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ABSTRACT
Objective To determine whether health-deficit
accumulation is associated with the risks of mild
cognitive impairment (MCI) and dementia independently
of APOE genotype.
Methods A frailty index was calculated using the
deficit-accumulation approach in participants aged
50 years and older from the National Alzheimer’s
Coordinating Center. Cognitive status was determined
by clinical evaluation. Using multistate transition models,
we assessed the extent to which an increasing degree of
frailty affected the probabilities of transitioning between
not cognitively impaired (NCI), MCI, and dementia.
Results Participants (n=14 490) had a mean age of
72.2 years (SD=8.9 years; range=50–103 years). Among
those NCI at baseline (n=9773), each 0.1 increment
increase in the frailty index was associated with a higher
risk of developing MCI and a higher risk of progressing
to dementia. Among those with MCI at baseline
(n=4717), higher frailty was associated with a higher risk
of progressing to dementia, a lower probability of being
reclassified as NCI, and a higher likelihood of returning
to MCI in those that were reclassified as NCI. These risk
effects were present and similar in both carriers and non-
carriers of the APOE ε4 allele.
Conclusion Among older Americans, health-deficit
accumulation affects the likelihood of progressive
cognitive impairment and the likelihood of cognitive
improvement independently of a strong genetic risk
factor for dementia. Frailty represents an important risk
factor for cognitive dysfunction and a marker of potential
prognostic value.

INTRODUCTION
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Even though mild cognitive impairment (MCI)
commonly represents an intermediate clinical stage
prior to dementia,1 it lacks specificity in identifying
who will later develop dementia.2 3 In many with
MCI, cognition does not decline, whereas others are
later reclassified as no longer cognitively impaired,4
some of whom can later again be classified as having
MCI or even dementia.5 Accurately identifying
which older individuals are at an increased risk of
progressive cognitive decline and dementia can help
elucidate disease mechanisms and improve clinical
and public health practice.
Many age-
related cardiovascular, neuropsychiatric, and other health deficits are more common
among those who develop MCI and dementia
than among those who do not.6 7 Although biological pathways link some individual dementia risk
factors to neurodegenerative processes, the breadth

of known risk factors indicates that poor general
health may play a role in dementia development.
In support, healthy lifestyles are associated with
a lower dementia risk in later life.8 9 Examining
related health deficits,
the accumulation of age-
or measuring the degree of frailty,10 also affords
insight into how general health affects dementia
risk. Frailty is an age-
related health state that is
associated with an increased risk of adverse events,
dementia, and death.11–13 Measuring each individual’s degree of frailty may help identify those
individuals without cognitive impairment most
likely to develop MCI,14 and those with MCI most
likely to progress to dementia.15 Critically, despite
recent recommendations in support of preventing
and mitigating frailty16—chiefly through lifestyle
interventions that overlap with those proposed for
dementia—it is not yet known whether frailty plays
an equal role in dementia development in relation
to a genetic predisposition to dementia. Recent
evidence is mixed about whether a healthy lifestyle reduces dementia risk in those at high genetic
risk.8 9 For better prevention and treatment,17 we
must better understand these relationships.
Using data from the National Alzheimer’s Coordinating Center (NACC), we pursued four objectives:
(1) detail the dynamic nature of cognitive functioning by calculating the likelihood of transitions
between cognitive states in both directions over a
12-month period; (2) assess the extent to which
an increasing degree of frailty is associated with
changing cognitive-state transition probabilities; (3)
provide context for any observed associations of
frailty and transition probabilities by calculating and
comparing the corresponding associations of other
risk factors (chronological age, education level, and
the APOE ε4 allele); (4) determine whether frailty
acts on risk of MCI and dementia independently
or through interaction with genetic risk (APOE ε4
carrier status).

METHOD
Participants

Data came from the NACC (http://www.alz.washington.
edu), contributed by Alzheimer’s Disease
Research Centers (ADRCs) located across the USA
and funded by the National Institute on Aging.
Participants included those who had MCI and
Alzheimer’s disease and related disorders, as well
as a subset of healthy volunteers. Since 2005, these
ADRCs have collected data using a prospective,
standardised and longitudinal clinical evaluation of
subjects, which forms the uniform data set (UDS).
For the UDS, baseline and subsequent follow-up
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Figure 1 Study sample flow chart. MCI, mild cognitive impairment; NACC, National Alzheimer’s Coordinating Center; NCI, not cognitively impaired; UDS,
Uniform Data Set.

data (approximately annually) were collected by clinicians and
clinic personnel, and contains deidentified information on
participants’ sociodemographics, neurological exam findings,
functional status, neuropsychological test results, clinical diagnoses and APOE genotype.
Here, the sample was drawn from UDS visits conducted
between September 2005 and February 2020 (figure 1). We
included participants aged 50 years or older, with available
data on cognitive status at the initial UDS visit, and at least two
recorded UDS visits. Some participants were missing data on
covariates or had insufficient data to calculate a baseline frailty
index and were excluded. Apart from the Mini-Mental State
Examination score being a half-point lower in those with data
missing, and their median frailty index scores being 0.02 points
higher, participants who were eligible but were excluded due to
missing data were similar to those included (table 1).

Data availability

Participants provided informed consent at the ADRC prior to
data collection. These data are publicly available through the
NACC.

Clinical classification

Each participant underwent a clinical evaluation at each UDS
visit. Diagnoses of cognitive status were made by either a

consensus team or a single physician, depending on the specific
ADRC’s protocol. Although diagnostic criteria for dementia
were not provided by the NACC to each ADRC until 2015, it
is assumed that most ADRCs were using DSM-IV (or similar)
criteria. We coded a cognitive status variable with three levels:
not cognitively impaired (NCI), MCI and dementia. Individuals
were categorised as NCI if the clinician(s) determined them to
have normal cognition and behaviour, as MCI if the clinician(s)
diagnosed one of any MCI subtypes (amnestic or non-amnestic,
single domain or multiple domain), or as dementia if they met
the criteria for all-cause dementia.

Frailty index

We calculated a frailty index score for each participant using their
baseline assessment. The frailty index is a health-state measure,
incorporating information from multiple physiological systems,
and closely reflects an individual’s risk for adverse health events
and mortality independently of chronological age.10 A higher
frailty index score indicates accumulation of more age-related
health deficits, yet does not include any information on chronological age, thereby approximating biological age.18 The health
variables included in a frailty index are routinely collected clinical data such as symptoms, signs, disabilities and diseases that
meet standard criteria.19 The frailty index score represents the
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Table 1

Characteristics of the sample at study entry
Analysed participants

Characteristic

Participants with missing data

Total analysed sample

NCI at baseline

MCI at baseline

N (%)

4035 (22)

14 490 (78)

9773 (67)

4717 (33)

Age, years, mean (SD)

73.0 (8.9)

71.7 (9.0)

73.3 (8.6)

72.2 (8.9)

Sex, N (%)
 Men

1550 (38)

5865 (40)

3407 (35)

2458 (52)

 Women

2485 (62)

8625 (60)

6366 (65)

2259 (48)

 White

2982 (74)

11 806 (81)

7914 (81)

3892 (83)

 Black

680 (17)

1776 (12)

1269 (13)

507 (11)

 Asian

137 (3)

343 (2)

209 (2)

134 (3)

Race, N (%)

 Multiracial/other

236 (6)

565 (4)

381 (4)

184 (4)

Education, years, mean (SD)

15.6 (3.2)

15.7 (3.1)

15.9 (2.9)

15.4 (3.3)

Follow-up data, years, mean (SD)
MMSE score, mean (SD)

3.0 (2.9)

5.3 (3.5)

5.8 (3.6)

4.4 (3.0)

28.0 (2.2)

28.4 (2.0)

28.9 (1.4)

27.1 (2.5)

Frailty index score
 Median (IQR)

0.11 (0.07–0.16)

 Range

0.00–0.53

0.09 (0.05–0.14)
0.00–0.56

0.08 (0.04–0.11)

0.13 (0.09–0.20)

0.00–0.51

0.00–0.56

APOE ε4 status, N (%)
 
ε4 non-carrier

513 (70)

9459 (65)

6801 (70)

2658 (56)

 
ε4 carrier

221 (30)

5031 (35)

2972 (30)

2059 (44)

As participants were excluded due to missing covariate data (age, sex, education and APOE ε4 status), the values presented here represent the mean values for participants in
which data on those variables were available. Ninety-three missing race values were recoded to ‘Multiracial/other’ for descriptive purposes. Some proportions may not sum to
100% due to rounding.
MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; NCI, not cognitively impaired.

proportion of total health deficits that an individual possesses.
For example, a person with 10 of 40 assessed health deficits
has a frailty index score of 10/40=0.25, meaning that higher
scores on a frailty index indicate worse health. Estimates of
an individual’s degree of frailty are consistent even when the
health variables included in its calculation vary, so long as more
than approximately 40 health variables are included.20 In calculating a frailty index for NACC participants, we identified and
screened 67 candidate health variables from the UDS. After
applying standard criteria,19 45 health deficits were retained and
used to calculate frailty index scores (online supplemental table
1). Health deficits that were closely related to our main outcome
of cognitive status were excluded (eg, performance on tests of
cognitive functioning). Frailty index scores were multiplied by
10 so that associated HRs could be meaningfully interpreted as
the change in risk for a transition per 0.1 increase in the frailty
index score, which here is equivalent to an additional four to
five deficits. As in recent reports that related frailty and neuropathology,13 21 we calculated an additional frailty index for use
in sensitivity analyses that excluded 13 additional items with
possible association to dementia (online supplemental table 1).

Other risk factors

Sex and years of education were collected via self-
report.
Chronological age was calculated from the self-reported month
and year of birth. APOE genotyping was reported to the NACC.
Age, education level and APOE ε4 allelic status were important
to our study, given their known associations with risk of MCI
and/or dementia.7

Statistical analysis

We first characterised the demographic and clinical characteristics of the analytical sample using summary statistics.
We next used the R package ‘msm’ (Multi-State Markov and
138

Hidden Markov Models in Continuous Time) V.1.6.822 to
calculate multistate Markov models. For the multistate models,
we defined three possible states through which an individual
could move (NCI, MCI and dementia) and one absorbing state
(death). Given that MCI is often considered a precursor to
dementia, we assumed that individuals moved through this state
before transitioning to dementia (figure 2). We also assumed
that cognitive functioning could decline (forward transitions)
and improve (backward transitions). The multistate transition
models were conducted separately for participants who were
NCI (NCI subsample) and who had MCI (MCI subsample) at
initial UDS visit. We first calculated the 12-month transition
probabilities between different cognitive states within each
subsample prior to entering explanatory variables into the
models (objective 1).
We next quantified the associations of the baseline frailty
index score, age at baseline (years), sex (men, women), education level (years), and APOE ε4 allelic status (ε4 carrier, ε4 non-
carrier) with the probabilities of transitioning between states
(objectives 2 and 3). In each case, the relationship was expressed
as a HR and accompanied by 95% CIs. The HRs for the frailty
index score represented the change in risk of transition per 0.1
increase in the frailty index. We also calculated these associations
by APOE ε4 status, and tested differences using an interaction
term (objective 4). We conducted three sensitivity analyses: the
first repeated the analyses using a frailty index with items that
might represent early symptoms of dementia removed from its
calculation; the second explored whether any identified associations of frailty and transition probabilities differed between
men and women; the third examined the associations of frailty
and transition probabilities after removing participants whose
race was other than white (in the absence of a sufficient sample
size for race subgroup analyses). All statistical models included
each covariate (frailty index score, age at baseline, sex, education
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Figure 2 The multistate model. Red arrows indicate transitions to a state of worse cognitive impairment (forward transitions), blue arrows indicate
transitions to a state of better cognitive functioning (backward transitions), and grey arrows indicate that the cognitive state was maintained over two
successive UDS study visits. MCI, mild cognitive impairment; NCI, not cognitively impaired.

level, and APOE ε4 allelic status). We undertook all statistical
analyses using R V.3.6.1.

Frailty and state transitions

We assessed the direction and strength of relationships between
an increasing degree of frailty and the probabilities of cognitive-
state transitions (objective 2). In the NCI subsample, we observed
a higher degree of frailty (estimated in 0.1 increments) to be
associated with a higher risk of transitioning from NCI to MCI
and from MCI to dementia (figure 3). In the MCI subsample, we
observed a higher degree of frailty to be associated with a lower
probability of being reclassified as NCI from MCI, a higher
risk of returning to MCI in those who were reclassified as NCI,
and a higher risk of progressing to dementia. The direction and
statistical significance of relationships were mostly robust in a
sensitivity analysis that removed 13 items that might represent
early symptoms of dementia from its calculation (online supplemental figure 2). However, frailty was no longer associated at
a statistically significant level with the risk of progressing to
dementia from MCI in the NCI subsample, or with the risk of
returning to MCI from NCI in the MCI subsample. The associations of the frailty index score with transition probabilities did
not differ significantly between men and women (online supplemental figure 3) and were similar when participants whose race
was other than white were removed from the analytical sample
(online supplemental figure 4).

RESULTS
Sample

Of 18 525 eligible participants, 14 490 were included in the
analytical sample (figure 1) yielding 78 635 observations (total
observation time=77 204.1 person years). The analytical
sample ranged in age from 50 to 103 years old, and in length
of follow-up from 6 months to 14 years (table 1). The distribution of baseline frailty index scores, stratified by subsample, is
presented in online supplemental figure 1).

State transitions

Over 12 months, NCI subsample participants maintained their
prior state 43 086 times (90.6%) and transitioned between states
4491 times (9.4%), 3086 (68.7%) of which were transitions
between cognitive states, with 1405 (31.3%) transitions to death
(objective 1, table 2). MCI subsample participants maintained
their prior state 12 957 times (73.3%) and transitioned between
states 4729 times (26.7%), 3590 (75.9%) of which were transitions between cognitive states, with 1139 (24.1%) deaths. The
substantial proportion of transitions to death for both subsamples highlights the considerable competing risk of death before
the onset of dementia. Of the cognitive-state transitions in the
NCI subsample, 80.9% were forward transitions (ie, to a state
of worse impairment) and 19.1% were backward transitions (ie,
to a state of better functioning). In the MCI subsample, 70.5%
were forward transitions and 29.5% were backward transitions.

Table 2

Other risk factors and state transitions

The HRs and 95% CIs for the associations of age, sex, years of
education, and APOE ε4 allelic status with each transition are
presented alongside the corresponding associations of increasing
frailty in online supplemental table 2) (objective 3). Briefly, each

Observed transitions and 12-month transition probabilities
Forward transitions

Backward transitions

State maintenance over successive study visits

Transitions between states and death

Subsample

NCI to MCI

MCI to DEM

NCI from MCI

NCI

MCI

NCI

MCI

DEM

NCI at baseline

2014 (4.7%)

483 (15.1%)

542 (14.6%)

47 (4.5%)

40 197 (93.4%)

1973 (63.8%)

916 (73.6%)

783 (1.3%)

275 (6.5%)

347 (21.5%)

2191 (16.9%)

925 (8.0%)

133 (2.6%)

1535 (81.0%)

7684 (73.4%)

3738 (84.1%)

58 (2.0%)

280 (1.6%)

801 (13.2%)

MCI at baseline

341 (15.3%)

MCI from DEM

DEM

Values represent the total number of observed transitions and are accompanied by 12-month transition probabilities in parentheses. Forward transitions represent worsening cognitive impairment; backward transitions
represent improving cognitive functioning.
DEM, dementia; MCI, mild cognitive impairment; NCI, not cognitively impaired.
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Figure 3 Associations of the frailty index score and the probabilities of cognitive-state transitions for the total subsamples and APOE ε4 carriers and
non-carriers, separately. HRs were calculated from multistate transition models stratified by baseline cognitive status as well as APOE ε4 carrier status and
presented with 95% CIs. Associations were adjusted for age at baseline, sex, education level and APOE ε4 allelic status. MCI, mild cognitive impairment;
NCI, not cognitively impaired.
additional year of age at baseline and carrying APOE ε4 were
both associated with an increased risk of transitioning to states
of greater impairment and a lower probability of being reclassified at states of less impairment, although the statistical significance of associations varied by subsample. Each additional year
of education was associated with a lower risk of developing MCI
in the NCI subsample, and a lower probability of being reclassified as MCI from dementia in the MCI subsample. In the NCI
subsample, men had a higher risk of MCI but also a higher probability of being reclassified as NCI from MCI. However, a lower
probability of being reclassified as NCI from MCI was observed
in men relative to women in the MCI subsample.

Frailty, APOE and state transitions

We explored whether the frailty index score and APOE ε4
carrier status exerted independent or interactive effects on
cognitive-state transition probabilities (objective 4). In the NCI
subsample, no statistically significant interactions were observed
between these variables for any transition (figure 3). In the MCI
subsample, the association of the frailty index score and the risk
of progressing to dementia was significantly weaker in those
carrying an APOE ε4 allele than in non-
carriers (interaction
HR=0.88 (95% CI 0.80 to 0.97)) and was robust in an analysis
using the sensitivity frailty index. No meaningful differences in
these associations were observed when participants whose race
was other than white were removed from the analytical sample
(online supplemental figure 4).

DISCUSSION

We observed that cognitive functioning is a dynamic process;
both functional decline and functional improvement are
common. Greater frailty was associated with greater risk of
developing MCI and of progressing to dementia; the additional
risk associated with each 0.1 increase in the frailty index score
was typically comparable to carrying an APOE ε4 allele, as well
140

as to a considerable number of additional years of age. These
frailty risk effects were present and similar in both carriers and
non-carriers of the APOE ε4 allele. Our results implicate frailty
in playing a key role in dementia development by increasing the
likelihood of progressive cognitive impairment and reducing
the likelihood of cognitive recovery. They also suggest that
intervening to prevent or reduce frailty may decrease incident
cognitive impairment and dementia even in those carrying an
APOE ε4 allele, a proposition that requires further testing.
These findings complement and extend the results of a recent
systematic review and meta-analysis that identified the common
co-
occurrence of physical frailty and cognitive impairment
among those individuals most likely to develop dementia,23 and
support findings from the UK Biobank whereby dementia risk
may be modified by general health factors (ie, lifestyle) at any
level of genetic risk.8
Although older age is often considered to be characterised by
functional decline, we observed that functional improvement
was common in our sample. These results support work that
detailed cognitive change as a dynamic process,4 5 especially at
the level of cognitive test scores.24 25 We observed annual transition probabilities of 4.7% for NCI to MCI (decline) and 14.6%
for NCI from MCI (improvement) in the NCI subsample. These
transition probabilities closely reflect those of a prospective
cohort study from Olmsted County, Minnesota, which reported
annual transition rates of 6.2% and 12.3%, respectively, among
1450 participants who were cognitively normal at baseline.26
That study also reported approximately 9 more cases of MCI per
1000 person years among men than among women. Similarly,
we observed men to have both a 19% higher risk of developing
MCI and a 14% higher probability of later being reclassified as
NCI than women. In our study, frailty also appeared to be more
strongly associated with transition probabilities in men relative
to in women, although these effects did not reach statistical
significance.
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Frailty is non-
controversially associated with impairment in later-
life cognition. This is the case for changes in
cognitive test scores,24 27 as well as for the risks of MCI and
dementia.11 14 15 28 Here, we additionally explored whether these
associations depended on APOE ε4 carrier status, quantified sex
differences (as did Song et al11) rather than solely adjusting for
them, and extended this work to a large, mostly clinic-based
setting. In the NCI subsample, we observed each 0.1 increment
in the frailty index score (equivalent to 4–5 additional health
deficits) increased the risk of MCI by 66%. In the MCI subsample, each 0.1 increment in the frailty index score increased
the risk of progressing to dementia by 37% and reduced the
probability of being reclassified as NCI by 28%. Our sensitivity
analysis indicated that these relationships were robust, although
somewhat weaker, after the removal of 13 items (29% of total
considered deficits) that might represent symptoms of dementia
from the calculation of the frailty index.
This degree of risk is non-trivial. Consider the corresponding
associations of chronological age and the APOE ε4 allele, each
a potent risk, and both of which exerted statistically significant
effects on risk of cognitive-state transitions. For the risk of MCI
among the NCI subsample, each 0.1 increase in the frailty index
score was the equivalent of 11 additional years of age, and an
increase in frailty index score of 0.06 (about three additional
health deficits) was equal to the additional risk of carrying an
APOE ε4 allele. For the risk of progressing to dementia in the
MCI subsample, each 0.1 increase in the frailty index score was
the equivalent of 12.3 additional years of age, and an increase
in frailty index score of 0.15 (about seven additional health deficits) was equal to the additional risk of carrying an APOE ε4
allele. Within the same MCI subsample, the probability of being
reclassified as NCI was also lower in accordance with increasing
frailty. Here, each 0.1 increase in the frailty index score was the
equivalent of 14 years of age, and an increase in frailty index
score of 0.13 (about six deficits) was equal to the additional risk
of carrying an APOE ε4 allele.
Our results bolster the notion that modifiable risk factors
offer a pathway to dementia prevention even in those at significant genetic risk for the condition. Recently, a healthy lifestyle
was demonstrated to lower dementia risk at any level of polygenic risk for Alzheimer’s disease.8 Similarly, we have shown
here that another multiply determined modifiable factor affects
dementia risk independently of the APOE ε4 allele, and even
after the onset of clinically significant cognitive impairment (ie,
MCI). In the MCI subsample, although we observed a weaker
effect of frailty on dementia risk in APOE ε4 carriers than in
non-carriers, that difference was small. Here, the MCI subsample had more transitions from MCI to dementia (n=2191 vs
n=483) and had more APOE ε4 carriers (44% vs 30%), yielding
substantially greater power to detect this interaction. Although
our findings indicate that frailty is an important risk factor for
MCI and dementia regardless of APOE, interventions aimed at
preventing or reducing frailty may show even larger benefits in
those without an APOE ε4 allele. In contrast to our findings, it
is worth noting a recent report that found a stronger relationship between frailty and memory decline in APOE ε4 carriers
only,29 but there the authors explored these associations in a
smaller population-based sample and used continuous measures
of cognitive functioning rather than clinical diagnoses.
Frailty, observed here exerting a detrimental influence on
later-
life cognitive trajectories at multiple transition points
represents an attractive intervention target for reducing the
population incidence of cognitive impairment. Given the
multiply determined nature of frailty, multidomain interventions

are the most likely to produce meaningful and clinically relevant improvements in degree of frailty.30 Three recent large-scale
multidomain interventions notably benefited later-life cognition
through reductions in the prevalence of medical and lifestyle-
related risk factors.31 It is possible that frailty acted as a partial
mediator of the intervention-related cognitive benefits, but this
warrants further research.32 Aside from lifestyle interventions,
pharmacological treatments that target biological ageing may
hold significant promise, but their development is ongoing.33
Our study has limitations. First, the volunteers who contribute
towards the NACC are not representative of the USA population, and our analytical sample therefore likely included more
incident cases of dementia and had a higher average degree of
frailty than would normally be observed. Even so, our transition probabilities closely reflected those of another population-
based prospective cohort study.26 Second, for interpretability
and generalisability of results to population health, we collapsed
all MCI subtypes into our MCI state. It is, however, possible
that frailty exerts differential effects on risk of converting to
dementia (or on the probability of being reclassified as NCI) for
different MCI subtypes. Third, as a minority of our sample was
Black (12%) and less common state transitions were observed
in small number within these participants, we were unable to
include race as an explanatory variable in our models. Blacks
have approximately twice the dementia risk of whites,34 a
proportion of which is caused by the higher prevalence of both
modifiable health deficits and the APOE ε4 allele.35 Our results
were consistent when compared with those yielded from models
in which only whites were analysed, indicating that the inclusion
of NACC participants of all races did not substantially alter our
findings. Future research on how these associations may present
differently as a function of race is imperative and a priority for
our future work.
We conclude that frailty is a key risk factor for age-related
cognitive dysfunction and dementia, representing both a target
for interventions aimed at the prevention of age-related cognitive impairment and a possible prognostic marker among those
who have MCI. This work supports an emerging conceptualisation of late-onset dementia as a complex outcome of ageing that
often is intimately related to an individual’s general health, as
well as genetic risk factors.
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