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1 | INTRODUCTION

Abstract

Main Problem: Frailty is an established risk factor for cognitive decline and Alzheimer's
disease. Few studies have examined the longitudinal relationship between frailty and
cognition.

Methods: Participants of Rush Memory and Aging project (n = 625, 67.5% female,
83.2 + 5.9 years at baseline) underwent annual clinical evaluations (average follow-up
5.6 + 3.7 years) followed by neuropathologic assessment after death. A frailty index
was calculated from 41 health variables at each evaluation. Clinical diagnosis of MCI
and/or dementia was ascertained by clinical data review (blinded to neuropathological
data) after death. Age, sex, education, and neuropathological burden (10-item index)
were evaluated as covariates. Frailty trajectories were calculated using a mixed ef-
fects model.

Results: At baseline the mean frailty index = 0.24 + 0.12 and increased at rate of
0.026 or ~1 deficit per year. At death, 27.7% of the sample had MCI, and 38.6% had
dementia. Frailty trajectories were significantly steeper among those individuals who
were ultimately diagnosed as clinically impaired prior to death, even after controlling
for age, sex, education, and neuropathological index.

Conclusions: Findings suggest a strong link between health status (frailty index) and
dementia, even after considering neuropathology. Frailty trajectories were associated
with risk for MCI and dementia, underscoring the importance of addressing frailty to

manage dementia risk.
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Frailty is a measure of physiologic vulnerability and can be char-

As our population ages, the burden of age-related disease, includ-
ing dementia, is growing. Many risk factors for dementia have been
identified both in midlife and later life,! but it remains unclear how

they interact to produce dementia in late life.

acterized by the accumulation of health deficits over time.? Frailty
is an established risk factor for cognitive decline and dementia.®™®
Longitudinal changes in frailty have been associated with adverse
health outcomes including mortality,® health service use,” disease-

specific morbidity,® institutionalization, and disability.” Few studies
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have examined the longitudinal relationship between frailty and
cognition.'®! Those that have demonstrate that changes in frailty
and cognition are correlated,*? and a shared pathologic basis is
suspected.’®'! In a previous report, we have shown that frailty in-
fluences the relationship between neuropathology and clinical pre-
sentation of dementia in Alzheimer's disease.’®

Here, we use data from the Rush Memory and Aging Project, a
longitudinal clinical-pathologic cohort study to extend this work by:
(1) describing longitudinal change in frailty and (2) examining how
frailty trajectories are associated with sex, neuropathology, and clin-
ical diagnosis of mild cognitive impairment (MCI) and dementia.

2 | METHODS

2.1 | Study design & participants

Data presented here were from the Rush Memory and Aging Project
(MAP), which has been described in depth elsewhere.* Briefly, MAP
is a clinical-pathologic cohort study that, since its inception in 1997,
has enrolled over 2100 older adults with annual clinical evaluations.
This study recruited from residential facilities, senior and subsidized
housing, church groups, and social service agencies in Northeastern
Illinois. Participants were eligible for enroliment if they were able
and willing to sign an informed consent and an Anatomical Gift Act
and agreed to donate their brain, spinal cord, and other biospecimens
at death. Participants also signed a repository consent that allowed
their data to be repurposed for other studies. MAP was approved
by an Institutional Review Board of Rush University Medical Center,
Chicago, IL, USA. Data access can be requested at www.radc.rush.
edu. Complete case analysis was employed and participants were
included in the current analyses if they had autopsy data (so that we
could adjust for neuropathology) and a valid frailty index (n = 625);
there was minimal loss to follow-up, though many participants have
not yet died and therefore do not have autopsy data.

2.2 | Measures

2.2.1 | Frailty index

The frailty index (Fl) is a measure of health status that reflects the ex-
tent of age-related deficit accumulation and vulnerability to adverse
health outcomes.? A Fl was constructed from 41 items (Appendix 1)
according to standard criteria.’® Candidate variables included symp-
toms, signs, comorbidities, and function; variables strongly related
to the outcome (i.e. cognitive variables) were excluded. The Fl was
calculated as:

FI = (number of health deficits present) / (number of health deficits measured)

For example, a person with 5 of the 41 potential deficits mea-
sured has an Fl score of 5/41 = 0.12. Higher Fl scores indicate poorer
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health and theoretically, the Fl ranges from 0-1, with linear regres-
sion models using units of the Fl of 0.01. The frailty index was cal-
culated based on clinical data for each participant at each annual
evaluation (mean follow-up = 5.6 + 3.7 years, range 0-17 years) and
trajectories were plotted over time.

2.2.2 | Clinical diagnoses

At the time of death, an experienced neurologist reviewed select clin-
ical data and rendered a summary diagnosis; this was done blinded
to all postmortem data. This process is based on the criteria of the
joint working group of the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer's Disease
and Related Disorders Association (NINCDS/ADRDA).* Participants
were classified as having: no cognitive impairment (NCI; coded as 0),
mild cognitive impairment (MCI; coded as 1), or dementia (includ-
ing possible and probable Alzheimer's). For our purposes, possible
or probable dementia were coded as 2 and other dementias were

excluded (n = 9) as they were undetermined or diverse in origin.

2.2.3 | Neuropathological index

Burden of neuropathology was quantified at autopsy using an index
composed of 10 unique neuropathological features (amyloid load,
neurofibrillary tangle density, TDP-43, hippocampal sclerosis, cer-
ebral amyloid angiopathy, gross infarcts, gross chronic infarcts, ath-
erosclerosis, arteriolosclerosis, and presence of Lewy bodies). This
index and the details of neuropathological assessment have been
detailed elsewhere.'”

2.24 | Confounders

Age, sex, education were evaluated as confounders; all were treated
as time-invariant covariates. Age was measured in years and calcu-
lated from birth to date of last cognitive assessment before death.
Education was self-reported in years. Sex was a self-report binary
variable, with female as the referent. Time in study (years) was also
included as a covariate.

2.3 | Statistical analyses
Descriptive statistics (t-tests, chi-square, and analyses of variance
[ANOVA]) were used to describe the characteristics of the sample.
Frailty was plotted against time (unadjusted). ANOVAs were used
to evaluate unadjusted differences in baseline frailty by sex, neuro-
pathological index groups, and clinical diagnosis.

Multilevel (also known as mixed effects) models were used to
model linear within-person change in frailty over time, as well as

between-person differences in frailty. Models were built from an


http://www.radc.rush.edu
http://www.radc.rush.edu

ﬂwl LE Y-Aging Medicine

empty means, fixed intercept, base model, and terms were added
sequentially. Terms were conserved if they demonstrated a signifi-
cant change in deviance from the previous model.

First, we modeled frailty change over time (FI ~ random intercept
+ time). A sensitivity analysis to determine whether frailty change
over time was quadratic rather than linear was undertaken by add-
ing a quadratic term for time. Then, we evaluated whether frailty
trajectory differed as a function of key covariates including sex,
neuropathological index (tertiles), and clinical diagnosis, by modeling
the interaction between each covariate and time in the prediction
of frailty (in separate models). Finally, we tested whether frailty tra-
jectory differed over levels of clinical diagnosis after controlling for
all other covariates, including the neuropathological index. This final

mixed linear model was as follows:

FI ~randomintercept + time + sex + education + time in study + clinical diagnosis

+ neuropathological index + clinical diagnosis  time

Sensitivity analyses were undertaken to examine whether this
was also true in a subset of participants with Alzheimer's dementia
(no cognitive impairment vs. Alzheimer's dementia).

All analyses were completed using R version 3.5.2. Figures were
truncated at 11 years, as less than 10% of the sample remained and
estimates became unstable.

3 | RESULTS

Most (67.5%) of the 625 autopsied participants were female, and the
mean age at baseline was 83.2 + 5.9 years. Participants were fol-
lowed for 5.6 + 3.7 years from baseline (range 0-17 years), by which
time 33.8% remained cognitively normal, 27.7% had MCI, and 38.6%
had dementia (Table 1). Higher baseline frailty was associated with
being female (p < 0.0001), but not with neuropathological burden (p
= 0.26) or cognitive status at death (p = 0.10).

Frailty changed significantly over time (estimate = 0.026 per
0.01 Fl unit, 95% confidence interval [CI] 0.025-0.027, p < 0.0001);
this means the Fl increased at a rate of about one deficit per year on
average (0.026*41 deficits in Fl), though there was much heteroge-
neity in the individual trajectories (Figure 1).

Prior to adjusting for covariates, frailty trajectory differed as a
function of neuropathological index (time*neuropathological index
interaction estimate = 0.020, 95% Cl 0.013-0.026, p < 0.0001) and
clinical diagnosis (time*MCI interaction estimate = 0.005, 95% Cl
0.003-0.008, p < 0.0001; time*dementia interaction estimate =
0.021; 95% Cl 0.018-0.023, p < 0.0001), see Figure 2. Specifically,
higher neuropathological burden and worse clinical diagnosis were
associated with accumulating deficits at a significantly faster rate
(i.e. increasing frailty index score). Frailty trajectory did not differ
by sex (sex*time interaction estimate = -0.0002, 95% Cl -0.003-
0.002,p =0.84).

Frailty trajectories remained significantly different over levels of
clinical diagnosis after controlling for relevant covariates (age, sex,
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TABLE 1 Sample demographics (n=625)

Age (years at baseline; mean + SD)? 83.1+59
Age (years at death; mean + SD)? 89.7 +6.1
Sex (n, % female) 422, 67.5
Education (years at baseline, mean + SD)? 14.5+29
Cognitive status at time of death (n, %)

Cognitively normal 211, 33.8

Mild cognitive impairment 173, 27.7

Dementia 241, 38.6
MMSE at baseline (mean + SD, median) 26.7 +4.0,

28.0
MMSE at last evaluation before death (mean + SD)? 21.5+8.7
Neuropathological index at time of death (mean + 0.36 +0.17
SD)?
Frailty Index at baseline (mean + SD, median) 0.24 +0.12,
0.22
Frailty Index at time of death (mean + SD)? 0.41+0.18
Time in study (years baseline to last evaluation 5.6 +3.7,
before death; mean + SD, median) 5.0

Abbreviation: SD, Standard deviation.
Normally distributed.

education, time in study, and neuropathological index), indicating
that frailty increased over time at a faster rate in those with worsen-
ing clinical diagnosis; Table 2. Specifically, people with no cognitive
impairment at death show an average increase of 0.019 Fl units/year
(corresponding to 0.78 additional deficits/year), people with mild
cognitive impairment at death show an average increase of 0.024
FI units/year (corresponding to 0.98 additional deficits/year), and
people with dementia at death show an average increase of 0.039
Fl units/year (corresponding to 1.60 additional deficits/year). Age at
death and the neuropathological index were found not to contribute
significantly to the model; age at death was dropped from the final
model, but the neuropathological index was conserved for concep-
tual reasons.

A sensitivity analysis examined whether a quadratic model im-
proved fit, but it did not lead to a significant change in deviance from
the linear model, and the quadratic term for time was not significant.
We also tested the relationships with a binary outcome variable of
no cognitive impairment vs. Alzheimer's dementia and results did not
change significantly.

4 | DISCUSSION

In this study of how changes in the degree of frailty affected the
probability of a diagnosis of Alzheimer's dementia, we highlight two
key findings: (1) frailty increased at a rate of approximately one defi-
cit per year in a sample of older adults from retirement communi-
ties in the USA; and (2) people who ultimately developed MCI or
Alzheimer's dementia became frailer more quickly than those who
did not, regardless of their neuropathological burden.
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Our results are consistent with other longitudinal reports linking
frailty and cognition.'®***8 The only other study that to our knowl-
edge has examined change in frailty with cognition and neuropa-
thology found that baseline frailty predicted both future frailty and
cognitive decline.’® That study was from the same cohort but used
a different measure of frailty. Here, we find that baseline frailty did
not differ by clinical diagnosis, but frailty worsened more quickly in
those who eventually developed MCl than in those with no cognitive
impairment and quicker still in those who developed dementia. That
study'© also demonstrated a correlation between change in cogni-
tion and physical frailty, not just on average, but within individuals.
Moreover, the association remained after controlling for five com-
mon brain pathologies (macroinfarcts, microinfarcts, Lewy bodies,
AD pathology, and nigral neuronal loss). Pathologies were examined
individually, and AD pathology, macroinfarcts, and nigral neuronal
loss demonstrated additive risk for both frailty and cognitive decline.
This is consistent with our results showing that level of pathology
was associated with increased slope of frailty change.

An important difference between this study and ours is the mea-

surement of frailty: the prior report operationalized frailty using a
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FIGURE 1 Longitudinal change in frailty as measured by the
frailty index; grey lines indicate individual trajectories, black line
indicates average trajectory
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modified frailty phenotype—a composite measure of four impair-
ments including grip strength, timed walk, body composition, and
fatigue. By contrast, we operationalized frailty as deficit accumu-
lation using the frailty index—an index of 41 health variables that
reflect overall health state. We chose to use the frailty index to
overcome some challenges of employing the frailty phenotype in
observational data: the grading is crude, there are frequently floor
effects in healthy samples and ceiling effects or much missing data
due to performance-based measures in impaired aging samples, and
the modifications can limit generalizability.19

Interestingly, our analysis demonstrated that longitudinal
changes in frailty were not significantly associated with neuropa-
thology after controlling for possible confounders. Other reports
have linked common dementia-related pathologies with frailty?®?!
and hypothesized that these common pathologies are a shared
mechanism between cognitive decline and frailty,10 though our data
do not support this conclusion. It is possible that frailty influences
the expression of dementia by reducing the threshold of pathology
necessary to give rise to cognitive impairment.'®> Whether this re-
flects a single mechanism in all patients with cognitive impairment,
differing single mechanisms in individual patients, or an accumu-
lation of age-related decrements—the combinations of which vary
between patients—is not clear. Other reports using the Rush data
that indicate multiple pathologies are common in late-life demen-
tia and that dementia itself may represent a form of pre-terminal
decline, would seem to make single uniting mechanisms less likely.
In this regard, variability in responses to treatment may prove to be
informative.??

Taken together, results from this study as well as previous work
suggest frailty is an important and modifiable risk factor for demen-
tia. Work is ongoing to determine the best way to prevent and treat
frailty, with a focus on multimodal interventions that address various
factors including diet, exercise, sleep, and comorbidities.?® While in-
dividual interventions may be useful, it is likely that population-level
public health approaches that target environmental drivers of health
will be the most effective.?*

Cognitive status at death
== Normal cognition
~ MCI

Dementia

[Colour figure can be viewed at 0
wileyonlinelibrary.com]

10
Years in study


https://onlinelibrary.wiley.com/

ﬁl_wl LE Y-Aging Medicine T WALLACE er .
TABLE 2 Mixed effects model for outcome of frailty
95% Confidence interval - 95% Confidence interval -
Covariates Estimate lower limit upper limit p value
Time (years since baseline) 0.019 0.017 0.020 <0.001
Sex (female) -0.057 -0.078 -0.036 0.001
Education (years) -0.002 -0.005 0.002 0.310
Time in Study -0.018 -0.021 -0.015 <0.001
Clinical diagnosis
MCI? vs. NCIP 0.018 -0.008 0.043 0.170
Dementia vs. NCI 0.032 -0.006 0.058 0.015
Neuropathological Index (per 0.01) 0.022 -0.042 0.086 0.510
Time*Clinical diagnosis
Time*MCI 0.005 0.003 0.008 <0.001
Time*Dementia 0.020 0.018 0.023 <0.001

Note: In this study of how changes in the degree of frailty affected the probability of a diagnosis of Alzheimer's dementia, we highlight two key
findings: (1) frailty increased at a rate of approximately one deficit per year in a sample of older adults from retirement communities in the USA;
and (2) people who ultimately developed MCI or Alzheimer's dementia became frailer more quickly than those who did not, regardless of their
neuropathological burden. These results underscore the importance of addressing frailty to manage dementia risk.

#Mild cognitive impairment.
’No cognitive impairment.

Our results should be interpreted with caution. Our sample
was not population-representative and due to the recruitment
strategies may over-represent frailty and dementia. Further, it
would be ideal to be able to measure changes in neuropathologi-
cal burden over time, but since pathological confirmation can only
be completed after death, this limits our ability to make causal
inferences. We excluded other dementias from analysis as there
were few (n = 9) and of diverse origin. While some of the vari-
ables included in the frailty index may be theoretically related to
cognition, previous work found that excluding all functional items
as well as potential dementia confounders did not change the pre-
dictive value of the frailty index for dementia.'® Future work with
larger sample sizes should investigate whether these relationships
hold across dementia types. Further, smaller vascular pathology
should be considered in future investigations to explain additional
variance.

Despite these limitations, this study has several strengths. The
quality of the data and long follow-up period makes this data unique
as a clinical-pathologic cohort. Mixed effects analyses allowed us
to model person-specific intercepts improving the validity of the
model. Alzheimer's disease research has been criticized for the
over-emphasis on amyloid and tau pathology. Here, we were able to
model mixed pathology, which is common in dementia.?>?”

Overall, results of this study suggest a strong link between frailty
and Alzheimer's dementia, even after considering degree of neuro-
pathology. Frailty trajectories over an average period of 6 years in
older adults predicted dementia risk, underscoring the importance
of frailty intervention and management in later life. Frailty and cog-
nition are known to be highly related and may even share a patho-
logic basis, and the bidirectional mechanisms that explain how they
influence each other motivate future inquiries.
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ITEMS INCLUDED IN THE FRAILTY INDEX (N = 41)

e Walking speed

e Physical activity (5 item sum)

e Finger tap

e lLegstand

e Purdue pegboard

e Pinch strength

e Hypertension

e Cancer

e Diabetes

e Head injury

e Congestive heart failure

e Claudication

e Diastolic blood pressure

e Joint pain Number of joints with problems
e Osteoporosis

e Polypharmacy

e Depression (CESD)

e Stroke

e Everything | did was an effort (fatigue)
e | could not get going (fatigue)

Shopping

Using the telephone
Handling finances

Handing medications

Meal preparation

Light housekeeping

Heavy housekeeping
Traveling within community
Eating

Bathing

Dressing

Toileting

Walking

Getting from bed to chair
Taking care of home
Walking half a mile
Walking up and down stairs
Body Mass Index

Grip strength

Heart problems



