). This supports the findings that HI affects men earlier than women, as
shown in previous studies (Cruickshanks et al., 2010; Pearson et al., 1995). In
contrast, no significant sex difference in incident hearing loss was observed in the
BMHS (Mitchell et al., 2011).
In the present study, the incidence rates calculated per person-years enabled
the comparison of incidences independent of the follow-up time. However, it was
difficult to find any comparable study reporting person-year incidence rates for HI.
A South Korean epidemiological study on the association of diabetes and incident
hearing loss reported an incidence rate of hearing loss of 1.8 per 1000 person-years
among participants (mean age 37.6 years) with normal glucose levels and
corresponding figures for participants with prediabetes of 3.1 and diabetes of 9.2
per 1000 person-years (Kim et al., 2017). It is understandable that these figures are
not comparable to our results because of the selected and younger population.
Nevertheless, it is obvious that the incidence of HI increases greatly with age. The
incidence rate of HI (BEHL0.5-4 kHz ≥20, 45.8 per 1000 person years) is also high
when compared to other public health problems. For example, the incidence of type
2 diabetes in the corresponding age group has been reported to be 16 per 1000
person years, and the overall age-standardized incidence rate of cardiovascular
disease was 22.5 per 1000 person years in the NHANES (Ergin, Muntner, Sherwin,
& He, 2004; Nichols et al., 2015).
In general, the average deterioration rate of BEHL (0.5–4 kHz) was 0.91
dB/year, which is similar to the results of a previous, larger population-based study
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(Kiely et al., 2012) and is in line with other previous studies (Davis et al., 1991;
Kim et al., 2019; Linssen et al., 2014; Wiley et al., 2008). The pattern of threshold
changes in different frequencies in our study is also in agreement with previous
reports, as in the EHLS, for example, the mean rate of change was approximately
0.75 dB/year at 0.5 kHz and 1.4 dB/year at 8 kHz among men and 0.75 dB/year at
0.5 kHz and 1.75 dB/year at 8 kHz among women in the 60–69-year-old subgroup
(Wiley et al. 2008). Furthermore, there were similar results in the Rotterdam study,
in which the average decline in hearing was 0.29 dB/year at low (0.25, 0.5 and 1
kHz) and 1.35 dB/year at high (2,4 and 8 kHz) frequencies (Rigters et al., 2018).
According to previous studies, the rate of change begins to slow at higher
frequencies in advanced age, after 80 years (Gothberg et al., 2019; Wiley et al.,
2008). In our study, the participants were not older than 80 years of age at the end
of the follow-up, and no slowing of hearing deterioration was detected. The
threshold changes were greater among older participants in both sexes. This agrees
with the results of EHLS in the corresponding age group (60 to 69 years) (Wiley et
al., 2008). However, the maximum difference between the age groups was not
greater than 5.1 dB in 13 years seen at the higher frequencies in women. Generally,
differences between the age groups were smaller among men than among women.
The threshold changes were greater among men in the younger age group in
all frequency ranges and among women in the older age group, in line with the
study by Lee et al. (Lee et al., 2005). In the Baltimore Longitudinal Study of Aging
(BLSA), Pearson et al. (1995) found that the longitudinal rate of hearing decline
was more than twice as rapid in men as in women at most ages and frequencies
(Pearson et al. 1995). In contrast, in our study, gender differences in the rate of
threshold change were not significant. Furthermore, absolute threshold changes in
the corresponding age group were greater in the present study than in the BLSA.
However, the results are not comparable due to the screened population in the
BLSA (Pearson et al., 1995). Significant but relatively small sex differences were
also found in a study by Linssen et al. (2014), in which the hearing deterioration
rate was 1.3 dB/decade higher in middle-aged men and 1.8 dB/decade higher in
older men than in women. It has been speculated that menopause could be linked
with HI in women (Svedbrant, Bark, Hultcrantz, & Hederstierna, 2015). However,
no overall association between menopausal status and self-reported HI was
observed after adjusting for age in a larger (N=80 972) prospective study (Curhan
et al., 2017).

65

5.3

Impact of cardiovascular diseases and cardiovascular risk
factors (I and IV)

5.3.1 Cardiovascular diseases and other risk factors
Cardiovascular diseases and risk factors among study participants
At the baseline study, 125 participants (14.7%) reported one or more CVDs.
Coronary heart disease was the most commonly reported disease (N=87, 10.2%).
A history of heart attack was reported by 50 participants (5.9%), and other CVDs
were rare. There were no differences in the presence of CVD between participants
with or without HI (WEHL≥20). Ischaemic heart disease and history of heart attack
were more prevalent in participants with HI than in participants without HI, but the
differences were not significant. Other CVDs were rare. A history of stroke was
significantly more common in participants with HI who were men (p=0.007) but
not in those who were women. At follow-up, 36.7% (N=210) of the participants
reported one or more CVDs. Coronary heart disease was reported most often
(17.9%). Hypertension was the most common cardiovascular risk factor in both the
baseline and follow-up studies.
Data concerning body weight were missing from 3 participants at baseline. At
follow-up, five participants did not want to be weighted. The mean BMI of
participants was 27 kg/m2, both at baseline and follow-up.
Most of the participants, who were smokers at baseline, no longer smoked at
the time of the follow-up. Smoking was less common among non-participants at
baseline but more common at the follow-up. The frequencies of CVD and
cardiovascular risk factors, current smoking status and total amount of smoking as
pack-years are shown in Table 12.
Socioeconomic class
The majority of study participants were lower-level employees or manual workers
(Table 11). Eight participants had missing data on their occupation. As most
participants were pensioners at the follow-up study, SEC was defined by the
occupation at the baseline study according to Statistics Finland (1989).
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Table 10. Frequencies of reported cardiovascular diseases, cardiovascular risk factors
and smoking at baseline and follow-up among participants (P), nonparticipants (NP),
non-responders (NR) and those who died (D).
Disease or risk factor

Baseline

Follow-up

P

NP

NR

D

P

NP

N=559

N=117

N=73

N=101

N=559

N=117
74 (64.9)

CVD or HT1

216 (38.6)

48 (41.0)

35 (47.9) 60 (59.4)

399 (71.4)

Any CVD

66 (11.8)

18 (15.4)

10 (13.7) 31 (30.7)

210 (36.7)

AVH (stroke and TIA)

12 (2.2)

3 (2.6)

2 (2.7)

9 (8.9)

48 (8.6)

ASO/claudication

5 (0.9)

1 (0.9)

1 (1.4)

4 (4.0)

10 (1.8)

Valve problem

5 (0.9)

1 (0.9)

1 (1.4)

0

29 (5.2)

Heart insufficiency

3(0.5)

0

1 (1.4)

0

43 (7.7)

7(1.3)

4 (3.4)

1 (1.4)

2 (2.0)

51 (9.1)

Coronary heart disease

Atrial fibrillation

44 (7.9)

11 (9.4)

8 (11.0)

24 (23.8)

100 (17.9)

Heart attack

27 (4.8)

4 (3.4)

2 (2.7)

17 (16.8)

43 (7.7)

51 (9.1)

12 (10.3)

4 (5.5)

10 (9.9)

101 (18.1)

Diabetes mellitus2
Hypertension

175 (31.3)

39 (33.3)

31 (42.5) 43 (42.6)

352 (63.0)

Hypercholesterolemia

109 (19.5)

17 (14.5)

18 (24.7) 26 (25.7)

321 (57.4)

118 (21.2)

31 (26.5)

16 (21.9) 28 (27.7)

136 (24.3)

194 (34.7)

39 (33.3)

27 (37.0) 54 (53.5)

33 (5.9)

366 (65.5)

78 (66.7)

45 (61.6) 48 (47.5)

361 (64.6)

1–19

84 (15.0)

21 (17.9)

≥20

101 (18.1)

17 (14.5)

Body mass index 30 kg/m
Current smoking1

2

13 (11.4)

31 (27.7)

51 (45.9)

40 (35.1)

Smoking, pack-years
Never smokers or <1

1

Data available for 114 non-participants

2

Data available for 112 non-participants

12 (11.9)

85 (15.2)

20 (27.4) 36 (35.6)

6 (8.2)

113 (20.2)

Noise exposure, ear diseases and other otological risk factors
Most study participants had been exposed to noise, and the proportion of noiseexposed participants increased during the follow-up time. Nearly all men (97.2%)
had been exposed to noise, but only one-fourth (24.8%) of women had been
exposed (t-test, p<0.001). Men were most often exposed to gunfire noise (70.6%)
and women to occupational noise (13.2%). A history of ear disease was reported by
7.3% of participants. Other otological risk factors (history of severe head trauma
or ototoxic medication) were reported by 11.4% of participants. No significant sex
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differences were observed in the presence of ear diseases or other otological risk
factors.
Table 11. Socioeconomic class of the study participants (N=850)
Socio-economic class

All

Participants

Nonparticipants

Non-responders

Died

Upper-level employee

138 (16.2)

98 (17.5)

15 (12.8)

15(20.5)

10 (9.9)

Self-employed person

51 (6.0)

27 (4.8)

4 (3.4)

6 (8.2)

14 (13.9)

Lower-level employee

348 (40.9)

250 (44.7)

40 (34.2)

26 (35.6)

32 (31.7)

Manual worker

305 (35.9)

181 (32.4)

54 (46.2)

25 (34.2)

45 (44.6)

5.3.2 The impact of CVD and other risk factors on HI (Study I)
Impact of cardiovascular diseases and cardiovascular risk factors on HI:
cross-sectional analysis of the baseline population
In the propensity score-adjusted multivariate regression model for the impact of
CVD, no significant association between HI and the total CVD variable (a study
participant had a history of one or more CVDs) was found (Table 12). Participants
with ear diseases were excluded from the analysis.
Table 12. Results of propensity score analysis for the impact of CVD on HI for 0.125–1
kHz and 0.5–4 kHz frequency ranges
Definition of HI

0.125, 0.25, 0.5 and 1 kHz

0.5, 1, 2 and 4 kHz

OR

95% CI

p

OR

95% CI

p

BEHL≥20 dB

0.88

0.36 to 2.16

0.78

1.24

0.79 to 1.96

0.35

WEHL≥20 dB

1.67

0.58 to 1.97

0.84

1.48

0.96 to 2.28

0.79

The impact of other risk factors was analysed using a multivariate logistic
regression model separately for bilateral HI (defined by BEHL0.5-4kHz≥20 dB) and
uni- or bilateral HI (defined by WEHL0.5-4kHz≥20). None of the CVD variables were
associated with HI, and no significant interactions were found between the
variables in any of the models. The unadjusted odds ratios and adjusted odds ratios
with 95% CI and p-values for the association between HI and significant risk
factors are shown in Table 13 for HI defined by BEHL and in Table 14 for HI
defined by WEHL. Heavy smoking (≥20 pack-years) was associated with HI in
men (BEHL and WEHL) and in women for WEHL. Lower SEC (manual workers)
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and obesity were associated with HI (BEHL and WEHL) but only in men. Lower
SEC and HI (BEHL) were also associated in women, but this result was not
significant.
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Table 13. Multivariate logistic regression model for hearing impairment defined as pure-tone average of ≥20 dB over the frequencies

2.01
2.77

Lower-level employees

Manual workers

2.31

20-

1.0

1.96 (1.17 to 3.26)

1.23 (0.63 to 2.41)

1.0

2.79 (1.45 to 5.39)

1.98 (0.97 to 4.07)

1.42 (0.51 to 3.96)

1.0

1.85 (1.05 to 3.25)

1.72 (1.05 to 2.80)

0.01

0.55

0.002

0.062

0.50

0.033

0.03

p-value

3.25

2.35

3.11

1.0

2.09

1.0

OR

Unadjusted

3.06 (0.87 to 10.82)

2.29 (0.67 to 7.84)

2.94 (0.59 to 14.64)

1.0

2.01 (1.13 to 3.59)

1.0

(95% CI)

Adjusted OR

Women

0.082

0.19

0.19

0.018

p-value

1

Classification according to Statistics Finland. Modified table reprinted with permission from Taylor & Francis.

Model for women: -2log likelihood = 344.3, P (Hosmer–Lemeshow) = 0.91

Model for men: -2log likelihood = 413.9, P (Hosmer–Lemeshow) = 0.50

congenital or hereditary HI were excluded from the analysis.

Subjects with history of one or more of the following: chronic ear infection, otosclerosis, Méniére’s disease, sudden sensorineural HI, Herpes zoster oticus,

1.0
1.27

0

1–19

Smoking (pack-years)

1.0
1.62

Self-employed persons

1.86

Upper-level employees

Socioeconomic class1

Body mass index≥30 kg/m2

1.0
1.56

(95% CI)

OR

61–66 years

Adjusted OR

Unadjusted

54–60 years

Age

Risk factor

Men

unadjusted odds ratios (ORs) and adjusted ORs with 95% confidence intervals (95% CIs).

of 0.5, 1, 2 and 4 kHz in the better ear (better ear hearing level, BEHL) for men (n=352) and women (n=425). Values are presented as
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Table 14. Multivariate logistic regression model for hearing impairment defined as pure-tone average of ≥20 dB over the frequencies

1.67
2.53

Self-employed persons

Lower-level employees

Manual workers

0.062

2.13

20-

1.0

1.88 (1.14 to 3.08)

0.84 (0.45 to 1.57)

1.0

2.28 (1.28 to 4.07)

1.43 (0.76 to 2.70)

1.27 (0.51 to 3.18)

0.013

0.58

0.005

0.27

0.61

1.0
2.27

1.23

Women

2.40 (1.22 to 4.71)

1.41 (0.72 to 2.74)

1.0

2.29 (1.44 to 3.65)

1.0

(95% CI)

Adjusted OR

0.011

0.32

<0.001

p-value

1

Classification according to Statistics Finland. Modified table reprinted with permission from Taylor & Francis.

Model for women: -2log likelihood = 537.7, P (Hosmer–Lemeshow) >0.9

Model for men: -2log likelihood = 479.1.9, P (Hosmer–Lemeshow) = 0.60

congenital or hereditary HI were excluded from the analysis.

Subjects with history of one or more of the following: chronic ear infection, otosclerosis, Méniére’s disease, sudden sensorineural HI, Herpes zoster oticus,

1.0
0.88

0

1–19

Smoking (pack-years)

1.0
1.40

Upper-level employees

Socioeconomic class1

Body mass index≥30 kg/m2

1.0

OR

Unadjusted

2.19
1.71 (0.97 to 3.01)

p-value

54–60 years

1.72

(95% CI)

OR

Men
Adjusted OR

Unadjusted

61–66 years

Age

Risk factor

as unadjusted odds ratios (ORs) and adjusted ORs with 95% confidence intervals (95% CIs).

of 0.5, 1, 2 and 4 kHz in the worse ear (worse ear hearing level, WEHL) for men (n=352) and women (n=425). Values are presented

5.3.3 The impact of CVD on hearing deterioration (IV)
The unadjusted BEHL change averaged at 0.5, 1, 2 and 4 kHz was 1.3 dB greater
among participants with CVD (95% CI 0.13 to 2.49) than in those without CVD
during the follow-up time. After adjusting for covariates, the effect of CVD was
only 0.7 dB. At lower frequencies, the change in hearing thresholds was smaller,
and thus, the effect of CVD was proportionally greater but still not statistically
significant. The results of the two multivariate adjusted models in different
frequency ranges are shown in Table 15. The results of Model 1 and Model 2 were
very similar.
Table 15. The results of the multivariate regression analysis of the impact of
cardiovascular diseases1 on the better ear hearing change in the 13-year follow-up
study
Frequencies, kHz

Model 1

Model 2

dB (95% CI)

p

dB (95% CI)

p

0.125, 0.25 and 0.5

0.84 (-0.26 to 1.93)

0.13

0.82 (-0.27 to 1.91)

0.14

0.5, 1, 2 and 4

0.68 (-0.57 to 1.93)

0.28

0.70 (-0.55 to 1.95)

0.27

4, 6 and 8

0.63 (-1.39 to 2.65)

0.54

0.58 (-1.44 to 2.59)

0.57

1

coronary heart disease, history of myocardial infarction, stroke or transient ischaemic attack, claudication,

valve problem, atrial fibrillation of heart insufficiency
2

Regression coefficient

Model 1: Adjusted with age, sex, hypercholesterolemia, hypertension, diabetes, smoking, obesity,
socioeconomic class, noise exposure, ear diseases and other otological risk factors
Model 2: Adjusted with age, sex, hypercholesterolemia, hypertension, diabetes, smoking, obesity, and
socioeconomic class

5.3.4 Comments
In the cross-sectional multivariable adjusted analysis of the baseline sample, CVD
was not associated with HI, not even at the lower frequency range. Similar results
to ours were reported in another population-based study with 2049 participants,
where no association between CVD and HI was found (Helzner et al., 2011). In the
Beaver Dam Offspring study (n=3285), a history of clinical CVD was not
associated with HI, with a younger population (mean age 49 years) and a small
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prevalence (3.4%) of clinical CVD (Nash et al., 2011). The results of the present
study are not in line with the Framingham study, in which an association between
CVD and HI was observed (Gates et al., 1993). However, Gates et al. (1993)
defined HI as 40 dB HL or greater, and the population was older (mean age 73
years). There are also more recent reports in which the association between CVD
and HI has been studied. In a considerably large study from China, with nearly
7000 participants aged 60 years or older, atherosclerosis was found to be a
significant risk factor for HI (OR 1.64, 95% CI 1.28 to 2.11) (Gong et al., 2018).
In a Korean study with 7434 participants aged 40 or over, cardiac disease was not
associated with HI after multivariable analysis, but stroke was (Park et al., 2017).
Furthermore, in a recent report from the EHLS, CVD was associated with HI in a
cross-sectional analysis but not with the incidence of HI (Joo et al., 2020). In
addition to population-based studies, some clinical studies dealing with CVD and
HI were found. Associations between low-frequency HI and CVD have been
observed in a cohort of 1,168 audiological patients when the associations between
audiogram patterns and cardiovascular variables were analysed (Friedland et al.,
2009). In that study, the subjects were slightly older (mean age 67.5 years), and
their cardiovascular morbidity was higher than in our study population (Friedland
et al., 2009).
Among cardiovascular risk factors, smoking, obesity (in men) and
socioeconomic class were associated with HI, but hypertension and diabetes were
not (Study I). At least 20 pack-years of smoking increased the risk of HI in men
and women when HI was defined by worse ear (WEHL>20) and only in men when
HI was defined by the better ear (BEHL>20). It must be considered that the missing
data concerning pipe tobacco and cigar/cigarillo smokers may have biased these
results. In addition, the way that pack-years were estimated is not entirely accurate
(Fransen et al., 2008). However, the results concerning smoking and HI are in line
with many previous studies (Agrawal et al., 2008; Cruickshanks, Klein et al., 1998;
Fransen et al., 2008; Itoh et al., 2001; Park et al., 2017).
Lower SEC has also been found to be associated with HI in other studies
(Agrawal et al., 2008; Cruickshanks et al., 2015b). High BMI has been found to be
associated with HI in some studies (Fischer et al., 2016; Fransen et al., 2008;
Helzner et al., 2011). In the Norwegian HUNT study, waist circumference had a
positive association, but BMI had a negative association with HI (Engdahl et al.,
2015). The results of studies dealing with hypertension and HI are inconsistent, as
in some studies, an association has been found Gong et al., 2018) but not in others
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(Cruickshanks et al., 2015; Engdahl et al., 2015). Hypertension is a common
condition in older adults, and there might be participants in our study with
undiagnosed hypertension, which can affect the results. In addition, no
measurements of blood pressure were performed. However, the role of
cardiovascular risk factors appears to be modest in the entire ARHI entity, as also
speculated in a study by Engdahl et al. (2015).
An association between CVD and hearing deterioration was not found in the
longitudinal study (IV). The change in hearing thresholds during the follow-up was
only 0.6–0.8 dB greater, depending on the frequency range, among participants
with CVDcompared to participants without CVD. With respect to to smaller
threshold changes, the effect of CVD was more pronounced at lower frequencies
but still not statistically or clinically significant. Similar findings were observed in
an Australian longitudinal, population-based study, in which neither stroke nor
diabetes were associated with a faster decline in hearing thresholds (Kiely et al.,
2012). In another European study, a relatively large (N=1408) population-based
CVD cohort was reported to be related to the hearing deterioration rate in middleaged adults (43–62 years). However, the effect of CVD was small (0.844
dB/decade), and no significant effect was observed in younger or older participants
(Linssen et al., 2014). Furthermore, in a Korean longitudinal study in which CVD
was not associated with hearing threshold changes, lower frequencies were not
separately addressed (Kim, Lee, Moon, & Park, 2019). A 10-fold effect of CVD on
the hearing threshold change compared to the present study was observed in a
retrospective patient record study, in which the mean decline of low-frequency PTA
(0.5, 1 and 2 kHz) was 0.72 dB/year higher in participants with CVD compared to diseasefree controls (Wattamwar et al., 2018). Due to the different settings and remarkably
older age groups (80–106 years) in that study, the results are not comparable.
However, it can be speculated that the effect of CVD on HI could be seen among
older persons with a longer influence of the disease. In our study, the duration or
onset of CVD was not considered. Taken together, the influence of CVD on hearing
deterioration at least in this age group appears negligible if not nonexistent.
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6

General discussion

6.1

Strengths and limitations of this study

The strengths of this study include its population-based and longitudinal settings.
The study sample can be considered a representative sample of this age group in
this area, as the participants were randomly sampled from the population registry.
These results can be generalized to this area and age group. However, the study
population was collected from a restricted area in Finland, and further
generalization should be performed with caution.
Another strength of this study is the unscreened population. Age and postal
code were the only inclusion criteria. In the study protocol, the questionnaire was
sent to participants beforehand to fill out at home. All questions were checked at
the study appointment to avoid possible misinterpretations of the questions.
Furthermore, the possibility of checking personal medical files also increased the
reliability of this study. For follow-up examination, even if it was time-consuming,
we chose to invite the subjects by a personal phone call from one of the researchers
(VL) to reach as many participants as possible. Thus, attendance in the follow-up
study was good at nearly 75%. The study protocol was similar between the baseline
and follow-up examinations, which allows for comparison between studies.
Standardized protocols and similar definitions should be used in
epidemiological studies to obtain comparable results. This is a shared concern in
hearing research (Pascolini & Smith, 2009; Roth et al., 2011). One of the strengths
of the present study is the use of standardized audiological measurements and that
the ear status of each participant was controlled by one medical doctor who was an
ENT specialist (VL). Moreover, the prevalence and incidence figures were
calculated for different definitions. Thus, this study adds comparable information
to the body of current knowledge regarding the epidemiology of hearing
impairment.
Conducting ethical research among indigenous and other ethnic groups
requires sensitivity (Stordahl, Torres, Mollersen, & Eira-Ahren, 2015). There were
challenges in collecting the Saami sample because no official registers based on
ethnicity are allowed. To overcome these issues and control for possible sampling
bias, a three-step sampling process was conducted with the help of Saami expertise,
and Saami identity was confirmed with each participant at the study appointment.
In addition, the definition of Saami is not unequivocal. However, this is the first
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report of hearing problems and measured HI in a Saami population. Focusing on a
small ethnic group living in a certain area, the results of the Saami study cannot be
generalized to all Saami, and a large proportion of Saami have moved outside the
traditional living area, having modern occupations and lifestyles
(www.samediggi.fi).
In sampling, a possible source of selection bias is that persons with hearing
difficulties might have been more eager to participate in the study, which may lead
to overestimating the prevalence figures at the population level. However, in the
follow-up, the nonparticipants had worse hearing at baseline than the participants,
even though they had less subjective difficulties with hearing. On the other hand, a
larger proportion of nonparticipants (19.7%) than participants (14.9%) were
already using hearing aids; therefore, they might not have been interested in
participating in the study.
Studies collecting self-reported data on exposures or risk factors are subject to
recall bias. This concerns the present study with respect to data collected on
smoking, alcohol consumption and noise exposure and related medical conditions,
which were not visible in the hospital records. Records of primary health care were
not available. One limitation of the follow-up study is that the onset of CVD was
not investigated. Furthermore, the use of ototoxic medications was defined as
having had chemotherapy or aminoglycoside antibiotics, which are well-known
causes of medication-induced HI (Garcia, Martinez, Agusti, Mencia, & Asenjo,
2001). Other medications are potentially ototoxic, such as NSAIDs and loop
diuretics (Joo et al., 2020), but those medications were not addressed in this study.
6.2

Prevalence, incidence, and deterioration of hearing

Our results strengthen the previous understanding that HI is a remarkable public
health issue in older adults. Considering regional differences in the prevalence of
HI, national epidemiological data are needed to estimate the future needs of hearing
health care. Most older adults have mild or moderate HI, in which considerably
cheap rehabilitation and hearing aids are beneficial. In this study, the use of hearing
aids was not the focus, but according to the questionnaire, only 14.9% of
participants reported having hearing aids. This is clearly less than the prevalence
of at least moderate HI (24.7%, BEHL≥35), at which level hearing aids would be
recommended. Hearing aid fitting that occurs too late and poor adoption of hearing
aids have also been described in other countries (Nash et al., 2013; Simpson,
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Matthews, Cassarly, & Dubno, 2019). The possible benefits of hearing aid use
would not be achieved if the hearing aids are not fitted in time (Davis, A., Smith,
Ferguson, Stephens, & Gianopoulos, 2007).
At the same time, when the proportion of older persons is increasing, people
live longer and healthier lives. Although it seems that the prevalence of HI is
decreasing in Western countries, the number of hearing-impaired persons is
increasing due to rapid changes in population demographics, and the need for
resources in hearing health care is still growing. In addition, even though
occupational noise exposure has been reduced due to better noise protection at work,
unsafe listening of music among young people has become more common (Diviani
et al., 2019). Achievements in occupational noise reduction and better hearing
protection could be compensated by increased exposure to recreational noise due
to harmful listening habits.
In the present study, the increase in incidence was remarkable between the two
age groups (54–60 years and 61–66 years). The increased incidence by age coupled
with the fact that ARHI is a progressive condition that cannot be cured, together
with an ageing population, emphasizes the emerging need for resources and
education from hearing health care professionals in the near future. This is also an
important result when considering the right age for hearing screening in older adults,
even though the age range in this study was too narrow to make any conclusions
about this. The suggested limit for hearing screening in the USA is 50 years and
older (Feltner, Wallace, Kistler, Coker-Schwimmer, & Jonas, 2021).
Both the prevalence and incidence of HI were higher in men than in women.
However, there were no significant sex differences in the deterioration of hearing.
It is important to study the patterns of ARHI in men and women separately to
determine more of the underlying processes.
Audiometry is the most common method used to measure hearing. However,
it does not consider problems in central processing, which cause difficulties in
speech discrimination in noise. Speech discrimination in noise is often the first
noticeable symptom of HI. Therefore, the use of speech-in-noise tests has become
more common.
6.3

Risk factors

The aetiology of ARHI is multifactorial, but regarding CVD- and CVD-related risk
factors, results from different studies are inconsistent. In this population-based
study, CVD was not associated with HI in the cross-sectional analysis. However,
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some weak associations were found. In the cross-sectional analysis of the baseline
study population, HI was more common in subjects with heart attack and ischaemic
heart disease, but the differences between groups were not significant. Moreover, a
weak association for the impact of CVD was found when hearing impairment was
defined as WEHL≥20 dB. Therefore, it must be considered that the numbers of
each subgroup in the cross-sectional analysis were rather small. Thus, these
findings might have been clearer in a larger study population with higher statistical
power.
In some previous population-based studies and in a clinical study, the effect of
CVD on HI has been observed at lower frequencies (Gates et al., 1993; Wattamwar
et al., 2018). In the longitudinal analysis of this study, the impact of CVD was more
pronounced at the lower frequency range but was still not statistically significant.
The effect of CVD in the multivariate analysis was 0.7 dB in 13 years (0.5–4 kHz),
which is lower than the 0.84 dB in the ten-year follow-up reported by Linssen et al
(2014) in a younger population. It is possible that the impact of CVD is controlled
by medication, and there might be subjects with unknown risk factors or
undiagnosed CVD in the study population. These results also indicate that there
might be exposures or protective factors that are not currently recognized and are
missing from the analyses.
The idea of analysing risk factors is to determine whether ARHI could at least
partially be prevented or delayed. Reports of a decreased prevalence of HI in some
countries support this idea, and improvements in noise protection have been
suggested as one method. Smoking also seems to be another avoidable risk factor
for HI. Lower SEC was a risk factor only in men, and there might be some
confounding with respect to exposure to noise, as the duration and intensity of
harmful noise is difficult to estimate. Results for other CVD-related risk factors,
such as obesity and hypertension, are often inconsistent, and the effect of these risk
factors has been suggested to be very small or even nonexistent (Engdahl et al.,
2015). Overall, CVD- or CVD-related risk factors do not seem to be the solution
for preventing ARHI.
6.4

Recommendations

The need for hearing screening in older adults has been recognized, and hearing
screening programs have been recommended for older adults (World Health
Organization, 2021). Hearing screening in older adults has been found to be cost80

effective (Morris, 2011). Early identification of ARHI would be important to
achieve the benefits of successful hearing rehabilitation. It is still unclear whether
hearing aid use can improve cognition, and this is a subject of active research
(Brewster et al., 2020; Issing, Baumann, Pantel, & Stover, 2021; von Gablenz,
Kowalk, Bitzer, Meis, & Holube, 2021). However, if cognitive decline could be
delayed with hearing aids, it would be a good motivation to use and prescribe
hearing aids. This is an issue in which public awareness should be increased.
Audiometry is only one, although the most common method to measure
hearing. However, it does not consider issues in the central processing of auditory
signals. Speech discrimination in noise is often the first noticeable symptom of HI,
and speech-in-noise tests and digits-in-noise tests have been developed to detect
hearing difficulties in noise (Koole et al., 2016). Different methods for hearing
screening using advanced technologies and applications have been proposed
(World Health Organization, 2021). There is still no consensus on which would be
the best and most effective method for screening ARHIs (Feltner et al., 2021).
While waiting for universal screening, a single question of self-perceived hearing
difficulties can be enough (Salonen, Johansson, Karjalainen, Vahlberg, & Isoaho,
2011). Awareness of the high prevalence and incidence of HI should be increased
in primary health care to increase early identification of ARHI. This is especially
important in Saami adults, in whom HI was even more common than in adults
living in the Oulu region.
In epidemiological research, standard protocols and definitions are needed. As
an improvement to this topic, the limit of mild HI (20 dB) is now agreed upon by
the WHO and EU expert groups. However, the defined limits of moderate and
severe HI still differ. A classification scale based on audiogram shape has also been
developed for the purpose of epidemiological research of ARHI (Cruickshanks,
Nondahl, Fischer, Schubert, & Tweed, 2020).
6.5

Future perspectives

The increasing number of hearing-impaired adults and thus the increased need for
hearing rehabilitation will be a challenge to the public health care system. In
addition to continuing research on modifiable risk factors for ARHI, hearing
rehabilitation processes should actively be evaluated to improve their success and
efficacy. A similar process does not fit all, and some hearing-impaired adults need
more effective teaching concerning hearing aid use than others. The longitudinal
data of this study could be used to further analyse other possible risk factors or the
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accumulation of risk factors in hearing-impaired adults. Continuation of this
longitudinal study would provide more perspective on changes in the incidence of
HI and patterns of hearing deterioration.
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7

Conclusions

The following conclusions can be drawn from the results of this study:
1.

2.

3.

Our results indicate a high prevalence of HI in older adults. Among participants
in the Oulu follow-up study, at a mean age of 74 years, nearly 80% of men and
over 60% of women had at least mild HI. Among Saami adults aged 54–66
years living in northern Finland, both measured HI (37%) and self-reported
hearing difficulties (47%) were common.
In the 13-year follow-up study, the incidence of HI was 45.8 per 1000 person
years, and the 13-year cumulative incidence was 61%. The incidence of HI was
higher in men than in women, especially among younger participants,
indicating that men experience HI earlier than women.
No significant association between CVD and HI or CVD and hearing threshold
changes was found. Lower socioeconomic class was associated with HI in men.
Smoking and obesity are preventable risk factors for HI.
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