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Abstract

Although hearing and vision impairments are considered modifiable dementia risk factors, it
remains unclear whether their associations reflect sensory-specific pathways or broader
ageing-related vulnerability. Using harmonised data from the Health and Retirement Study
(n=22,756) and the English Longitudinal Study of Ageing (n=12,921), we applied multi-state
Markov models, time-varying Cox models and disaggregated population attributable fractions
(PAFs) to test whether associations depend on their temporal sequence with frailty.
Associations weakened after frailty adjustment (adjusted hazard ratios, aHRs, 1.17—1.80
[PAFs 3.4-9.2%] vs 1.08-1.56 [PAFs 1.5-6.6%]). Sensory impairments arising before frailty
showed no independent association with incident dementia (aHRs 0.88—1.22 [PAFs —1.3 to
1.5%]), whereas those emerging with or after frailty were consistently associated (aHRs
1.31-2.28 [PAFs 3.4-6.4%]). Conventional estimates may over-attribute dementia burden to
sensory impairments by neglecting their ageing context. Frailty-informed approaches may
improve targeting and interpretation of sensory interventions for dementia risk reduction.
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Main

More than 57 million people worldwide have dementia, with cases projected to almost triple
by 2050!. Despite an intense focus on single protein abnormalities, most dementia develops
in later life. Late-life dementia is characterised by mixed neurodegenerative, vascular and
systemic risks accumulated over decades®**, complicating the development of disease-
modifying therapeutics®. These challenges highlight the importance of developing effective,
equitable and scalable public health interventions to reduce risk of dementia®. Sensory
impairments—hearing and vision—are of particular interest because they are common, are
often easily detected and at least partially corrected, and are consistently associated with
higher rates of incident dementia and cognitive decline in observational studies’-3%10-11:12.13.14
Proposed mechanisms include increased cognitive load, social and physical disengagement,
accelerated regional brain atrophy, and shared microvascular and neurodegenerative
substrates®!>1®, Previous analyses suggest that, in combination, hearing impairment and
vision impairment may account for almost 10% of dementia cases (approximately 7% and
2% respectively)!”!®. However, with ageing, sensory impairments accrue frequently
alongside frailty'®, raising uncertainty about whether their associations with dementia
development reflect potentially modifiable sensory impairment, broader ageing-related
vulnerability, or both.

Ageing is more than the passing of time and reflects cumulative physiological, functional,
and cognitive change, rates of which vary considerably among individuals of the same
chronological age’®?!. Frailty—a measurable health state of vulnerability to adverse
outcomes?’—captures heterogeneity in ageing, providing an estimate of biological age that
enables risk stratification of individuals of the same chronological age®*. Operationalised
under the deficit-accumulation model that integrates multidomain deficits—clinical,
functional, and behavioural—frailty index scores closely track mortality across species even
after adjustment for chronological age?**°. Across populations and methods of assessment,
observational studies consistently report higher rates of incident dementia among individuals
with higher degrees of frailty**°. Critically, frailty and sensory impairments are interrelated—
self-reported and objectively measured hearing and vision loss are prospectively associated
with incident frailty in ageing cohorts?’®, Previous work demonstrates the persistence of
associations of sensory impairments with higher dementia incidence following adjustment for
chronological age?, but no studies have considered potential confounding by differences in
rates of frailty. Clarity could be provided by investigating the temporal co-occurrence of
frailty and sensory impairments prior to dementia and testing whether the associations of
sensory impairments with dementia vary following consideration of degree of frailty.

The association between hearing loss and dementia appears weak when hearing is measured
in midlife'*; whether it strengthens with accumulating age-related vulnerability has been
hypothesised but not directly tested®. Though the ACHIEVE trial's finding that hearing
intervention helped only a higher risk subgroup®!, is consistent with such a mechanism.
Should a proportion of the relationship between sensory impairments and incident dementia
be confounded by frailty, true dementia population attributable fractions for sensory
impairments could be smaller than previously reported, with implications for public health
approaches to dementia prevention. We aimed to investigate whether sensory impairments
are associated with incident dementia independently of their emergence during broader
phenotypic ageing, as identified by a high degree of frailty. By applying continuous-time
multi-state Markov models, Cox proportional hazards models with time-varying exposures,
and recalculating population-attributable fractions according to the timing of sensory
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impairment relative to frailty development, we pursued three objectives: (1) determine the
temporal relationships between sensory impairments and frailty, including the frequency with
which sensory impairments precede, co-occur with, or follow the onset of frailty; (2) quantify
the associations of sensory impairments with incident dementia, independent of and jointly
with frailty, including whether these associations differ according to their temporal sequence;
(3) estimate and compare population attributable fractions for dementia associated with
sensory impairments, examining how adjustment for the co-occurrence and temporal
sequence with frailty influences the estimated proportion of potentially preventable dementia
cases attributable to sensory impairments.

Results
Participant characteristics

The analytic cohort comprised 22,756 HRS and 12,921 ELSA participants, the characteristics
of whom are shown in Table 1. Participants were slightly older in HRS than in ELSA, by
approximately one year, and HRS comprised a greater proportion of female and non-white
individuals. The two cohorts diverged most on socioeconomic and lifestyle indicators—
compared with HRS participants, ELSA participants had lower levels of education and were
more likely to be current smokers and to report alcohol consumption. Frailty index scores at
baseline were higher in HRS than in ELSA (mean difference 0.06), with the prevalence of
frailty (frailty index > 0.25) in HRS being almost twice the rate in ELSA (25% versus 14%).
Self-reported vision impairment was also more common in HRS (22% versus 13%), although
self-reported hearing impairment was comparable across cohorts (18%—19%). In total,
187,030 and 76,068 observations and 297,534 and 131,294 person-years of observation time
were analysed for HRS and ELSA, respectively (Supplementary Tables 1-4). Across
observation periods, incident dementia was detected more frequently in HRS than in ELSA,
with an absolute risk three times higher (17% versus 5%) and incidence rates per 100 person-
years more than two times higher (1.3 versus 0.5).
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Table 1. Characteristics of analysed participants

Characteristics HRS ELSA
Total, n 22,756 12,921
Age at baseline, years, mean (s.d.) 63.5(10.3) 62.5 (9.7)

Range 50-100 50-99
Sex, n (%)

Male 9,631 (42) 5,832 (45)

Female 13,125 (58) 7,089 (55)
Race/ethnicity, n (%)

White 15,439 (68) 12,500 (97)

Non-white 7,308 (32) 395 (3)
Frailty index score, mean (s.d.) 0.18 (0.15) 0.12 (0.13)

Non frail (score < 0.25), n (%) 16,994 (75) 11,074 (86)

Frail (score > 0.25), n (%) 5,762 (25) 1,847 (14)
Education, n (%)

Lower 4,456 (20) 4,499 (35)

Intermediate 7,886 (34) 3,855 (30)

Higher 10,414 (46) 4,567 (35)
Marital status, n (%)

Others (separated, divorced, widowed, or 7,375 (32) 4,008 (31)
never married)

Married 15,381 (68) 8,913 (69)
Employment, n (%)

Not in labour force 12,052 (53) 7,564 (59)

Currently working or retired 10,704 (47) 5,357 (41)
Smoking status, n (%)

Non-smoker 18,856 (83) 9,429 (73)

Current smoker 3,900 (17) 3,492 (27)
Alcohol consumption, n (%)

Non-drinker 14,362 (63) 4,565 (35)

Any drinking days 8,394 (37) 8,356 (65)
Hearing impairment, n (%)

No 18,546 (82) 10,452 (81)

Yes 4,210 (18) 2,469 (19)
Vision impairment, n (%)

No 17,803 (78) 11,217 (87)

Yes 4,953 (22) 1,704 (13)
Follow-up

Time, years, mean (s.d.) 13.1 (4.0) 10.2 (4.9)

No dementia, n (%) 18,879 (83) 12,233 (95)

Incident dementia, n (%) 3,877 (17) 688 (5)

Dementia incidence rate per 100
person-years (total person-years follow-

up)

1.3 (297,534)

0.5 (131,294)

Note: s.d. standard deviation; HRS, Health and Retirement Study; ELSA, English Longitudinal Study
of Ageing; Values for race/ethnicity were missing for 26 participants in ELSA and 9 participants in

HRS.
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Multi-state Markov analysis

To capture how sensory impairments and frailty accumulate over time, we performed
continuous-time multi-state Markov models for hearing and vision in each cohort, estimating
transition intensities for all permitted transitions between the eight HRS states and the seven
ELSA states (Fig. 1). Transition intensities for pathways are summarised below as transition
rates per person-year; values and corresponding 95% Cls for all pathways are presented in
Supplementary Tables 12—15.

Most participants who developed both a sensory impairment and frailty did so sequentially
rather than concurrently. Rates of direct entry from the healthy state into simultaneous co-
occurrence of sensory impairment and frailty were low (HRS range 0.004—0.006; ELSA
range 0.003—0.003 per person-year). The most frequent first transition from a healthy state
was frailty in HRS (range 0.031-0.033, compared with 0.022—0.026 for either sensory
impairment), but a sensory impairment in ELSA (0.023-0.030, compared with 0.013-0.014
for frailty). In both cohorts, once either frailty or a sensory impairment had developed,
transition rates to co-occurrence were relatively high; rates to co-occurrence from a sensory
impairment ranged from 0.055-0.057 in HRS and from 0.024—-0.031 in ELSA, while rates to
co-occurrence from frailty ranged from 0.040—0.062 in HRS and from 0.051-0.072 in ELSA.

Transition rates to dementia, an absorbing state, were progressively higher in conjunction
with an increasing number of conditions present in the starting state. In HRS, rates to
dementia increased from healthy (0.007—0.007), sensory impairment only (0.013-0.013),
frailty only (0.020—0.020) and co-occurrence (any ordering, 0.025-0.038) states. Similar
increases were observed in ELSA: 0.002—0.002 (healthy), 0.006—0.007 (sensory impairment
only), 0.007-0.009 (frailty only), 0.015-0.021 (co-occurrence, any ordering). Across both
cohorts and both models, the rate of transition to dementia was higher from states in which
frailty and a sensory impairment co-occurred than from states with either condition alone,
with rate ratios ranging from 1.33 (1.17-1.52) to 3.37 (2.43—-4.68) (Supplementary Tables 16
and 17). In HRS, similar gradients were observed for death.
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Fig. 1 Multi-state model structure and estimated transition intensities for sensory impairment,
frailty and dementia in HRS and ELSA.

Numeric values, intensity (count): Hearing impairment model, Vision impairment model
Mean transition intensity: ——# Weak (< 0.025) === Intermediate (0.025-0.05) * Strong (z 0.05)

a. HRS
Starting state First transition Second transition Absorbing states
0.0102 (1,377)
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0.0264 (3,068} 0.0127 (487)
0.0130 (528)
0.0681 (803)
0.0523 (916) 0.0637 (966)
0.0497 (1,200)
Healthy 0.0043 (493) imul co-
(No sensory impairments, no frailty) 0.0057 (641) occurrence
0.0377 (652)
00358 (855) Q02651210
0.0247 (282)
0.0395 (2,135)
0.0333(3,871) 0.0400 {1,708)
0.0309 (3,515)
3 Co-occurrence N
paitiony e (Fraty frst) -
0.0401 (2,036) 0.0312 (340)
0.0619 (2,474) 0.0265 (373)
0.0073 (1,024) 0.0203 (1,084) [
0.0071 (983) 0.0199 (838)
b. ELSA ) » "
Starting state First transition Second transition Absorbing state
0.0021 (187)
0.0024 (233)
0.0238 (692)
—— 0.0312 (621) Co-occurrence
Sensory impairment only = (Rancary Impelrnart ret)
0.0300 (2,214} 0.0207 (55)
0.0233 (1,933) 0.0171 (39)
0.0061 (181)
0.0069 (135)
Healthy 0.0026 (192) imull co- 0.0153 (88) i
(Na sensary impairments, o frailty) 0.0027 (225} occurrence 0.0174 (26) benenta
0.0094 (127)
0.0069 (101)
0.0139 (1,019) 0.0166 (50}
0.0127 (1,057) 0.0211(84)

: Co-occurrence

Frailty only #‘ (Frailty first)
0.0506 (666)

0.0720 (894)

Note: a, HRS, Health and Retirement Study. b, ELSA, English Longitudinal Study of Ageing. Boxes
represent states and arrows represent permitted transitions. Participants enter in the starting state
("Healthy": no sensory impairment and no frailty) and may transition through one of three first-
transition states—sensory impairment only, simultaneous co-occurrence, or frailty only—and one of
two second-transition states (co-occurrence reached via sensory impairment first, or via frailty first),
before reaching the absorbing states. In ELSA (b), dementia is the sole absorbing state because
mortality data were not available over the analysis window. Two parallel models were fitted in each
cohort, one defining sensory impairment as hearing impairment and one as vision impairment. Arrow
labels give the estimated transition intensity (per person-year) with the observed number of transitions
in parentheses; bold values correspond to the hearing impairment model and regular values to the
vision impairment model. Arrow colour encodes the mean transition intensity across the two models:
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grey, weak (< 0.025); blue, intermediate (0.025-0.05); red, strong (= 0.05). State maintenance (self-
transitions from state X to state X) was included in the model for all non-absorbing states but is
omitted from the diagram for clarity. Transition intensities were estimated by maximum likelihood
under a time-homogeneous continuous-time Markov assumption, with right-censoring at the last
observed wave.

By 5 years, the probability of remaining in the healthy state was 0.67-0.68 in HRS and 0.78—
0.81 in ELSA, reducing to 0.45-0.46 in HRS and 0.61-0.66 in ELSA by 10 years (Fig. 2). At
10 years, the probability of transition directly from the healthy state to dementia was low
(0.09 in both HRS models; 0.03 hearing model and 0.08 vision model in ELSA) and
increased with the number of conditions present at the starting state, reaching 0.13—0.16 from
single-condition states and 0.17-0.25 from co-occurrence states in HRS, and 0.07-0.10 and
0.14-0.19 from the corresponding states in ELSA. Within single-condition states, the 10-year
probability of dementia was consistently higher from frailty only than from hearing or vision
impairment only in both cohorts. Among co-occurrence states, however, transition
probabilities to dementia were similar regardless of which condition was reached first,
indicating that the larger co-occurrence effect reflected the presence of both conditions rather
than the order in which they accumulated. In HRS, the 10-year probability of death increased
from 0.14 (healthy state) to 0.33—0.46 (co-occurrence state).



188  Fig. 2 5- and 10-year transition probabilities between health states from the multi-state model
189  in HRS and ELSA
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Note: a, HRS, Health and Retirement Study. b, ELSA, English Longitudinal Study of Ageing. Each
panel shows transition probability matrices at 5 years (left) and 10 years (right) for two parallel multi-
state models: one defining sensory impairment as hearing impairment (top row of sub-panels,
“Hearing model”) and one defining it as vision impairment (bottom row, “Vision model”). Rows give
the starting state at # = 0 and columns give the destination state at =5 or ¢ = 10 years; cells therefore
give the probability P (origin — destination) and each row sums to 1 by construction. States are:
Healthy (no sensory impairment, no frailty); single-condition states (hearing or vision impairment
only; frailty only); co-occurrence states distinguished by which condition was reached first (sensory-
first, frailty-first, or simultaneous within the same wave); and the absorbing states dementia and, in
HRS only, death. ELSA does not include death as an absorbing state because mortality data were not
available over the analysis window, which is why the corresponding column is absent in b. Cell
shading encodes transition probability on the scale shown in the colour bar (0, white — 1, dark blue);
numeric values < 0.01 are suppressed for legibility. Probabilities were obtained by exponentiating the
maximume-likelihood transition-intensity matrix from the time-homogeneous continuous-time Markov
model (P(f) = exp (Q ¢)) under the assumption of constant intensities between waves.

Associations of sensory impairments and frailty with incident dementia

To evaluate the associations between sensory impairments, frailty, and dementia risk, we first
used Kaplan-Meier cumulative-incidence survival curves and log-rank tests. Curves stratified
by baseline impairment status and frailty status diverged early and remained separated across
the follow-up period, with consistently higher dementia incidence among participants with
sensory impairments or with frailty in both cohorts (Supplementary Figs. 1-6).

In time-varying Cox proportional hazards models (Fig. 3 and Supplementary Table 18),
hazard ratios for incident all-cause dementia for all three exposures attenuated progressively
with adjustment for potentially confounding characteristics. In both cohorts, when unadjusted
for covariates (Model 1), hazard ratios were highest for frailty (HRS 2.70 [2.53-2.88], ELSA
4.02 [3.40-4.76]), followed by vision impairment (HRS 2.15 [2.01-2.31], ELSA 3.13 [2.63—
3.71]) and hearing impairment (HRS 1.88 [1.75-2.01], ELSA 1.93 [1.63-2.28]). Hazard
ratios weakened considerably when adjusted for chronological age (Model 2), and—more so
in HRS than in ELSA—weakened further when adjusted for additional demographic and
lifestyle characteristics (Model 3). Under the fully adjusted Model 4, which additionally
included lagged frailty status, hazard ratios associated with hearing impairment reduced to
1.10 (1.02-1.18) in HRS and 1.08 (0.91-1.28) in ELSA—a 41% and 60% reduction in excess
risk over Model 3—and hazard ratios associated with vision impairment reduced to 1.21
(1.13-1.30) and 1.56 (1.30—1.88)—a 34% and 30% reduction. Under mutual adjustment for
hearing and vision impairment in Model 4, hazard ratios associated with frailty were 1.43
(1.33-1.54) in HRS and 2.10 (1.74-2.53) in ELSA.

Population attributable fractions tracked the same pattern (Fig. 3). Across Models 1-4, the
PAF for hearing impairment reduced from 15.2% (13.3-17.2%) to 1.9% (0.3-3.6%) in HRS
and from 16.0% (11.4-20.9%) to 1.5% (—2.1 to 5.4%) in ELSA. For vision impairment,
PAFs reduced from 20.4% (18.3-22.4%) to 4.5% (2.8-6.3%) in HRS and from 21.2% (17.1—
25.5%) to 6.6% (3.6-10.0%) in ELSA. For frailty, it reduced from 33.0% (30.7-35.3%) to
11.1% (8.7-13.4%) in HRS and from 27.7% (23.3-32.2%) to 12.2% (8.5-16.2%) in ELSA.



234  Fig. 3 Time-varying associations of hearing impairment, vision impairment and frailty with
235  incident dementia in HRS and ELSA.
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Model1 | -0 2.70 (2.53, 2.88) @  33.0%(30.7,35.3)
Unadiusted” 1 ———&——— 402 (340,476) o 97 7% (23.3, 32.9)
Mocel2 | B~ 2,02 (1.89, 2.17) a 22.9% (20.4, 25.4)
+ chronological age ! ® 2.41 (2.01, 2.90) e —— 15.2% (11.3, 19.4)
Model3 | @ 1.50(1.40, 1.61) —_— 12.7% (10.4,15.1)
+ sociodemographic ' '
factors ! —e— 220 (1.91,2.76) —_—a 14.1% (104, 18.3)
. o —_— 1%
. Models | ¥ 1.43(1.33,154) 11.1% (8.7, 13.4)
+ sensory impairments I ® 2.10 (1.74, 2.53) _— & 12.2% (8.5, 16.2)
1 2 3 4 5 0% 5% 10% 15% 20% 25% 380% 35%
Hazard ratio for incident dementia Population attributable fraction for incident dementia (%)

236  Note: a, Hearing impairment. b, Vision impairment. ¢, Frailty. Left, hazard ratios (HR) for incident
237  dementia with 95% confidence intervals (CI); the dashed line denotes HR = 1. Right, population

238  attributable fractions (PAF, %) with 95% CI; the dashed line denotes PAF = 0. Estimates are derived
239  from time-varying Cox proportional hazards models with lagged exposures in HRS, Health and

240  Retirement Study (n = 22,756 participants, 3,877 incident dementia) and ELSA, English Longitudinal
241  Study of Ageing (n = 12,921 participants, 688 incident dementia); PAFs are weighted by person-time
242 exposure prevalence, which is reported above each panel. Model 1, unadjusted; Model 2, adjusted for
243 chronological age; Model 3, additionally adjusted for sex, race/ethnicity, education, marital status,
244 employment, smoking, and alcohol consumption; Model 4, for a and b, Model 3 plus frailty status; for
245 ¢, amutually adjusted model including hearing impairment, vision impairment and frailty.
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Temporal sequencing of frailty and sensory impairment in relation to dementia

To determine whether associations of sensory impairments with incident dementia differed
by temporal sequence with frailty onset, we replaced the binary sensory exposure in Model 5
with a three-level, time-varying variable distinguishing sensory impairment developing
before or without frailty onset from sensory impairment developing concurrently with or
subsequent to frailty onset (Fig. 4 and Supplementary Table 19).

Time-varying Cox proportional hazards models revealed that associations of sensory
impairments with incident all-cause dementia were either considerably weaker or absent if
sensory impairments developed without frailty. Relative to no hearing impairment, hazard
ratios associated with hearing impairment that developed before or without subsequent frailty
were 0.88 (95% CI, 0.78-0.99) in HRS and 0.91 (0.73—1.13) in ELSA, and corresponding
hazard ratios associated with hearing impairment that developed concurrently with or
subsequent to frailty onset were 1.31 (1.21-1.43) and 1.70 (1.37-2.10). Similarly, relative to
no vision impairment, hazard ratios associated with vision impairment that developed before
or without subsequent frailty were 1.03 (0.91-1.15) in HRS and 1.22 (0.95-1.57) in ELSA,
and corresponding hazard ratios associated with vision impairment that developed
concurrently with or subsequent to frailty onset were 1.44 (1.33—1.55) and 2.28 (1.84-2.82).

Disaggregated population attributable fractions paralleled those findings (Fig. 4). For hearing
impairment, PAFs were —1.1% (95% CI, —2.1 to —0.1) and —1.3% (—3.9 to 1.7) before or
without subsequent frailty onset, 3.4% (2.3 to 4.6) and 4.2% (2.3 to 6.5) concurrently with or
subsequent to frailty onset, and 2.3% (0.7 to 4.0) and 2.9% (—0.6 to 6.9) for the total context,
in HRS and ELSA, respectively. For vision impairment, the corresponding PAFs were 0.2%
(—0.7 to 1.3) and 1.5% (—0.4 to 3.8) before or without subsequent frailty onset, 5.5% (4.2 to
6.8) and 6.4% (4.3 to 8.8) concurrently with or subsequent to frailty onset, and 5.7% (4.0 to
7.5) and 7.9% (4.9 to 11.3) for the total context.
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Fig. 4 Frailty-stratified associations of hearing and vision impairment with incident dementia
in HRS and ELSA.

a Hearing impairment
® HRS ® ELSA

- 0.88(0.78,0.99)

* 11% (-2.1,-0.1)
Before frailty onset
0.91(0.73, 1.13) *— -1.3% (-3.9,1.7)
- 1.31(1.21,1.43) —e 3.4%(2.3,4.6)
With or subsequent to frailty onset
—_— 170 (1.37,2.10) [e— 4.2% (2.3,8.5)
— 2.3% (0.7.4.0)
Total context
e 2.9% (-0.6,6.9)
1.0 15 2.0 25 3.0 2% 0% 2% 4% 6% 8% 10%
b Vision impairment
e 1.03(0.91,1.15) ° 0.2% (-0.7,1.3)
Befare frailty onset
—— 1.22 (0.95, 1.57) —® 1.5% (-0.4, 3.8)
- 1.44 (1.33,1.55) - 55% (4.3.6.9)
With or subsequent to frailty onset
—_—— 2.28 (1.84,2.82) _a 6.4% (4.3, 8.8)
—_— 5.8% (4.0, 7.6)
Total context
_— 7.9% (4.9,11.3)
10 15 20 25 30 2% 0% 2% 4% 6% 8% 10%
Hazard ratio for incident dementia Population attributable fraction for incident dementia (%)

Note: a, Hearing impairment. b, Vision impairment. Estimates compare person-time with and without
sensory impairment within two mutually exclusive windows defined by each participant's current
frailty status: before frailty onset (person-time accrued while not yet frail) and with or after frailty
onset (person-time accrued from the first frail wave onwards). Window membership is assigned from
current, lagged frailty status rather than from whether a participant ever becomes frail, so the before-
frailty window includes the not-yet-frail person-time of participants who subsequently become frail;
estimates are therefore not restricted to participants who remain non-frail throughout follow-up. Left,
hazard ratios (HR) for incident dementia, with 95% confidence intervals (CI), from time-varying Cox
proportional hazards models with lagged exposures, fitted separately within each window and
adjusted for baseline age, sex, race/ethnicity, education, marital status, employment, smoking and
alcohol consumption; the dashed line denotes HR = 1 and the x axis is on a log scale. Right,
corresponding population attributable fractions (PAF, %), with 95% CI, weighted by person-time
exposure prevalence within each window; the dashed line denotes PAF = 0, and negative values
indicate an inverse association. Circles denote window-specific estimates, and "Total context"
(diamonds) gives the overall estimate combining the two windows, weighted by the person-time spent
in each. HRS (Health and Retirement Study) is shown in blue and ELSA (English Longitudinal Study
of Ageing) in orange.

Age and sex subgroup analyses

Supplementary Fig. 7 presents the associations of hearing impairment, vision impairment and
frailty with incident dementia across age and sex subgroups in both cohorts. The direction

and statistical significance of the main associations overall (Model 4) and those disaggregated
by temporal context with frailty onset (Model 5) were mostly preserved within every stratum.



296
297
298
299
300
301
302
303

304

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

323

324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341

Stronger associations of frailty were observed among participants aged under 65 years in both
HRS and ELSA. In HRS, hearing impairment and vision impairment both had stronger
associations in participants aged under 65 years, too. In ELSA, vision impairment
associations when disaggregated by temporal context with frailty also differed by age: before
or without subsequent frailty, vision impairment was only associated with incident dementia
in participants aged 65 years or older. In contrast, concurrently with or subsequent to frailty,
vision impairment was associated with incident dementia more strongly in participants aged
under 65 years. No statistically significant sex interactions were observed.

Sensitivity analyses

To assess the robustness of our findings, we conducted three pre-specified sensitivity
analyses. (1) In HRS, which had available mortality data across the observation window,
associations remained mostly consistent after accounting for death as a competing risk
through a Fine—Gray subdistribution hazard model (Supplementary Tables 20-21 and
Supplementary Figs. 8-9). Here, re-calculated PAFs were slightly higher for hearing loss
(2.6% vs. 1.9%), about the same for vision impairment (4.2% vs. 4.5%), and lower for frailty
(8.4% vs 11.1%); associations when disaggregated by temporal context with frailty were
consistent. (2) We also found similar associations to those of the main analyses in both
cohorts when exposures were instead lagged by two waves (~4 years) rather than one wave
(~2 years) to mitigate potential reverse causation (Supplementary Tables 22—23 and
Supplementary Figs. 10—11). (3) Finally, we recomputed frailty index scores after excluding
activities of daily living (ADL) and instrumental-ADL (IADL) items to confirm that the
observed associations of frailty with incident dementia were not driven exclusively by
functional dependence and found comparable results (Supplementary Tables 24-25 and
Supplementary Figs. 12—13). Across all sensitivity analyses, the temporal-context patterns of
associations persisted in both cohorts, whereby sensory impairments arising concurrently
with or subsequent to frailty onset conferred a higher hazard and a larger PAF than those
preceding or without subsequent frailty.

Discussion

Using population-based data from HRS in the United States and ELSA in the United
Kingdom, we show that the association of sensory impairments and incident dementia
depends fundamentally on whether the impairment emerges before, alongside, or after the
development of frailty. Associations attenuated once age-related vulnerability was
considered, and sensory impairments carried no independent association with dementia when
they developed in its absence. Instead, they were consistently associated with dementia only
when they arose concurrently with, or after, frailty. If sensory impairment itself was a
primary driver of dementia, the conferred risk could be hypothesised to be greatest where it
runs ahead of systemic decline. However, we show here that the signal emerges only as
sensory impairment becomes embedded in advanced multisystem ageing. Considered
together, these findings suggest that much of the dementia burden previously attributed to
sensory loss may instead reflect the broader ageing-related vulnerability in which sensory
deficits frequently accrue.

These findings refine the consistent observational evidence linking sensory impairment to
dementia!!"!213:14 and the conclusions of the 2024 Lancet Commission on dementia
prevention!’. Hearing and vision loss remain plausible modifiable targets, but their
independent contribution to incident dementia is less certain given that their conferral of
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dementia risk required concurrent or pre-existing frailty. This is consistent with the
ACHIEVE randomised controlled trial, in which hearing intervention slowed cognitive
decline exclusively among a higher-risk subgroup of older adults*!*2. From our Markov
multi-state analyses, we also found that sensory impairments and frailty often co-occurred,
and dementia risk was highest when both developed. Conceptually, this aligns with the
position of sensory deficits as components of multisystem deficit accumulation rather than
discrete pathological lesions**?>2? and with the broader hypothesis that biological age—
better indexed by frailty than by chronological age—captures the ageing context in which
other risk factors manifest®>?>,

The direction of effect modification by frailty in our research is notable because it inverts the
pattern previously reported for other dementia risk factors. Associations of Alzheimer
pathology and polygenic risk for Alzheimer's disease with clinical dementia tend to attenuate
as frailty rises’®*, an observation usually interpreted as evidence that frailty depletes
physiological reserve sufficiently to lower the clinical threshold for dementia. In contrast, we
found here that sensory impairment carried essentially no excess hazard in the period before
frailty had emerged and a substantial, consistent hazard in the period thereafter. One
explanation for these findings is that sensory deficits become consequential only once
compensatory cognitive and physical reserves have been depleted*. This mechanism would
also account for the ACHIEVE findings, in which hearing intervention slowed cognitive
decline in a subgroup of older adults in whom compensatory reserves were likely already
diminished®'~*2.This is compatible with the mechanisms previously proposed for the sensory—
dementia link—effortful listening, social withdrawal, accelerated regional brain atrophy and
reduced engagement!'>'>—but our data frame them as pathways that require an already-
stressed ageing system to translate into clinical decline rather than as independent drivers of
dementia risk.

A second substantive finding is the divergence between cohorts in the temporal ordering of
frailty and sensory impairment. In HRS, frailty more commonly preceded sensory
impairment; in ELSA, sensory impairment more commonly preceded frailty. Several non-
mutually exclusive explanations are plausible. Participants from HRS had on average a
higher degree of frailty at baseline than their ELSA counterparts (mean frailty index 0.18
versus 0.12), with frailty prevalence almost twice as high (25% versus 14%). For any given
trajectory of deficit accumulation, an HRS participant was therefore structurally closer to the
0.25 threshold from the outset; smaller absolute increases in deficit count pushed individuals
across the frailty boundary earlier in the observation window. Differences in healthcare
access may also be relevant: under the UK NHS, routine sight tests and audiology referrals
may detect and frame sensory deficits earlier in the ageing process®>*®, whereas in HRS the
same impairments may be recognised only once they intrude on daily function. Crucially,
despite the divergent sequencing, the central finding—that risk concentrates in sensory
impairment co-occurring with or following frailty—was preserved in both cohorts,
suggesting that the substantive conclusion generalises beyond the particular national context
in which it was observed.

Several implications follow for dementia risk reduction strategy. First, PAFs for sensory
impairments, calculated without joint consideration of frailty, may overstate the dementia
burden that could plausibly be prevented through sensory correction alone, and current
estimates of preventable dementia at the population level may need to be revised downward,
particularly for hearing impairment. Second, public health interventions targeted exclusively
at correction of sensory deficits—for example, large-scale hearing-aid provision—may yield



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441

smaller absolute reductions in dementia incidence than headline PAFs imply>! unless also
accompanied by frailty-focused, multidomain interventions*’-¥, including physical activity
and dietary components. Third, the ‘with or subsequent to’ frailty hazard estimates indicate
that frailty-informed strategies—combined sensory, functional and behavioural interventions
delivered to older adults with established frailty—may identify a population in whom sensory
correction could carry larger absolute benefit per intervention®2. Fourth, these findings
reinforce the case for systematic frailty identification in primary care, where older patients'
overall care and multidomain interventions are often coordinated. Embedding frailty
measurement into routine primary care would offer a practical route to identifying individuals
at substantially elevated dementia risk, particularly when accompanied by their presentation
to audiology or optometry services with a new sensory impairment, given how often sensory
decline and broader age-related vulnerability coincide®>*’. These considerations sit alongside
recent calls to operationalise dementia prevention as a measurable population-level
priority®*!*2 and enhance the case for population-level approaches that act on the ageing
context in which sensory deficits accumulate.

Our analysis has several strengths. The harmonised application of a single analytic
framework to two of the largest and best-characterised population-based global ageing
cohorts enabled direct cross-national comparison while preserving cohort-specific structure.
Prospective measurement of sensory and frailty status across multiple waves, with validated
dementia ascertainment and a deficit-accumulation operationalisation of frailty that captures
cumulative multisystem decline***>*, allowed us to model temporal sequencing directly
rather than infer it from baseline correlations. In combination with multi-state Markov
modelling, time-varying Cox regression, and disaggregated PAF estimation, we extracted
more information about pathway structure than any of these approaches considered in
isolation.

It is essential to acknowledge the limitations of our approach. Hearing and vision impairment
were ascertained by self-report items rather than by audiometric or visual-acuity testing.
Although both the HRS and ELSA have been used in cross-cohort sensory—dementia work'?,
misclassification is inevitable; the expected direction of bias from non-differential
misclassification is toward the null, suggesting that the modest pre-frailty associations we
observed are unlikely to be substantially larger under objective measurement, and that the
concurrent with or subsequent to frailty hazards probably underestimate the true effect. The
timing of impairment is also harder to capture than its presence, because sensory loss
develops gradually and is under-reported among older adults. Recorded onset may therefore
lag true onset more frequently at older ages, misassigning some pre-frailty impairments to the
concurrent or subsequent category**. Frailty was modelled as a binary status defined at the
conventional 0.25 threshold®>*. This treatment is appropriate to a question framed around
temporal sequencing but cannot represent sub-threshold acceleration in deficit accumulation.
Continuous frailty trajectories may identify further heterogeneity in dementia risk among
individuals who never crossed the binary threshold, and future work using slope-based or
trajectory-based exposures is warranted to determine whether the temporal dependency
observed here extends to pre-clinical phases of frailty. Dementia ascertainment differed
between cohorts (Langa—Weir cognitive testing in HRS*; physician diagnosis combined with
the IQCODE in ELSA*). The Langa—Weir algorithm is based on the telephone-administered
TICS—immediate and delayed word recall, serial subtraction and backward counting—tasks
that depend on hearing the examiner, so participants with hearing impairment may score
lower for reasons unrelated to cognition. This differential misclassification would inflate the
hearing—dementia association in HRS specifically. Despite this, the consistency of
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associations across cohorts argues against ascertainment differences as a driver of the central
finding. Absolute dementia incidence was approximately three times higher in HRS than in
ELSA (17% versus 5%), a gap likely to reflect ascertainment differences alongside
differences in baseline frailty and follow-up duration. Finally, the observational design
cannot rule out residual confounding from unmeasured ageing-related processes and our
findings should be interpreted as quantifying associations under a specified analytic
framework, not as estimates of intervention effects.

In conclusion, our analysis suggests that the association between sensory impairment and
incident dementia is largely conditional on the prior or concurrent emergence of frailty. The
implication for dementia prevention is not that sensory impairments should be deprioritised—
they remain among the most accessible and most easily corrected age-related conditions—but
that estimates of their preventable contribution to dementia, and the populations in whom
intervention is most likely to be effective, should be revisited in light of the broader ageing
context within which sensory impairments occur.

Methods
Study design and data sources

We performed a harmonised longitudinal analysis of observational data from two nationally
representative cohorts of community-dwelling older adults: the U.S. Health and Retirement
Study (HRS) and the English Longitudinal Study of Ageing (ELSA). Ethical approval for the
HRS was granted by the Health Sciences and Behavioural Sciences Institutional Review
Board of the University of Michigan, and for ELSA by the National Health Service (NHS)
Research Ethics Committees under the National Research Ethics Service. Written informed
consent was obtained from all participants at each wave of data collection. This study
constitutes a secondary analysis of de-identified data; patients and the public were not
involved in its design or conduct. Reporting adheres to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement.

The HRS is an ongoing biennial panel study of adults in the United States aged 50 years or
older and their spouses, established in 1992, with refresher cohorts periodically introduced to
maintain population representativeness. At each wave, participants completed core interviews
covering demographics, physical and cognitive function, chronic conditions, and health
behaviours. For the present analysis, we used harmonised variables from the RAND HRS
Products, linked to cognitive status derived using the Langa—Weir classification. We selected
the 2004 wave as the rolling baseline start wave for HRS given that it marked the availability
of data relating to frailty indices and follow-up ended at the 2020 wave. HRS data can be
requested at https://hrs.isr.umich.edu/.

ELSA is an ongoing biennial panel study of community-dwelling adults aged 50 years or
older living in England, initiated in 2002 using the Health Survey for England as the
sampling frame, with refresher cohorts added at follow-up waves. Information was obtained
through computer-assisted interviews and self-completion questionnaires at each wave,
supplemented by nurse visits in alternating waves that yielded objective measures including
anthropometry, blood pressure and blood samples. We used data from ELSA waves 1-9
(2002-2018/19), drawing covariate, sensory, and frailty items from the core interview and
derived-variables files; incident dementia was ascertained from self- or proxy-reported
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physician diagnosis, supplemented by the Informant Questionnaire on Cognitive Decline in
the Elderly (IQCODE). ELSA data can be requested at https://ukdataservice.ac.uk/.

To fully construct comparable analytic samples across the two cohorts, we adopted a rolling-
baseline design in which baseline was defined as the earliest wave within 2004—-2010 (HRS)
or 2002-2008 (ELSA) at which a participant first met all eligibility criteria. Participants were
eligible if, at the baseline wave, they were aged 50 years or older, were free from dementia,
and had non-missing data on hearing impairment, vision impairment, frailty, and analytical
covariates (age, sex, education level, marital status, and ethnicity). They were also required to
have at least one follow-up wave with non-missing measurements on frailty, hearing
impairment, vision impairment, and dementia status. Applying these criteria yielded an
analytic cohort of 22,756 HRS participants and 12,921 ELSA participants. Full exclusion
flows, including dementia cases lost at each step, are reported in Supplementary Tables 1-4.

Assessment of sensory impairment

The status of sensory impairments was ascertained at each wave from harmonised self-report
hearing and vision items in both HRS and ELSA, consistent with prior cross-cohort analyses
of sensory function in older adults'?. Both items were administered with the instruction for
participants to respond in relation to their level of function as gauged while using hearing
aids or corrective lenses as usual. Exposures therefore reflected residual rather than
uncorrected impairment, isolating functional deficits that plausibly remain on pathways to
dementia. Hearing impairment and vision impairment were analysed as two separate binary
exposures (no impairment, impairment). Sensory status was reassessed at every biennial
wave (HRS, 2004-2020; ELSA, waves 1-9, 2002-2018/19), and the onset of each
impairment was defined as the first wave at which the participant met the impairment
criterion, and as time-varying in longitudinal analyses to capture transitions between
unimpaired and impaired states across follow-up.

Hearing was assessed with a single question in which participants rated their hearing as
“excellent”, “very good”, “good”, “fair”, or “poor”. Following the operationalisation widely
adopted in HRS and ELSA, participants responding “fair”, or “poor” were classified as
having hearing impairment, and those responding “excellent”, “very good”, or “good” as
having no hearing impairment. Vision was assessed by an analogous question on self-rated
eyesight, offering the same five response options together with an additional category
recorded as “legally blind” in HRS and “registered with local council as sight impaired” in

% CC

ELSA. Participants responding “fair”, “poor”, or within the additional category were

29 <¢

classified as having vision impairment, and those responding “excellent”, “very good”, or
“good” as having no vision impairment. Non-substantive responses (“don't know”, “refused”,
“not applicable”) were set to missing in both cohorts. A full description of sensory

impairments’ items is provided in Supplementary Table 5.
Frailty measurement

Frailty was assessed using a deficit-accumulation frailty index calculated retrospectively in
each cohort in accordance with standard procedure®. The frailty index is a measure of overall
health state that integrates information from multiple physiological systems and closely
reflects an individual's risk of adverse health events and mortality independently of
chronological age®*?*. The deficits comprising a frailty index are routinely collected clinical
and self-report items—symptoms, signs, disabilities and diseases—that meet established
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criteria for inclusion. Because frailty index scores capture the cumulative burden of age-
related deficits across systems, they are increasingly used as a quantitative marker of
biological age and have been shown to track biological ageing more closely than
chronological age alone*®%.

Both the HRS and ELSA frailty indices have been derived and validated previously®*>"32, In
HRS, the frailty index comprised 37 health and functional deficits, spanning basic and
instrumental activities of daily living, mobility, diagnosed chronic conditions, depressive and
related affective symptoms from the 8-item Center for Epidemiologic Studies Depression
(CES-D) scale, self-rated health, underweight status, pain, and urinary incontinence. In
ELSA, the frailty index comprised 49 deficits, covering mobility limitations, activities of
daily living, diagnosed chronic conditions, the 7-item ELSA CES-D scale, self-rated general
health, falls, hip fracture, joint replacement, and pain. In both cohorts, deficits were coded as
present (1) or absent (0), except for self-rated health, which was graded on a five-level scale
(0, 0.25, 0.50, 0.75, 1). As our primary outcome was incident dementia, each frailty index
was modified to exclude deficits closely related to hearing, vision, and cognition, consistent
with previous work®.

For each participant at each wave, frailty index score was computed as the ratio of
accumulated deficits to non-missing items, yielding a continuous score from 0 to 1, where
higher values indicate accumulation of more age-related health deficits and a greater degree
of frailty, and was calculated only for participants with valid information on at least 80% of
the constituent deficits (> 30 items for HRS; > 40 items for ELSA). Participants were
categorised as frail (frailty index score > 0.25) or non-frail (frailty index score < 0.25) using
the threshold established in prior cohort studies of older adults*>>, Frailty status was updated
at each biennial wave as well, with frailty onset defined as the first wave at which the frailty
index reached > 0.25, providing the corresponding time points for the frailty exposure. The
full list of frailty index deficits in each cohort is provided in Supplementary Table 6.

Incident dementia

The primary outcome was incident all-cause dementia, ascertained at each wave using
validated, cohort-specific algorithms previously adopted in HRS and ELSA***7. In HRS,
dementia was ascertained using the Langa—Weir classification, which integrates a 27-point
composite score from the Telephone Interview for Cognitive Status (TICS) of immediate and
delayed word recall, serial seven subtraction, and backward counting. TICS scores of 0—-6
indicate the presence of dementia. In ELSA, dementia was ascertained from two
complementary sources—a self- or proxy-reported physician diagnosis of Alzheimer's
disease or dementia, and the 16-item Informant Questionnaire on Cognitive Decline in the
Elderly (IQCODE). Mean IQCODE scores > 3.4 (computed from at least 10 valid items)
indicate a decline in everyday function over the preceding two years consistent with
dementia®. Participants meeting either ELSA criterion were classified as cases of dementia. In
both cohorts, dementia was treated as an absorbing state and carried forward to all subsequent
waves.

Covariates and mortality
Covariates were selected a priori on the basis of their established associations with sensory

function, frailty, and/or dementia in older adults, and were harmonised across both
cohorts®*>, They were handled in two strata according to whether they were treated as fixed
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at baseline or updated at each follow-up wave. Time-invariant covariates were set at each
participant's baseline wave and comprised age (in years, modelled continuously), sex (male
or female), self-reported race or ethnicity (dichotomised as White or non-White), educational
attainment (categorised as lower, intermediate, or higher), and marital status (married or
partnered versus separated, divorced, widowed, or never married). Time-varying covariates
were updated at each biennial wave and comprised employment status (currently working or
retired versus not in the labour force), smoking status (current smoker versus not), and
alcohol consumption (any drinking days versus none). Cohort-specific source variables and
response-option mappings were harmonised to common categories across HRS and ELSA; a
full description of the source items and coding rules is provided in Supplementary Table 7.

Mortality data were incorporated into analyses where applicable. For HRS, mortality was
ascertained through linkage to the National Death Index and supplemented by the HRS exit
interview, providing complete mortality follow-up across the observation window. For
ELSA, linked mortality data were available only through Wave 6 (2012); although more
recent records exist, data-sharing agreements restrict their access to the ELSA core team.
Mortality was therefore not modelled as a separate state in ELSA analyses, and analyses
requiring complete mortality follow-up (specifically, the eight-state multi-state model and the
competing-risks sensitivity analysis) were conducted in HRS only.

Statistical analyses

All analyses were performed in R version 4.4.0 with HRS and ELSA analysed separately.
Two-sided P values below 0.05 were considered statistically significant.

Descriptive analyses and missingness

Rolling-baseline characteristics of the analytic cohorts were summarised as means with
standard deviations for continuous variables and as counts and percentages for categorical
variables (Table 1). Missingness across covariates was low (approximately 1-10% per
variable, depending on the wave) and showed no discernible pattern suggestive of systematic
loss to follow-up. Missing values in the time-varying and time-invariant covariates were
therefore imputed using multiple imputation by chained equations (MICE) under a fully
conditional specification, implemented in the “mice” R package®®. Separate imputation
models were fit at each wave of each cohort, using predictive mean matching for continuous
variables, proportional-odds ordinal regression for ordered categorical variables (educational
level), and logistic regression for binary variables. Twenty imputed datasets were generated
with ten iterations each; convergence statistics was assessed, and the imputed data were
compared against original data using summary statistics. The primary study variables—frailty
index scores, sensory-impairment status, and dementia status—were not imputed.

Multi-state Markov modelling (objective 1)

To characterise the temporal sequence through which sensory impairments, frailty, and
dementia arise (objective 1), we fitted a continuous-time, time-homogeneous Markov multi-
state model separately for hearing impairment and vision impairment using the “msm” R
package®’. At each wave, participants were assigned to one of a set of mutually exclusive
states, defined by the joint occurrence and temporal ordering of sensory impairment and
frailty: (1) no sensory impairment and no frailty (healthy); (2) sensory impairment only; (3)
frailty only; (4) sensory impairment followed by frailty; (5) frailty followed by sensory
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impairment; (6) simultaneous onset of sensory impairment and frailty in the same wave; and
(7) dementia. The order of onset distinguishing states 4 and 5 was established from the
earliest wave at which each condition was recorded. Once a participant entered a state, time
was measured continuously from the baseline wave, and the participant remained in that state
until the next wave at which reclassification (or state maintenance) was triggered. For HRS,
death was incorporated as an additional absorbing state (state 8), yielding an eight-state
model in which both dementia and death were specified as absorbing. For ELSA, mortality
data were not available across the full follow-up window, and a seven-state model was fitted
with dementia as the sole absorbing state. This parallel structure is a recognised approach in
multi-state analyses of ageing cohorts when complete mortality follow-up cannot be
assumed>®>’. Full state definitions and permitted transitions for each cohort are detailed in
Supplementary Tables 8—11.

Transitions were encoded in the transition-intensity matrix Q = {qi j}, where q;; = 0 denotes
the instantaneous rate of transition from state i to state j (i # j). Transitions not represented in
the conceptual model—for example, reversals from a "both" state back to a single-condition
state, or direct jumps from state 1 to states 4 or 5 bypassing the single-condition
intermediate—were fixed at zero. Because repeated participant assessments occurred at
discrete biennial waves while state changes arise in continuous time, a time-homogeneous
model was preferred instead of a discrete one, and all transitions were treated as interval
censored. The likelihood was maximised using the forward algorithm, with initial values
generated internally from the observed state-transition frequencies. From the fitted models,
we derived (with 95% confidence intervals) ratios of competing transition intensities—for
example, the relative rate of progression to dementia from the “sensory-first” intermediate
state versus the “frailty-first” intermediate state, and the transition-probability matrix
evaluated at = 5 and 10 years.

Evaluation of associations between sensory impairments, frailty, and incident dementia
(objective 2)

The unadjusted association between baseline sensory status, frailty index scores and incident
dementia were first visualised using Kaplan—Meier cumulative-incidence curves, stratified by
hearing- and vision-impairment status, and frailty status at baseline and compared using the
log-rank test (Supplementary Figs. 1-6). To analyse the associations of sensory impairments
and frailty with incident dementia, we fitted Cox proportional hazards models in a counting-
process formulation with time-varying exposures, in which follow-up time for each
participant was split into successive biennial intervals bounded by consecutive interview
waves. All time-varying independent variables—hearing impairment, vision impairment,
frailty status, and the lifestyle covariates (employment, smoking status, and alcohol
consumption)—were entered as one-wave lagged values measured at the start of each
interval, meaning that exposure status at the beginning of the interval predicted dementia
onset during it. This design avoids conditioning on post-exposure information and attenuates
the risk of reverse causation arising from pre-clinical cognitive decline influencing the
exposure assessment®.

We fitted a pre-specified series of nested Cox proportional hazards models for hearing
impairment, vision impairment and frailty status. To ensure that hazard ratios were directly
comparable across specifications, all models were fitted on a common analytic sample
defined by complete data on every covariate entering Model 4. First, an unadjusted model
estimated the crude association between time-varying sensory impairment, frailty status and
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incident dementia (Model 1). Next, we iteratively added covariates to model 1 to assess how
their inclusion altered the strength of relationships between sensory impairments, frailty and
incident dementia: Model 2 further adjusted for chronological age; Model 3 additionally
included sex, self-reported race or ethnicity, educational level, marital status, and lagged
employment, lagged smoking status and alcohol consumption; and Model 4, the primary fully
adjusted specification, additionally adjusted for lagged frailty status. To estimate a hazard
ratio for frailty that is comparable in scale to the sensory hazard ratios while accounting for
their co-occurrence of sensory impairments—the frailty-row Model 4 was instead a mutually
adjusted Cox model that simultaneously included lagged hearing impairment, lagged vision
impairment, and lagged frailty status alongside all Model 3 covariates. Model 5 was the
primary model for pathway inference, in which we replaced the binary sensory-impairment
exposure with a three-level time-varying variable capturing its temporal relationship with
frailty: level 1, no sensory impairment (reference); level 2, sensory impairment occurring in
the absence of frailty up to the start of the interval; and level 3, sensory impairment with
concurrent or prior frailty at the start of the interval. The three-level variable was constructed
prospectively using only information available up to the start of each interval, thereby
precluding any leakage of future exposure or outcome status into the classification and was
lagged in the same way as the other time-varying terms. Model 5 retained the Model 3
covariate set, and the within-exposed contrast—the hazard ratio for level 3 relative to level
2—was recovered from a linear hypothesis on the log-hazard scale using the model
coefficient covariance matrix, providing a direct test of whether the dementia hazard
associated with sensory impairment depends on the prior emergence of frailty.

Ties in event times were handled using the Efron approximation, and robust standard errors
accounting for within-participant correlation across intervals were obtained by clustering on
the participant identifier. The proportional-hazards assumption was tested for each covariate
using scaled Schoenfeld residuals, and corresponding plots were inspected visually for time-
dependent departures from proportionality.

Population attributable fractions (objective 3)

The proportion of incident dementia attributable to sensory impairment was estimated as the
population attributable fraction (PAF), using the Levin formulation applied to the adjusted
p(HR-1)
[1+p(HR-1)]’
denotes the prevalence of the exposure and HR the adjusted hazard ratio. Because exposure
status varied across follow-up, p was calculated as the person-time-weighted prevalence—the
proportion of total person-time contributed by intervals classified as exposed—so that the
prevalence basis and the HR were derived from the same exposure accounting. Binary PAFs
were computed sequentially across Models 14 to characterise how the estimated population
impact of sensory impairment changed with progressive adjustment. This sequence allowed
us to quantify the extent to which the apparent population impact of sensory impairment was

attributable to its co-occurrence with frailty. For the three-level "context" exposure fit in

Model 5, the total PAF was computed as PAF;,tq; = T E"Zpkp(i}:; — 1)1) and disaggregated into
kPk k~
pr(HRE—1)

where k indexes the exposed strata (senso
1+XY;pj(HR;-1) ’ p ( Y

impairment occurring in the absence of frailty; sensory impairment with concurrent or prior
frailty) and p;, denotes the person-time-weighted prevalence of each stratum.

hazard ratios from the Cox models'”!®%!, For binary exposures, PAF = where p

pathway-specific PAF,, =
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95% confidence intervals for all PAF estimates were calculated by Monte Carlo simulation:
for binary exposures (models 1-4), 10,000 draws were taken from the univariate normal
sampling distribution of the log-hazard ratio; for the multi-level exposure (model 5), 10,000
draws of the full log-hazard-ratio vector were taken from its estimated multivariate-normal
sampling distribution, preserving the correlation structure among the stratum-specific
coefficients. Each draw was transformed to the hazard-ratio scale, and the PAF formulas
above were evaluated at each draw to yield empirical 2.5th and 97.5th percentile intervals.

Subgroup analyses and sensitivity analyses

The robustness of the primary findings was examined through a series of pre-specified
sensitivity analyses, conducted in both cohorts where feasible and restricted to HRS where
the absence of linked mortality data after Wave 6 or the small number of incident dementia
cases in ELSA precluded estimation. First, subgroup analyses were performed in both cohorts
to assess effect modification across clinically meaningful strata, defined by baseline age (< 65
versus > 65 years) and sex (male versus female). Second, to address the possibility that ADL
and IADL deficits within the frailty index act as mediators rather than confounders of the
sensory impairment dementia relationship, the Cox risk analyses (Models 1-5) were re-
estimated using a modified frailty index from which all (I)ADL items had been removed. The
frailty threshold of > 0.25 was reapplied to the modified index, and the temporal
classification underpinning Model 5 was reconstructed accordingly. This sensitivity analysis
was not extended to the multi-state Markov model. Third, to account for the possibility that
death before dementia diagnosis competes with the event of interest, we re-estimated the
HRS Cox models using the Fine—Gray sub-distribution hazard framework with death from
any cause specified as the competing event. Finally, to assess the influence of prevalent but
undiagnosed dementia on the exposure—outcome association, the primary models were re-
estimated in both cohorts after excluding dementia events occurring within the first two
waves (4 years) of follow-up.

Data availability

The HRS and ELSA data that support the findings are publicly available to registered or
approved researchers from the respective cohort custodians but are not redistributable by the
authors, in accordance with the data providers' conditions of use and participant-
confidentiality requirements. Health and Retirement Study (HRS) data are distributed by the
University of Michigan and were downloaded, following free registration, from the HRS data
portal (https://hrsdata.isr.umich.edu/data-products); the products used comprised the HRS
Cross-Wave Tracker File (2022 Tracker Final Version 1.0;
https://hrs.isr.umich.edu/news/data-announcements/tracker-file-2022-tracker-final-version-
10), the RAND HRS products, and the Langa—Weir cognitive classification used to ascertain
dementia. Mortality status was derived from the HRS Tracker File and exit interviews.
English Longitudinal Study of Ageing (ELSA) data (waves 1-9, 2002-2018/19) are
distributed by the UK Data Service (Study Number 5050; https://ukdataservice.ac.uk/) and
can be requested following registration and acceptance of the End User Licence.

Code availability

All analyses were performed in R (version 4.4.0). Data were imported and managed using the
haven and labelled packages together with the tidyverse suite (including dplyr, tidyr, stringr
and lubridate). Multiple imputation by chained equations was implemented with mice;
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continuous-time multi-state Markov models were fitted with msm; and time-varying Cox
proportional hazards models, Kaplan—Meier estimators with log-rank tests, and Fine—Gray
competing-risks models were fitted with survival, with survival curves and figures produced
using survminer and scales. Population attributable fractions, including the disaggregated
temporal-context estimates, were computed using custom R scripts based on the Levin
formulation. The custom analysis code supporting the findings of this study is available
https://github.com/SyronZhou/SZ et al Nature Aging 2026.
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