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Key points:

 Individuals with hearing loss at age 60 live approximately one additional year with

dementia compared to those without hearing loss.

 The lifetime risk of dementia is about 1.5 times higher for individuals with hearing loss at

age 60.

 Female sex and higher levels of education are associated with a greater number of years

and a higher lifetime risk of hearing loss, dementia and their comorbidity due to longer

exposure to age-related diseases.

 These findings highlight the importance of early identification and management of

hearing loss as a potential strategy for reducing dementia burden.
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Downstream of Hearing Loss: A Population-Based Multistate Analysis of
Lifetime Risk and Years Lived with Hearing Loss, Dementia and Their

Comorbidity in Finland

Abstract

Background: Hearing loss (HL) is a major modifiable risk factors of dementia, yet gaps persist
regarding its association with years lived with dementia, lifetime risks differences by HL status,
and sociodemographic disparities.

Methods: Using Finnish register data on all residents aged 60–99 from 2009–2019 (N=1,987,876;
16,439,107 person-years) and discrete-time multistate modeling, we calculated age-specific
transition probabilities between five states – healthy, HL, dementia, comorbidity (both HL and
dementia), and death, stratified by sex and education. We then estimated state-specific
expectancies and lifetime risk.

Results: At age 60, males and females in the overall population were expected to live 3.39 and
3.61 years with HL, and 1.09 and 1.85 years with dementia, respectively. Lifetime risk of HL was
22.7% for both sexes; dementia risk was 21.4% for males and 31.0% for females. When examining
subpopulations defined by origin state at age 60, those who were healthy could expect 1.10 (males)
and 1.89 (females) years with dementia. Meanwhile, those with HL at age 60: 1.90 years (males)
and 2.82 years (females) with both HL and dementia (comorbidity). Their lifetime risk of
comorbidity was 33.5% (males) and 42.9% (females) – about 1.5 times higher than the dementia
risk for those starting healthy. Higher education was associated with longer life, more years across
all states, and higher lifetime risks.

Conclusions: HL at age 60 is associated with a substantial redistribution of remaining life toward
dementia and comorbidity. Early HL detection and management may offer a public health
opportunity to reduce dementia burden.

Introduction

Dementia represents a significant global health challenge, with the number of people living with

dementia projected to increase to 153 million by 2050 [1]. It is among the leading causes to

disability burden [2] and has far-reaching social and economic consequences for families and

societies at large [3]. Age-related hearing loss (HL) is another prevalent condition in aging

populations [4], with well-documented associations with social withdrawal, loneliness, and

depression [5,6]. Notably, there is increasing evidence linking HL to cognitive decline [7] and

dementia [8].

HL is associated with cognitive decline across multiple cognitive domains, as well as an increased

risk of cognitive impairment and dementia incidence [9]. Maharani et al. [10] found that older

adults with hearing impairment had lower episodic memory scores and were at a greater risk of



cognitive impairment. Similarly, Matthews et al. [11] demonstrated that individuals who

consistently experienced poorer or worsening hearing had a more rapid cognitive decline. Impaired

hearing is also linked to neurodegeneration relevant to dementia [12].

Differences by sex/gender exist for both health outcomes. HL disproportionately affects men

[13,14], while women have a higher lifetime risk of dementia [15]. Social inequalities also play a

critical role in shaping the landscape of both HL and dementia. Individuals with lower educational

attainment are more susceptible to both HL and dementia [16,17].

Despite extensive literature documenting HL as a modifiable risk factor of dementia, three critical

knowledge gaps remain unaddressed. First, current health expectancy research has focused

primarily on estimates for HL [18,19] and dementia [20,21] as individual conditions, leaving

unclear how many years individuals live with comorbidity – that is having both HL and dementia.

Second, despite the importance of understanding lifetime risk – the probability an individual will

develop a condition during their lifespan – current research lacks comparative estimates of

dementia lifetime risk between individuals with and without HL. Third, while both conditions

independently vary by education and sex, we have limited insight into how these

sociodemographic factors may compound vulnerabilities in the HL-dementia relationship. To

address these gaps, our study leverages Finnish population-level register data to provide

comprehensive estimates of years lived with HL, dementia, and their comorbidity, as well as

lifetime risks, by sex and education – revealing critical insights for identifying increased-risk

populations and informing targeted interventions.

Data and Methods
Data and Study Population

This study used population register data covering all permanent residents in Finland. We restricted

individuals to those aged 60-99 during years 2009-2019. The restriction is due to the age pattern

of health outcomes considered. We linked annual population register information with the Death

Register for dates of death using personal identification codes assigned to all permanent residents.

Similarly, we integrated population register information with data from various national health

records: Finnish Drug Reimbursement Register (available from 1995, though anti-dementia

medications only appear from 2000 onward), which included medication purchases and



reimbursements, provided by the Social Insurance Institution of Finland, as well as the Care

Register for Health Care, from which we utilized hospitalization data ( 1987-2019) and specialized

care visits (1998-2019), maintained by the National Institute for Health and Welfare. To be

included in the multistate calculation, individuals needed to contribute to person-years in at least

two calendar years. Following exclusions, the final analytical sample comprised 1,987,876

individuals, contributing to 16,439,107 person-years. Supplementary Figure S1 illustrates the

analytical sample derivation process.

Dementia

The Drug Reimbursement and Care registries were used to determine the year of dementia onset.

Dementia was identified based on several criteria, including eligibility for reimbursement of

Alzheimer’s disease medication (disease code 307), the purchase of state-reimbursed Alzheimer’s

disease medication (Anatomical Therapeutic Chemical [ATC] code N06D), and records from

inpatient and specialized outpatient care registries where dementia was listed as a primary or

additional diagnosis. Diagnoses were classified according to the International Classification of

Diseases, 9th Revision (ICD-9) for the years 1987–1995 (codes 290, 291.2, 292.8C, 294.1A, 331.0,

331.1, and 437.8A) and the 10th Revision (ICD-10) for the years 1996–2019 (codes F00–F03,

F05.1, and G30). The use of a combination of Finnish hospital care and medication reimbursement

registers to identify cases of dementia has previously been validated [22] and employed in

empirical investigations [23]. The year of dementia onset was determined by identifying the

earliest recorded occurrence in these registries for individual persons.

Hearing Loss

Hearing loss (HL) was identified using data from inpatient and specialized outpatient Care

registries for the years 1996-2019. Identification was based on either a documented diagnosis of

conductive and sensorineural HL (ICD-10 code H90), other and unspecified HL (ICD-10 code

H91), or evidence of hearing aid use, including fitting and adjustments of devices (ICD-10 codes

Z45.3, Z46.1, Z97.4). This coding strategy optimizes both etiological comprehensiveness, by

capturing a wide range of HL pathophysiology, and sensitivity, by supplementing clinical

diagnoses with hearing aid utilization codes to identify functionally significant cases that might



otherwise be missed in register data. The earliest recorded occurrence was considered the year of

HL onset.

Sociodemographic variables

Information on sex, age, and educational attainment was provided in the population register of

Statistics Finland. Age was a continuous variable measured in completed years.  Educational

attainment was determined based on the highest qualification achieved and classified according to

the International Standard Classification of Education (ISCED-2011) as follows: tertiary (levels

5–8), secondary (levels 3–4), and no qualifications (levels 0–2).

Analytical Approach

This study employs discrete-time Markov chain multistate models analyzing transitions across five

states: healthy, HL, dementia, comorbidity, and death. Health states are defined by the presence or

absence of HL and dementia; thus, the 'healthy' state denotes the absence of diagnoses for both

conditions, rather than overall health. The 'comorbid' state refers specifically to the co-occurrence

of HL and dementia. Multistate models allow us to calculate years of remaining life at age 60

expected in these health states during 2009-2019, differentiate the mortality patterns associated

with each health state, and estimate the lifetime risk of developing morbidity through various

progression pathways (illustrated in Supplementary Figure S2).

In Markov chain multistate models, the estimation of health expectancies and lifetime risks relies

on transition probabilities, which quantify the likelihood of movement between health states. Age-

specific transition probabilities were obtained non-parametrically from the empirical data by

tabulating proportions of movements from origin to destination states and calculated for each age

stratifying by sex and education. The use of full-population data allows for direct calculation of

transition probabilities without relying on statistical modeling or distributional assumptions,

thereby providing robust estimates based entirely on observed transitions.

The sex and education specific matrices were used to derive the corresponding fundamental

matrices [24]. By means of the transition matrices and the corresponding fundamental matrices,

we compute state-specific expectancies, conditioned and unconditioned on starting state, and life

time risks, conditioned on starting state.



State expectancies are a weighted sum of conditional expected durations in a given state. To

account for the mid-period transition assumption, a half-year correction of 0.5 was subtracted from

the sum of transitions between states before applying the starting distribution weights. To mitigate

noise from small sample sizes, starting distribution weights were calculated using a 5-year age

interval of 60-65 over the period 2009-2019. Lifetime risk was calculated as a cumulative

probability of ever transitioning into a specific state from a given state of origin. More technical

details are available in existing literature [15,25].

Confidence intervals were obtained using a non-parametric bootstrap approach [26]. Due to

computational constraints with the full population, we generated 200 resamples from a 5% random

subsample by resampling individual trajectories, estimated the length of the confidence intervals

based on this subsample, and obtained the length of the total population confidence intervals by

scaling the 5% sub-sample by factor of 1/sqrt(20), as the total population is 20 times the 5% sub-

sample. We constructed the confidence intervals by applying the length symmetrically around the

point estimate.

Data management and preparation were conducted using Stata version 18.0, while all statistical

analyses were implemented in R version 4.4.0.

Results

Descriptive Statistics

The total sample size was 905,394 males and 1,082,482 females, and the analysis was based on

7,332,239 and 9,106,868 person-years, respectively (Table 1). A total of 460,482 deaths were

observed during the study period. On average, females and those with no educational qualifications

were represented by older ages.

Mortality risk increased exponentially with age, exhibiting notable sex differences (Figure 1).

Males consistently demonstrated higher death transition probabilities regardless of origin state.

Individuals with dementia or comorbidity exhibited substantially higher mortality than those

healthy or with HL alone, though HL did not increase mortality risk compared to healthy

individuals.



Sex-specific patterns emerged across health transitions. Females showed higher probabilities of

transitioning from healthy to dementia and from HL to comorbidity, with differences pronounced

after age 80. Males showed higher probabilities of transitioning from healthy to HL and from

dementia to comorbidity, with consistent differences across all ages. For both sexes, transition

probabilities into comorbidity were consistently higher among individuals with pre-existing HL

compared to those healthy or with pre-existing dementia (Figure 1).

Table 1. Sample characteristics of adults aged 60-99 in Finland upon their entry into the sample, 2009-2019 by sex
and educational attainment level

Males Females

No
qualifications Secondary Tertiary Total No

qualifications Secondary Tertiary Total

Age, mean 68.7 63.4 64.5 65.9 72.1 64.9 64.1 67.9

State, N (%)

Healthy
333,763

(86.9)
263,997

(91.7)
213,780

(91.5)
811,540

(89.6)
415,820

(84.2)
303,828

(91.1)
234,005

(92.0)
953,653

(88.1)

    Hearing
    Loss

33,159
(8.6)

19,269
(6.7)

15,646
(6.7)

68,074
(7.5)

39,924
(8.1)

21,356
(6.4)

15,539
(6.1)

76,817
(7.1)

Dementia
14,089

(3.7)
3,824
(1.3)

3,457
(1.5)

21,370
(2.4)

32,861
(6.7)

7,633
(2.3)

4,184
(1.6)

44,678
(4.1)

Comorbid
3,004
 (0.8)

742
(0.3)

664
(0.3)

4,410
(0.5)

5,528
(1.1)

1,124
(0.3)

682
(0.3)

7,334
(0.7)

Total
384,015

(42.4)
287,832

(31.8)
233,547

(25.8)
905,394

(100)
494,133

(45.7)
333,941

(30.9)
254,408

(23.5)
1,082,482

(100)

Note: Percentages are to be interpreted as column-wise percentages, with the exception of the final row Total, which
provides educational composition for males and females.



Figure 1. Sex-specific transition probabilities.
Panel A presents sex-specific transition probabilities across age from origin states to destination states, excluding
transitions within the same state.
Panel B compares selected transition probabilities by sex.
Source: Author’s calculations based on population register data of all Finns aged 60–99 from 2009 to 2019.
Note: Smoothing lines were applied using the LOESS method for readability, while multistate life tables were
constructed using transitional probabilities, derived from observed transitions across single-year age groups.



Patterns across educational attainment levels were less consistent. See Supplementary Figure S3

for education-specific estimates.

Life and Health Expectancies

Remaining life expectancy at age 60 was 21.40 for males and 25.41 for females, reflecting a female

survival advantage (Table 2). The figures are consistent with Human Mortality Database [27] for

2010-2019, which reported 21.85 for males and 25.94 for females. This deviation is to be expected

because our study was restricted to age 99.

Remaining years of life were partitioned into expected time spent in each of the four health states.

At age 60, males could expect to spend 16.39 years without either of the conditions, 3.39 with HL,

1.09 with dementia and 0.53 with comorbidity. Females at the same age could expect to spend

19.25 years healthy, 3.61 with HL, 1.85 with dementia, and 0.71 with comorbidity.

The longer life expectancy of females resulted in longer healthy life, as well as, more years lived

with HL, dementia, and their co-occurrence, compared to males. Education also extended

remaining life expectancy, increasing both healthy years and time spent in morbid states.

Specifically, tertiary education when compared to no educational qualifications increased life

expectancy by 3.51 years for males and 2.48 for females, while also extending time spend with

HL, dementia, or both by approximately one year for each sex.

Expected years lived with dementia differed markedly by health status at age 60. Specifically,

these are conditional expectancies representing the number of years an individual can expect to

live given their health state at age 60. Males with HL at age 60 could expect 22.19 years on average

(Table 2), of which 1.90 would be spent with co-occurring HL and dementia (Table3). Females

could expect 25.85 years on average, of which 2.82 would be spent with co-occurring HL and

dementia. Those who were healthy (free from HL and dementia) at age 60 had a similar total life

expectancy (21.43 years for males and 25.46 years for females), but approximately one year less

with dementia: 1.10 years for males and 1.89 years for females. A complete list of conditional

expectancies can be found in Supplementary Table S1.



Table 2. Overall and state-specific life expectancies (LE) at age 60, and LE by starting state (healthy, hearing loss (HL), dementia, or comorbidity), by sex and
educational level in Finland (2009–2019), with 95% confidence intervals

Note: All expectancies are in years. Life expectancies conditional on a starting state are based on trajectories of subpopulations defined by the state they occupy at age 60.

Population-level By education

Males Females Males Females
No

qualifications Secondary Tertiary No
qualifications Secondary Tertiary

Life and Health
Expectancies
Unconditional on
starting state

Overall LE
21.40

[21.37-21.43]
25.41

[25.38-25.44]
20.20

[20.15-20.25]
21.48

[21.42-21.54]
23.71

[23.63-23.79]
24.56

[24.51-24.61]
25.76

[25.69-25.83]
27.04

[26.95-27.13]

Healthy LE
16.39

[16.35-16.43]
19.25

[19.22-19.28]
15.66

[15.61-15.71]
16.14

[16.08-16.20]
18.10

[18.04-18.16]
18.84

[18.79-18.89]
19.33

[19.27-19.39]
20.27

[20.19-20.35]

LE with HL
3.39

[3.36-3.42]
3.61

[3.58-3.64]
3.00

[2.97-3.03]
3.70

[3.65-3.75]
3.81

[3.75-3.87]
3.18

[3.14-3.22]
3.83

[3.78-3.88]
4.17

[4.10-4.24]

LE with dementia
1.09

[1.08-1.10]
1.85

[1.84-1.86]
1.06

[1.05-1.07]
1.09

[1.06-1.12]
1.21

[1.18-1.24]
1.88

[1.86-1.90]
1.85

[1.82-1.88]
1.89

[1.85-1.93]

LE with Comorbidity
0.53

[0.52-0.54]
0.71

[0.70-0.72]
0.48

[0.47-0.49]
0.56

[0.54-0.58]
0.59

[0.56-0.62]
0.67

[0.66-0.78]
0.75

[0.73-0.77]
0.71

[0.68-0.74]

Life expectancy
Conditional on
starting state at age 60

Healthy
21.43

[21.40-21.46]
25.46

[25.43-25.49]
20.25

[20.20-20.30]
21.50

[21.43-21.57]
23.74

[23.66-23.82]
24.63

[24.58-24.68]
25.81

[25.75-25.87]
27.08

[26.99-27.17]

HL
22.19

[22.09-22.29]
25.85

[25.75-25.95]
21.06

[20.90-21.22]
22.41

[22.21-22.61]
24.19

[23.99-24.39]
25.00

[24.82-25.18]
26.11

[25.93-26.29]
27.35

[27.15-27.55]

Dementia 10.67
[10.41-10.93]

14.13
[13.86-14.41]

10.23
[9.82-10.63]

10.72
[10.32-11.13]

11.61
[11.05-12.16]

13.72
[13.27-14.18]

14.06
[13.60-14.52]

14.99
[14.36-15.62]

Comorbidity 12.82
[12.30-13.34]

16.07
[13.92-18.23]

12.08
[9.94-14.22]

13.13
[11.18-15.09]

13.47
[11.22-15.72]

15.45
[12.88-18.01]

15.84
[15.84-15.84]

17.84
[17.29-18.40]



Table 3. Remaining years in healthy state, with hearing loss (HL), dementia, or comorbidity for two subpopulations:
starting healthy or with HL at age 60, with corresponding 95% confidence intervals

Note: the numbers in brackets (%) indicate the proportion of each subpopulation aged 60–65 within the full population
– i.e., their prevalence. These proportions, along with those for dementia and comorbidity states at age 60–65, were
used as weights to calculate population averages.
Empty cells represent impossible transitions, as HL and dementia are modelled as mutually exclusive and irreversible
states (Supplementary Figure S2). Transitions from these states are only possible toward comorbidity.

Lifetime Risk

The lifetime risk of developing HL from a healthy state was identical between sexes, despite

females having lower age-specific incidence probability (22.7%, Figure 2). Partial risk between

ages 60-80 was twice larger in males than females (16.5% vs. 8.3%, respectively), suggesting that

females' longer survival allows them to accumulate similar lifetime risk despite lower age-specific

incidence probabilities (see Supplementary Materials Table S2). Furthermore, females exhibited

significantly higher lifetime risk of developing dementia from a healthy state compared to males

(21.4 for males vs. 31.0% for females, Figure 2). The lifetime risk of developing comorbidity

directly from a healthy state was relatively low but still higher among females.

In addition to these sex-specific patterns, the health state at age 60 was also associated with

differences in lifetime dementia risk. Among individuals starting out healthy at age 60, the lifetime

risk of developing dementia was 21.4% for males and 31.0% for females. In contrast, for those

already experiencing HL at age 60, the risk of transitioning to comorbid state was notably higher

– 33.5% for males and 42.9% for females.

Remaining years in
destination states:

Males Females

Starting Healthy
(92.5%)

Starting with HL
(5.8%)

Starting Healthy
(93.2%)

Starting with HL
(95.7%)

Healthy 17.52
[17.49-17.55] - 20.53

[20.50-20.56] -

HL 2.37
[2.35-2.39]

20.29
[20.20-20.38]

2.46
[2.44-2.48]

23.03
[22.93-23.13]

Dementia 1.10
[1.08-1.11] - 1.89

[1.87-1.90] -

Comorbidity 0.44
[0.43-0.44]

1.90
[1.86-1.93]

0.58
[0.57-0.58]

2.82
[2.77-2.86]



Figure 2. Lifetime risks by sex and education.
Points represent the estimated lifetime risk (%) of transitioning from the given origin state (e.g., Healthy or HL) to
another health state. Bars indicate 95% confidence intervals.

Finally, educational attainment revealed additional gradients in lifetime dementia risk. For males,

the lifetime risk of developing dementia from a healthy state increased progressively with

education, from 20.3% (no educational qualifications) to 23.9% (tertiary education). A similar

pattern emerged for females, with dementia risk increasing from 30.6% to 32.4% across

educational categories. Similar educational gradients were observed for other transitions,

particularly for males, where the effect of education appears more pronounced than for females.

Discussion

Hearing loss (HL) is increasingly recognized as a key target for dementia prevention, due to both

its modifiability and prevalence in older adults [28]. However, we lacked clear understanding on

whether and how the presence of HL should inform expectations about future years lived with

dementia and the lifetime risk of dementia to support clinical decision-making. Our study



investigated how many years individuals live with HL, dementia, and their comorbidity,

differential lifetime risks between exposure groups, and sociodemographic group differences.

We find several important patterns. First, individuals with HL at age 60 can expect to live

approximately one additional year with dementia compared to those without HL, despite similar

overall remaining life expectancy. This represents a substantial increase in the burden of dementia

associated with pre-existing HL. Our finding on survival aligns with previous literature showing

that HL does not reduce overall life expectancy [19,29], despite its association with various

adverse health outcomes [30,31]. While West and Lynch [19] attributed this finding – which

contradicts earlier literature linking HL to increased mortality risk [32] – to the possibility of

recovery from hearing impairment in their survey-based data, our results emerge in a different

context. We employ diagnosed HL, which relies on individuals recognizing difficulty of hearing

and seeking healthcare. As such, it is more likely to capture persistent or non-recoverable HL

compared to self-reported assessments – particularly at younger ages – where overestimation is

common [33]. Both methodological approaches converge on the conclusion that HL does not

reduce remaining life years, with our findings specifically indicating a redistribution of years

toward increased time spent with dementia.

Second, we find that the higher dementia incidence associated with HL [34-36] comes with a

substantially higher lifetime risk of developing dementia. This represents an approximate 12

percentage point increase, or 1.5 times higher, lifetime risk of dementia associated with HL at age

60, a clinically meaningful difference that persists across both sexes. This increase in lifetime risk

is consistent with the growing body of empirical evidence supporting HL as an important precursor

of cognitive decline and dementia pathology [10-12].

However, it is important to note that only about 6 percent of males and females at ages 60-65 in

the Finnish population of this study were diagnosed with HL (as compared to 19 percent among

males and 14 percent among females at ages 80-85), which likely reflects a subset with more severe

or symptomatic impairments that prompt clinical attention. This early-onset (midlife) HL may

therefore imply an early clinical marker of elevated neurodegenerative vulnerability rather than

two isolated age-related morbidities. In line with this, Kim et al. [37] reported that the middle-aged

individuals demonstrate higher risk of dementia associated with hearing impairment than the older-

aged groups, underscoring greater significance of HL when it manifests at relatively younger ages.



Third, our findings reveal important sociodemographic patterns in health expectancy and lifetime

risk. While females live longer than males, their extended lifespan includes not only more healthy

years but also more years with morbidities, including dementia. Female disadvantage extends to

lifetime risks – females face approximately 10 percentage points higher lifetime dementia risk

regardless of HL status. This reflects the female-male health–survival paradox: women outlive

men but spend greater proportions of their lives with disability and chronic illness, including

dementia [38,39].

Educational gradients were also evident: individuals with higher educational attainment

experienced expanded morbid life expectancy and increased lifetime risks of HL, dementia, and

their comorbidity, despite spending more years healthy. This pattern likely reflects differential

survival—higher education extends lifespans but increases cumulative exposure to age-related

morbidities. This pattern is not unique to HL or dementia. Studies show more-educated older adults

have higher disability prevalence than less-educated counterparts [40]. These patterns likely reflect

a broader phenomenon of trends where the longevity benefits are partly accompanied by expansion

of years lived with disability rather than compressing them [41].

This study benefits from comprehensive Finnish register data covering all residents aged 60–99

and a 10-year follow-up, minimizing attrition and selection issues common in panel data.

However, selection bias may persist. Diagnostic likelihood may vary by education, with higher-

educated individuals more likely to seek care, potentially leading to underdiagnosis in lower-

educated groups and underestimation of educational inequalities.

Furthermore, our conceptual framework considered irreversible HL, yet some cases of HL may be

reversible or mitigated through interventions. Hearing aids represent a common intervention, but

their efficacy in reducing dementia risk remains contested. While some observational studies

suggest potential cognitive benefits [42], consistent evidence supports hearing aid advantages only

among individuals already at high dementia risk [43,44]. Our identification strategy, incorporating

both HL diagnoses and hearing aid utilization codes, enhances sensitivity to clinically relevant HL

but complicates interpretation, as hearing aid use may simultaneously indicate HL severity and

potentially modify its effects on dementia.

In conclusion, HL is more than a sensory impairment – it predicts cognitive aging. Our findings

show that individuals with HL at age 60 not only live longer with dementia but face a substantially



higher lifetime risk of developing it. These burdens are not evenly distributed: females and those

with higher education spend more years navigating both HL and dementia, reflecting the complex

interplay of longevity and increased exposure to age-related conditions. Together, these findings

have significant implications for clinical practice, patient care, and public health policy, suggesting

that early identification and management of HL represents a valuable opportunity for modifying

dementia trajectories across population subgroups.

Word count:
Abstract: 250
Main text: 2,973

Number of tables and figures: 5
Number of references: 44

References

1. Nichols E, Steinmetz JD, Vollset SE, et al. Estimation of the global prevalence of dementia in
2019 and forecasted prevalence in 2050: an analysis for the Global Burden of Disease Study 2019. The
Lancet Public Health. 2022;7(2):e105-e125.
2. Patwardhan V, Gil GF, Arrieta A, et al. Differences across the lifespan between females and
males in the top 20 causes of disease burden globally: a systematic analysis of the Global Burden of
Disease Study 2021. The Lancet Public Health. 2024;9(5):e282-e294.
3. Jutkowitz E, Kane RL, Gaugler JE, MacLehose RF, Dowd B, Kuntz KM. Societal and family lifetime
cost of dementia: implications for policy. Journal of the American Geriatrics Society. 2017;65(10):2169-
2175.
4. Homans NC, Metselaar RM, Dingemanse JG, et al. Prevalence of age-related hearing loss,
including sex differences, in older adults in a large cohort study. The Laryngoscope. 2017;127(3):725-
730.
5. Ciorba A, Bianchini C, Pelucchi S, Pastore A. The impact of hearing loss on the quality of life of
elderly adults. Clinical interventions in aging. 2012:159-163.
6. Heffernan E, Withanachchi CM, Ferguson MA. ‘The worse my hearing got, the less sociable I
got’: a qualitative study of patient and professional views of the management of social isolation and
hearing loss. Age and Ageing. 2022;51(2):afac019.
7. Soons LM, Deckers K, Tange H, van Boxtel MP, Köhler S. Associations of hearing and visual loss
with cognitive decline and dementia risk: a 25-year follow-up of the Maastricht Aging Study. Age and
Ageing. 2024;53(12):afae271.
8. Livingston G, Huntley J, Liu KY, et al. Dementia prevention, intervention, and care: 2024 report
of the Lancet standing Commission. The Lancet. 2024;404(10452):572-628.
9. Loughrey DG, Kelly ME, Kelley GA, Brennan S, Lawlor BA. Association of age-related hearing loss
with cognitive function, cognitive impairment, and dementia: a systematic review and meta-analysis.
JAMA otolaryngology–head & neck surgery. 2018;144(2):115-126.
10. Maharani A, Dawes P, Nazroo J, Tampubolon G, Pendleton N, group S-CW. Visual and hearing
impairments are associated with cognitive decline in older people. Age and ageing. 2018;47(4):575-581.



11. Matthews K, Dawes P, Elliot R, Pendleton N, Tampubolon G, Maharani A. Trajectories of self-
reported hearing and their associations with cognition: evidence from the United Kingdom and United
States of America. Age and ageing. 2023;52(2):afad017.
12. Armstrong NM, An Y, Doshi J, et al. Association of midlife hearing impairment with late-life
temporal lobe volume loss. JAMA otolaryngology–head & neck surgery. 2019;145(9):794-802.
13. Nolan LS. Age-related hearing loss: Why we need to think about sex as a biological variable.
Journal of neuroscience research. 2020;98(9):1705-1720.
14. Roth TN, Hanebuth D, Probst R. Prevalence of age-related hearing loss in Europe: a review.
European Archives of Oto-Rhino-Laryngology. 2011;268:1101-1107.
15. Hale JM, Schneider DC, Mehta NK, Myrskylä M. Cognitive impairment in the US: Lifetime risk,
age at onset, and years impaired. SSM-Population Health. 2020;11:100577.
16. Agrawal Y, Platz EA, Niparko JK. Prevalence of hearing loss and differences by demographic
characteristics among US adults: data from the National Health and Nutrition Examination Survey, 1999-
2004. Archives of internal medicine. 2008;168(14):1522-1530.
17. Mielke MM, Vemuri P, Rocca WA. Clinical epidemiology of Alzheimer’s disease: assessing sex
and gender differences. Clinical epidemiology. 2014:37-48.
18. Kiely KM, Mitchell P, Gopinath B, Luszcz MA, Jagger C, Anstey KJ. Estimating the years lived with
and without age-related sensory impairment. Journals of Gerontology Series A: Biomedical Sciences and
Medical Sciences. 2016;71(5):637-642.
19. West JS, Lynch SM. Demographic and socioeconomic disparities in life expectancy with hearing
impairment in the United States. The Journals of Gerontology: Series B. 2021;76(5):944-955.
20. Crimmins EM, Saito Y, Kim JK, Zhang YS, Sasson I, Hayward MD. Educational differences in the
prevalence of dementia and life expectancy with dementia: Changes from 2000 to 2010. The Journals of
Gerontology: Series B. 2018;73(suppl_1):S20-S28.
21. Dhana K, Franco OH, Ritz EM, et al. Healthy lifestyle and life expectancy with and without
Alzheimer’s dementia: population based cohort study. bmj. 2022;377
22. Solomon A, Ngandu T, Soininen H, Hallikainen MM, Kivipelto M, Laatikainen T. Validity of
dementia and Alzheimer's disease diagnoses in Finnish national registers. Alzheimer's & Dementia.
2014;10(3):303-309.
23. Korhonen K, Tarkiainen L, Leinonen T, Einiö E, Martikainen P. Association between a history of
clinical depression and dementia, and the role of sociodemographic factors: population-based cohort
study. The British Journal of Psychiatry. 2022;221(1):410-416.
24. Kemeny JG, Snell JL. Finite Markov chains. Springer; 1983.
25. Sharma S, Hale JM, Myrskylä M, Kulu H. Online Appendix: Racial, ethnic, nativity, and
educational disparities in cognitive impairment and activity limitations in the United States, 1998–2016.
Demography. 2023;60(5):1441-1468.
26. Cameron AC, Trivedi PK. Microeconometrics: methods and applications. Cambridge University.
2005:chap 11.
27. HMD. Human Mortality Database. Max Planck Institute for Demographic Research (Germany),
University of California, Berkeley (USA), and French Institute for Demographic Studies (France). Available
at www.mortality.org (data downloaded on 30.04.2025).
28. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, intervention, and care: 2020
report of the Lancet Commission. The lancet. 2020;396(10248):413-446.
29. Tareque MI, Chan A, Saito Y, Ma S, Malhotra R. The impact of self-reported vision and hearing
impairment on health expectancy. Journal of the American Geriatrics Society. 2019;67(12):2528-2536.
30. Kamil RJ, Betz J, Powers BB, et al. Association of hearing impairment with incident frailty and
falls in older adults. Journal of aging and health. 2016;28(4):644-660.



31. Lawrence BJ, Jayakody DM, Bennett RJ, Eikelboom RH, Gasson N, Friedland PL. Hearing loss and
depression in older adults: a systematic review and meta-analysis. The Gerontologist. 2020;60(3):e137-
e154.
32. Genther D, Betz J, Pratt S, et al. Association of hearing impairment and mortality in older adults.
The Journals of gerontology Series A, Biological Sciences and Medical Sciences. 2014;70(1):85-90.
33. Kamil RJ, Genther DJ, Lin FR. Factors associated with the accuracy of subjective assessments of
hearing impairment. Ear and hearing. 2015;36(1):164-167.
34. Deal JA, Betz J, Yaffe K, et al. Hearing impairment and incident dementia and cognitive decline in
older adults: the health ABC study. Journals of Gerontology Series A: Biomedical Sciences and Medical
Sciences. 2017;72(5):703-709.
35. Gallacher J, Ilubaera V, Ben-Shlomo Y, et al. Auditory threshold, phonologic demand, and
incident dementia. Neurology. 2012;79(15):1583-1590.
36. Lin FR, Metter EJ, O’Brien RJ, Resnick SM, Zonderman AB, Ferrucci L. Hearing loss and incident
dementia. Archives of neurology. 2011;68(2):214-220.
37. Kim SY, Lim J-S, Kong IG, Choi HG. Hearing impairment and the risk of neurodegenerative
dementia: a longitudinal follow-up study using a national sample cohort. Scientific reports.
2018;8(1):15266.
38. Oksuzyan A, Juel K, Vaupel JW, Christensen K. Men: good health and high mortality. Sex
differences in health and aging. Aging clinical and experimental research. 2008;20:91-102.
39. Crimmins EM, Shim H, Zhang YS, Kim JK. Differences between men and women in mortality and
the health dimensions of the morbidity process. Clinical chemistry. 2019;65(1):135-145.
40. Klijs B, Nusselder WJ, Looman CW, Mackenbach JP. Educational disparities in the burden of
disability: contributions of disease prevalence and disabling impact. American journal of public health.
2014;104(8):e141-e148.
41. Gruenberg EM. The failures of success. The Milbank Memorial Fund Quarterly Health and
Society. 1977:3-24.
42. Amieva H, Ouvrard C. Does treating hearing loss in older adults improve cognitive outcomes? A
review. Journal of clinical medicine. 2020;9(3):805.
43. Dawes P, Munro KJ. Hearing loss and dementia: where to from Here? Ear and Hearing.
2024;45(3):529-536.
44. Lin FR, Pike JR, Albert MS, et al. Hearing intervention versus health education control to reduce
cognitive decline in older adults with hearing loss in the USA (ACHIEVE): a multicentre, randomised
controlled trial. The Lancet. 2023;402(10404):786-797.



Supplementary Materials
Downstream of Hearing Loss: A Population-Based Multistate Analysis of Lifetime Risk and Years Lived
with Hearing Loss, Dementia and Their Comorbidity in Finland

Figure S1. Flow chart of analytical sample derivation.

Individuals aged 60-99 between 2009-2019:
2,062,354 individuals

Dementia onset:
263,766 cases matched

Hearing loss onset:
299,649 cases matched

Death registry:
465,058 deaths matched

Excluding persons that contribute
only 1 person-year (observed a single

calendar year):
74,478

Final analytical sample:
1,987,876 individuals

460,482 deaths
16,439,107 person-years
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Figure S2. State space of the Markov multistate model and possible transitions across the states.
Note: HL = hearing loss.
We calculated transition probabilities non-parametrically as tabulated proportions of movements between states across
1-year age groups, stratified by sex and education. Since the disease progression of hearing loss and dementia is
irreversible, we define these transitions as non-recoverable.
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Figure S3. Education-specific transition probabilities across age from origin states to 
destination states, excluding transitions within the same state, stratified by sex.
Source: Author’s calculations based on population register data of all Finns aged 60–99 from 
2009 to 2019.
Note: Smoothing lines were applied using the LOESS method for readability, while multistate 
life tables were constructed using non-smoothed estimates. Age 99 is omitted from the graph 
for readability, as all individuals in this age group transition to the absorbing state of death.
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Table S1. Conditional Life and Health Expectancies.
To obtain the unconditional expectancies (AVERAGE), which do not depend on the initial state individuals start in,
we computed weighted averages of the conditional expectancies. For each population stratum of interest, the weights
were determined based on the starting state distribution at 60-65.

A. Remaining Life Expectancy

Sex Education start.Healthy_60 start.HL_60 start.Dem_60 start.Comorb_60
Males Population 21.40 22.19 10.67 12.82
Males Basic 20.25 21.06 10.23 12.08
Males Secondary 21.50 22.41 10.72 13.13
Males Tertiary 23.74 24.19 11.61 13.47
Females Population 25.46 25.85 14.13 16.07
Females Basic 24.63 25.00 13.72 15.45
Females Secondary 25.81 26.11 14.06 15.84
Females Tertiary 27.08 27.35 14.99 17.84

B. Remaining Healthy Life Expectancy

Sex Education start.Healthy_60
Males Population 17.52
Males Basic 16.72
Males Secondary 17.34
Males Tertiary 19.25
Females Population 20.53
Females Basic 19.99
Females Secondary 20.68
Females Tertiary 21.65

C. Remaining Life Expectancy with Hearing Loss

Sex Education start.Healthy_60 start.HL_60
Males Population 2.37 20.29
Males Basic 2.08 19.22
Males Secondary 2.60 20.52
Males Tertiary 2.76 22.11
Females Population 2.46 23.03
Females Basic 2.20 22.17
Females Secondary 2.63 23.24
Females Tertiary 2.90 24.66

Continued in the next page
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D. Remaining Life Expectancy with Dementia

Sex Education start.Healthy_60 start.Dem_60
Males Population 1.10 10.10
Males Basic 1.05 9.65
Males Secondary 1.10 10.11
Males Tertiary 1.23 11.08
Females Population 1.89 13.47
Females Basic 1.89 13.06
Females Secondary 1.90 12.35
Females Tertiary 1.94 14.43

E. Remaining Life Expectancy with Comorbidity

Sex Education start.Healthy_60 start.HL_60 start.Dem_60 start.Comorb_60
Males Population 0.44 1.9 0.57 12.82
Males Basic 0.4 1.84 0.58 12.08
Males Secondary 0.46 1.89 0.61 13.13
Males Tertiary 0.5 2.08 0.53 13.47
Females Population 0.58 2.82 0.66 16.07
Females Basic 0.55 2.82 0.67 15.45
Females Secondary 0.61 2.87 0.71 15.84
Females Tertiary 0.58 2.69 0.56 17.84
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Table S2. Lifetime risk using different index ages.

Lifetime risk Men Women

Index age = 70
Lifetime risk of dementia (from healthy) 24.60 33.53
Lifetime risk of comorbidity (from hearing loss) 35.91 44.24
Lifetime risk of hearing loss (from healthy) 20.72 20.26
Lifetime risk of comorbidity (from healthy) 8.63 9.73

Index age = 80
Lifetime risk of dementia (from healthy) 26.04 33.49
Lifetime risk of comorbidity (from hearing loss) 33.88 41.27
Lifetime risk of hearing loss (from healthy) 15.26 15.71
Lifetime risk of comorbidity (from healthy) 5.97 6.99

Index age = 90
Lifetime risk of dementia (from healthy) 16.13 20.97
Lifetime risk of comorbidity (from hearing loss) 18.48 23.52
Lifetime risk of hearing loss (from healthy) 8.46 8.31
Lifetime risk of comorbidity (from healthy) 1.98 2.23

Partial risk for ages 60-80, index age = 60
Lifetime risk of dementia (from healthy) 10.86 20.97
Lifetime risk of comorbidity (from hearing loss) 15.26 23.52
Lifetime risk of hearing loss (from healthy) 16.48 8.31
Lifetime risk of comorbidity (from healthy) 2.49 2.29
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