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Frailty is an age-related clinical syndrome of decreased resilience to stressors. Among numerous assessments of
frailty, the frailty phenotype (FP) scale proposed by Fried et al. has been the most widely used. We aimed to develop a
continuous frailty scale that could overcome limitations facing the categorical FP scale and to evaluate its construct valid-
ity, predictive validity, and measurement properties. Data were from the Cardiovascular Health Study (n = 4,243) and
Health and Retirement Study (n = 7,600), both conducted in the United States. Frailty was conceptualized as a con-
tinuous construct, assessed by 5 measures used in the FP scale: gait speed, grip strength, exhaustion, physical activ-
ity, and weight loss. We used confirmatory factor analysis to investigate the relationship between the 5 indicators and
the latent frailty construct. We examined the association of the continuous frailty scale with mortality and disability.
The unidimensional model fit the data satisfactorily; similar factor structure was observed across 2 cohorts. Gait
speed and weight loss were the strongest and weakest indicators, respectively; grip strength, exhaustion, and physi-
cal activity had similar strength in measuring frailty. In each cohort, the continuous frailty scale was strongly associ-
ated with mortality and disability and continued to be associated with outcomes among robust and prefrail persons

classified by the FP scale.

confirmatory factor analysis; construct validity; frailty; older adults; predictive validity

Abbreviations: CFA, confirmatory factor analysis; CHS, Cardiovascular Health Study; FP, frailty phenotype; HRS, Health and

Retirement Study.

Frailty is a clinical syndrome characterized by decreased
resilience to stressors and is a consequence of dysregulation in
multiple physiological systems (1). Frailty is prevalent in elderly
persons and is associated with a wide range of adverse outcomes
(2-5). In the absence of a gold standard, there is a lack of con-
sensus on the operational definition of frailty (6). In 2001, Fried
et al. (5) developed the frailty phenotype (FP) scale using gait
speed, grip strength, exhaustion, physical activity, and weight
loss. Since its emergence, the FP scale has been repeatedly
validated and widely used in assessing frailty (2, 4, 7-9). However,
the FP scale, like all other frailty assessments, has limitations. First,
because sample-specific cutoff points were used to divide con-
tinuously measured variables into dichotomous criteria (e.g.,
slow gait speed and weak grip strength), precision may be lost.
Additionally, all frailty indicators in the FP scale are assumed to
be of equal importance in measuring frailty. Moreover, the FP
scale is very effective in identifying the frailest elders but has

limited ability to differentiate robust persons (10). In the Cardio-
vascular Health Study (CHS), approximately half of the par-
ticipants did not meet any of the 5 frailty criteria and were
therefore classified as robust (5). It is questionable whether
these participants have the same level of frailty, however.

A more finely graded frailty scale may have the following ad-
vantages compared with the categorical FP scale: 1) providing a
greater differentiation of the frailty syndrome; 2) further stratify-
ing risk of outcomes among robust, prefrail, and frail persons
identified by the FP scale; and 3) increasing power for identify-
ing genetic and nongenetic associations with frailty.

The purpose of this study is 4-fold. First, we used confirma-
tory factor analysis (CFA) to examine the factor structure of
frailty, conceptualized as a continuous latent construct, among
the CHS cohort (Figure 1 displays the conceptual framework).
Second, we investigated the relative importance of the 5 indi-
cators in measuring frailty. Third, we developed a continuous
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Figure 1. Hypothesized causal relationship between the latent frailty
construct and 5 observed indicators. The terms A—\s represent factor-
loading estimates, quantifying the association of 5 observed indicators
(gait speed, grip strength, exhaustion, physical activity, and weight loss)
with the latent construct—frailty. The terms e1—e5 denote residual errors
of indicators not accounted for by the latent factor (i.e., accounted for by
other factors and/or random error). The oval represents the latent con-
struct; squares represent the observed measures; and circles repre-
sent the variance of observed measures not accounted for by the latent
construct.

Exhaustion

frailty scale, examined its relationship with the FP scale, and as-
sessed its associations with mortality and disability. Last, we
examined the association of the continuous frailty scale with
outcomes among robust, prefrail, and frail persons identified by
the FP scale. We validated the factor structure and predictive
validity using data from the Health and Retirement Study
(HRS).

METHODS
Cardiovascular Health Study

The CHS is a cohort study of 5,888 community-dwelling men
and women, aged >65 years, in the United States. Participants in
the CHS were randomly sampled from Medicare eligibility lists
in 4 communities. A total of 5,201 participants were enrolled in
1989-1990 (original cohort), and an additional sample of 687
black participants was recruited in 1992-1993 (new cohort). All
participants were asked to provide blood samples and to complete
an interview, health questionnaire, and comprehensive physical
examination at enrollment and annually through 1999-2000.
Institutional review boards at each site approved the study pro-
tocol; all participants signed informed consent.

We used data from the 1992-1993 and 19961997 examina-
tions, when physical activity was assessed, and direct calculation
of weight loss between 2 consecutive visits was possible. Exami-
nations in 1992-1993 and 1996-1997 served as baseline for the
original and new cohorts, respectively. The analytical sample
was limited to participants with data on all 5 frailty indicators
(n=4,243).
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Health and Retirement Study

The HRS is a cohort study of a nationally representative sam-
ple of noninstitutionalized residents in the contiguous United
States. In the 2006-2007 wave, approximately half of the HRS
participants were randomly selected to participate in an enhanced
face-to-face interview. Functional performance was assessed
during these interviews. The other half was selected to com-
plete the functional measures in the 2008-2009 wave. Ethical
approval was obtained from the institutional review board at
the University of Michigan; all participants signed informed
consent.

We used pooled data from the 2006-2007 and 2008—-2009
waves, when physical functioning measures were available.
The analytical sample included 7,600 participants who were
aged >65 years and had data on all frailty indicators in the
2006-2007 or 2008-2009 wave (baseline for the HRS).

Frailty measures

Gait speed. Gait speed was assessed by converting the
amount of time required to walk a 15-foot (4.6-m) course in
CHS and a 98.5-inch (2.5-m) course in HRS at usual speed
into meters per second. For each cohort, linear models were
fitted regressing gait speed on height separately for men and
women; residuals were computed, representing sex- and
height-adjusted gait speed (4).

Grip strength.  Grip strength of both hands was measured
3 times using a handheld dynamometer in both cohorts. We
used the average reading of the dominant hand. Participants
who had pain, injury, or recent surgery were not asked to per-
form the test (and here treated as missing). For each cohort,
we used the above-mentioned residual approach to adjust for
sex and body mass index.

Exhaustion. CHS participants reported the frequency they
felt “I could not get going” and “I felt that everything I did was
an effort” during the prior week: “rarely/none of the time; less
than 1 day” (coded 0), “some or a little of the time; 1 to 2 days”
(coded 1.5), “a moderate amount of time; 3 to 4 days” (coded
3.5), or “most of the time; 5 to 7 days” (coded 6). The sum score
indicated exhaustion. Responses were coded according to the
severity/duration of each symptom. HRS participants answered
“yes” or “no” to whether they had experienced each question
for much of the time during the prior week. “yes” and “no” were
scored 1 and 0, respectively; the sum score ranged from 0 to 2.

Physical activity. Inthe CHS, physical activity was assessed
using a modification of the Minnesota Leisure Time Activities
Questionnaire (11). Participants reported the frequency as well as
duration of 18 activities in the prior 2 weeks. Total kilocalories
were calculated.

In the HRS, physical activity was measured by frequency of
vigorous, moderate, and light physical activities. Vigorous,
moderate, and light physical activities were scored 8, 4, and 2,
respectively, according to the metabolic equivalent of task (12).
We computed a weighted-sum score for each participant, repre-
senting the total energy cost of physical activities, accounting
for intensity and frequency. Weights were determined by the
frequency of physical activity; “every day,” “more than once a
week,” “once a week,” “1-3 times a month,” and “hardly ever”
were scored 7, 4, 1, 0.5, and O, respectively.
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Weight loss. Body weight was measured in the CHS and
was self-reported in the HRS. Percentage weight loss was cal-
culated as (weight in previous visit minus current measured
weight) + (weight in previous visit) X 100%. In the CHS, a
zero was assigned to persons who reported that diet or exercise
was a major factor in weight change.

Covariates

Age was calculated by the difference between the visit date
and birth date; sex, education, and race/ethnicity were self-
reported. Education was categorized as less than high school
completion, high school completion or equivalent, and more
than high school. Race/ethnicity was dichotomized as white
versus other. Smoking status was categorized as current, for-
mer, or never smoker. Body mass index was calculated as
weight (kg) divided by height (m) squared, and was catego-
rized as underweight (<18.5), normal (18.5-24.9), over-
weight (25.0-30.0), or obese (>30.0).

History of cardiac disease, stroke, hypertension, diabetes, can-
cer (excluding minor skin cancer), and arthritis was assessed
based on self-reported physician diagnosis in both cohorts. Cog-
nitive function was measured by a modified Mini-Mental
State Examination (13) in the CHS and by a modified Tele-
phone Interview for Cognitive Status (14) in the HRS. Dis-
ability was assessed by difficulty in 6 activities of daily living
(dressing, eating, toileting, bathing, transferring, and walking
across a room) and was dichotomized as none versus any. Bio-
markers included systolic and diastolic blood pressure (mm Hg),
C-reactive protein (mg/dL), cystatin C (mg/L), and total choles-
terol (mg/dL).

Validation outcomes

Mortality. Mortality data in the CHS were obtained accord-
ing to review of obituaries, medical records, death certificates,
the Centers for Medicare and Medicaid Services health-care uti-
lization database for hospitalizations, and from household con-
tacts (15). Mortality data in the HRS were ascertained based on
a variable recording participants’ year of death taken from an
exit interview or a spouse/partner’s core interview. Because the
overall follow-up period differed substantially between the 2 co-
horts, we examined 5-year mortality to facilitate comparability.

Disability. 'We examined incident disability among initially
nondisabled persons. Of the 3,807 initially nondisabled CHS
participants, 3,281 were alive and had complete measurements
of activities of daily living in the 2 years following baseline; 181
participants who died and 345 who were lost to follow-up were
excluded from the analysis for disability. Of the 6,454 initially
nondisabled HRS participants, 5,949 had measurements of
activities of daily living in the following 2 years; 194 parti-
cipants who died and 311 who were lost to follow-up were
excluded.

Statistical analysis

We compared the baseline characteristics between the 2
cohorts using  tests for continuous variables and y? tests for
categorical variables. We also compared the characteristics

between the persons with all 5 frailty indicators and those
with >1 indicator missing within each cohort.

Factor analysis. We first created a variance-covariance
matrix between the 5 frailty indicators and examined their inter-
nal consistency using Cronbach’s a (16). We then fitted explor-
atory factor analysis using maximum likelihood with an oblique
(geomin) rotation and determined the appropriate number of
factors to be extracted in subsequent analyses using the Kaiser-
Guttman rule (17) and the scree test (18). Subsequently, we
fitted a unidimensional CFA to examine the latent factor struc-
ture among the CHS participants. CFA is widely used to
account for the correlations among a set of indicators and to
identify the association of observed indicators with latent con-
structs. The association of each indicator with the latent frailty
construct was quantified by the item’s factor loading. Overall
model fit was evaluated using the y? test, the root-mean-square-
error of approximation, the comparative fit index, and the
Tucker-Lewis index. Ideal model fit was determined based
on the following criteria: y test not statistically significant, root-
mean-square-error of approximation < 0.05, comparative fit
index > 0.95, and Tucker-Lewis index > 0.95; acceptable
model fit was identified with root-mean-square-error of
approximation < 0.08, comparative fit index > 0.90, and
Tucker-Lewis index > 0.90 (19). Local goodness-of-fit was in-
spected using 1) standardized residuals, representing discrepan-
cies between observed and estimated values; and 2) modification
indices (20), reflecting the estimated reduction in the overall 2
statistic if a fixed or constrained parameter is freely estimated. The
initial CFA model assumed the residuals of the 5 indicators were
independent. We respecified the model by correlating residuals if
the initial model did not reach satisfactory fit. Once an ideal fit
was achieved, we generated standardized loading estimates.

We examined the factor structure in the HRS cohort follow-
ing the same procedure described above. Standardized factor
loadings were generated and compared between the 2 cohorts.

Measurement properties. Once a satisfactory model was
identified, we examined the relative importance of the 5 frailty
indicators. First, we reverse-coded exhaustion and weight loss
so that a high value indicated a lower frailty level for all indica-
tors. Then, we performed a series of CFAs with 2 standardized
factor loadings constrained to be equal, and we compared
each of them with the initial CFA. Because there were 10 com-
parisons, we used a Bonferroni-corrected threshold (o = 0.05/
10 = 0.005) to determine whether the ¥? statistic was signifi-
cant. A significant test implied that 2 indicators that were con-
strained to have the same factor loading did not have equal
strength in measuring frailty.

Scale construction. 'We computed standardized values for
each indicator by dividing the difference between observed value
and sample mean by sample standard deviation. Subsequently,
we added individual component scores, weighted by the standard-
ized factor loadings estimated in CFA (see Web Appendix 1,
available at https://academic.oup.com/aje for Stata (StataCorp
LLC, College Station, Texas) code to construct the continuous
frailty scale). Frailty score for individual i is:

5
Frailty score; = Z Zji X W;
j=1
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where z;;, zpi, . .. z5; represent standardized values for indi-
vidual i, respectively; wy, wy, ... ws indicate standardized
factor loadings.

Predictive validity. We calculated the death rate per 1,000
person-years for all participants, as well as numbers and propor-
tions of initially nondisabled persons who had incident disabil-
ity across quintiles of the continuous frailty scale. Cox models
were used to determine the association of frailty with mortality.
Poisson models with robust variance estimates were used to
identify the association of frailty with disability among initially
nondisabled participants. We first adjusted for clinical site (only
for the CHS), age, sex, race/ethnicity, and education. We added
smoking status, body mass index, chronic conditions, cognitive
status, disability (only for modeling mortality), and biomarkers
in full-adjustment models. The continuous frailty scale was
modeled both continuously and in quintiles. Analyses were
conducted separately for 2 cohorts.

To evaluate whether the new scale provided additional
value in risk stratification beyond the categorical FP scale,
we assessed the association of frailty with outcomes among
robust, prefrail, and frail participants identified by the FP
scale. The 5 criteria were:

1. Slowness: gait speed in the lowest height- and sex-adjusted
20%.

2. Weakness: grip strength in the lowest body mass index—
and sex-adjusted 20%.

3. Exhaustion: reporting “a moderate amount of the time” or
“most of the time” to either of the 2 exhaustion questions,
or responding “yes” to >1 exhaustion question in the HRS.

4. Inactivity: total caloric expenditure (metabolic equivalent
of task in the HRS) in the lowest sex-specific 20%.

5. Shrinking: loss of >10 pounds or >5% of body weight in
prior year.

We classified persons as “robust” (0 criteria), “prefrail” (1-2
criteria), or “frail” (3—5 criteria).

We evaluated the discrimination performance of the continu-
ous frailty score and the original FP scale using the C statistic.
C statistics from different frailty assessments were compared
using bootstrapped confidence intervals based on 1,000 repli-
cations. Sociodemographic factors (age, sex, race/ethnicity, and
education) were included as covariates.

We performed several sensitivity analyses. First, we used
absolute weight loss instead of percentage weight loss in the
CFA. Additionally, we assessed whether missingness in frailty
indicators biased the results by fitting additional CFA using par-
ticipants with >1 frailty indicator measured. Third, we refitted
CFA in the HRS cohort with exhaustion (coded O, 1, or 2) mod-
eled as an ordered categorical indicator with a robust weighted
least-squares estimator. Fourth, we repeated the analyses of the
association between frailty and outcomes, by including partici-
pants who were unable to perform tests of gait speed or grip
strength; their scores on the FP scale and the continuous frailty
scale were imputed as 1 (meeting the specific frailty criterion)
and 2 standard deviations below the mean, respectively.

All tests were 2-sided with a significance level of P < 0.05.
Statistical analyses other than CFA were conducted in Stata,
version 13.1 (StataCorp LLC), and R, version 3.2.2 (R Foun-
dation for Statistical Computing, Vienna, Austria). CFA was
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performed using maximum likelihood estimation with robust
standard error in Mplus 7.2 (http://www.statmodel.com/) to
account for nonnormality of continuous indicators and noninde-
pendence of observations in the HRS (participants nested in
households). Missing data in frailty indicators were handled using
full information maximum-likelihood estimation (for sensitivity
analyses only). Under the missing-at-random assumption, the full
information maximum-likelihood parameter estimates are unbi-
ased and more efficient than other missing data techniques (e.g.,
listwise deletion, mean imputation) (21).

RESULTS
Descriptive statistics

The average age was 72.1 years in the CHS; the HRS parti-
cipants were slightly older, with an average age of 74.9 years
(Table 1). The CHS cohort had lower prevalence of chronic
conditions and disability than the HRS cohort. Additionally,
CHS participants had higher levels of C-reactive protein and
total cholesterol but lower cystatin C. Participants with com-
plete data on frailty indicators were younger, were more
likely to be male and white, and had a higher prevalence of
chronic conditions, lower level of cognitive function, and un-
healthier biomarkers than those who had >1 frailty indicator
missing (Web Tables 1 and 2).

Factor structure

The variance-covariance matrix between frailty indicators is
presented in Web Table 3. The Cronbach’s a was 0.50 and 0.59
for the CHS and HRS cohorts, respectively. In both cohorts, we
retained only 1 factor from the exploratory factor analysis, based
on the Kaiser-Guttman rule and the scree plot (Web Figure 1).
Fitting a unidimensional CFA model of frailty in the CHS
cohort yielded a nonsignificant X2 test (P = 0.061; Web Table 4),
indicating that the hypothesized unidimensional factor structure
reproduced the variance-covariance matrix of the 5 indicators.
Each of the other goodness-of-fit indices suggested that the
unidimensional model fit the data satisfactorily. In the HRS
cohort, with the exception of a significant ¥ test (P < 0.001),
all goodness-of-fit indices indicated an adequate model fit. Re-
fitting the CFA treating exhaustion as an ordered categorical
indicator generated similar model-fit indices and factor-loading
estimates (Web Table 5). In both cohorts, inspection of the stan-
dardized residuals and modification indices showed no localized
points of ill fit (Web Table 6). No model respecification was
needed; all standardized loadings were statistically significant
and all directions were as expected.

Results were robust to sensitivity analyses. First, there were
virtually no differences in factor-loading estimates or goodness-
of-fit indices between models using different operational defini-
tions of weight loss (Table 2 and Web Table 7). Additionally,
missing data in frailty indicators had minimal impact on the es-
timates of factor-loading estimates and goodness-of-fit indices.

Relative importance

In the CHS cohort, grip strength, exhaustion, and physical
activity did not have significantly different strengths in measuring
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Table 1.
Retirement Study (2006—-2009), United States®

Characteristics of Participants in the Cardiovascular Health Study (1989-1993) and the Health and

Cardiovascular Health Study

Health and Retirement Study

Characteristic (n = 4,243) (n =7,600) P Value®
No. % Mean (SD) No. % Mean (SD)
Age, years 72.1(5.0) 74.9(6.9) <0.001
Male sex 1,788  42.1 3,315 436 0.067
White (vs. other) 3,683 86.8 6,763  89.0 0.123
Education <0.001
Did not complete high school 1,058 24.9 1,838 24.2
High school completion 1,212 28.6 2,729 359
Beyond high school 1,964 46.3 3,032 399
Smoking status 0.036
Never 1,882 444 3,279 4341
Former 1,888 445 3,575 47.0
Current 392 9.2 702 9.2
Body mass index® <0.001
<25.0 1,589 374 2,009 264
25.0-30.0 1,793 423 2,856 37.6
>30.0 861 20.3 2,735  36.0
Cardiac disease® 1,237 251 2,341 30.8 <0.001
Stroke 209 4.9 518 6.9 <0.001
Hypertension 2,370 559 4,850 63.9 <0.001
Diabetes 620 15.1 1,653 21.8 <0.001
Cancer® 600 14.2 1,453  19.1 <0.001
Arthritis 1,929 46.6 5196 68.4 <0.001
Disability' 430 10.2 1,146 210 <0.001
Systolic BP, mm Hg 135.6 (21.2) 134.4 (20.8) 0.213
Diastolic BP, mm Hg 70.7 (11.2) 78.4(11.6) <0.001
CRP, ng/L 5.2(9.7) 4.3(8.6) <0.001
Cystatin C, mg/L 1.1(0.3) 1.2(0.5) <0.001
Total cholesterol, mg/dL 208.2 (38.5) 197.9 (41.7) <0.001

Abbreviations: BP, blood pressure; CRP, C-reactive protein; SD, standard deviation.
2 Values in subgroups for education and smoking status variables do not sum to the total due to a small amount of

missing data.

b P values were obtained from generalized linear regression with clustered sandwich estimator for comparison
between the Cardiovascular Health Study and the Health and Retirement Study participants.

© Weight (kg)/height (m)2.

9 Coronary heart disease and heart failure were included in the Cardiovascular Health Study; myocardial infarction,
coronary heart disease, angina, heart failure, or other heart problems were included in the Health and Retirement

Study.
€ Nonmelanoma skin cancer was excluded.

fHaving difficulty in any activities of daily living: dressing, eating, toileting, bathing, transferting, and walking across

aroom.

frailty (Web Table 4). Gait speed (loading: —0.55) was signifi-
cantly more strongly associated with frailty than were the other 4
indicators, while weight loss had the smallest contribution (load-
ing: 0.09; Web Table 8). We observed a similar pattern in the
HRS cohort; gait speed was the strongest indicator of frailty (load-
ing: 0.61), weight loss was the weakest (loading: 0.15), and grip
strength, exhaustion, and physical activity had similar strength.

Distribution

In both cohorts, the continuous frailty score was approxi-
mately normally distributed (Web Figure 2); mean scores
were considerably different between robust, prefrail, and frail
adults (Web Table 9). The overlap was large between distribu-
tions of frailty scores among robust, prefrail, and frail persons,

Am J Epidemiol. 2018;187(8):1752—1762
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Table2. Standardized Factor Loadings (Standard Errors) of 5 Indicators (Sensitivity Analysis) for Participants in the Cardiovascular Health Study
(1989—-1993) and the Health and Retirement Study (2006—2009), United States

Cardiovascular Health Study

Health and Retirement Study

5 Indicators Measured >1 Indicator Unmeasured 5 Indicators Measured >1 Indicator Unmeasured
Indicator (n = 4,243) (n =4,938) (n =7,600) (n =9,221)
% Weight Weight % Weight Weight % Weight Weight % Weight Weight
Loss Difference Loss Difference Loss Difference Loss Difference

Gait speed® -0.55(0.03) -0.55(0.03
0.37(0.02

(
Exhaustion® 0.37 (0.02
( -0.33(0.02

Physical —0.33(0.02
activity®

) ) -0.58(0.03) —0.59(0.03) ) ) )
Gripstrength® —0.33(0.02) —0.33(0.02) —0.34(0.02) -0.34(0.02) -0.43(0.01) -0.44(0.01) -0.45(0.01) —0.46(0.01)
) ) 0.44(0.02)  0.44(0.02) ) ) )
) ) -0.33(0.02) -0.33(0.02) ) ) )

~0.61(0.02) -0.61(0.02) —0.60(0.02) —0.60(0.02
0.40(0.02)  0.43(0.01

(
0.40 (0.02
( -0.47(0.02)  —0.50(0.01

(
0.43 (0.01
-0.47 (0.02 (

—-0.50(0.01

Weight loss 0.09(0.02) 0.09(0.02)  0.12(0.02) 0.12(0.02)  0.15(0.02)  0.14(0.02)  0.15(0.02)  0.14(0.02)

& Gait speed (meters/second) was measured over a 4.6-meter and a 2.5-meter course in the Cardiovascular Health Study and the Health and

Retirement Study, respectively.

b Grip strength (kilograms) was measured by a hand dynamometer in both cohorts.

¢ Exhaustion was measured by 2 items from the Center for Epidemiologic Studies—Depression Scale (“l could not get going” and “I felt that every-
thing | did was an effort”); the total score ranged from 0—12 in the Cardiovascular Health Study and from 0-2 in the Health and Retirement Study.

9 Physical activity was measured by self-reported total energy expenditure in the Cardiovascular Health Study and by self-reported frequency of
light, moderate, and vigorous activities in the Health and Retirement Study.

especially for those who were robust or frail (Web Figures 3
and 4). For robust persons, only 4 CHS participants and none
of the HRS participants had a continuous score in the highest
quintile (Web Table 10). For CHS and HRS participants who
were classified as frail, 92.7% and 95.3% had a continuous
score in the highest quintile, respectively.

Association with mortality

In a demographic-adjusted model, mortality was 57% higher
per unit of the continuous frailty scale among CHS participants
(Table 3). The continuous frailty scale continued to be associ-
ated with mortality after adjusting for additional covariates.

Table 3. Association of Frailty With 5-Year Mortality Among Participants in the Cardiovascular Health Study
(1989—-1993) and the Health and Retirement Study (2006—2009), United States

Cardiovascular Health Study (n = 4,243) Health and Retirement Study (n = 7,519%)

Frailty Score Demographic-

Fully Adjusted®

Demographic- Fully Adjusted®

Adjusted® Adjusted®
HR 95% CI HR 95% Cl HR 95% ClI HR 95% Cl

Continuous score 1.57 1.46,1.68 1.24 1.12,1.36 1.65 1.57,1.73 1.48 1.40,1.57
Quintile®

2 1.25 0.94,1.69 1.04 0.75,1.44 1.39 1.05,1.85 1.32 0.99,1.75

3 1.40 1.05,1.87 1.07 0.78,1.48 1.91 1.46,2.49 1.72 1.32,2.26

4 217 1.65,2.84 1.44 1.06, 1.96 3.56 2.78,4.56 2.80 2.17,3.62

5 3.94 3.03,5.12 1.85 1.35,2.53 5.63 4.40,7.20 3.98 3.06,5.18

Abbreviations: Cl, confidence interval; HR, hazard ratio.

& Mortality data were not available for 91 persons in the Health and Retirement Study.

b Adjusted for clinic site (only for the Cardiovascular Health Study), age, sex, race/ethnicity, and education.

¢ Adjusted for clinic site, age, sex, race/ethnicity, education, smoking status, body mass index, and disability in activi-
ties of daily living; history of coronary heart disease, heart failure, stroke, hypertension, diabetes, cancer, and arthritis;
and cognitive function, systolic and diastolic blood pressure, C-reactive protein, cystatin C, and total cholesterol.

9 Adjusted for age, sex, race/ethnicity, education, smoking status, body mass index, and disability in activities of daily
living; history of cardiac disease, stroke, hypertension, diabetes, cancer, and arthritis; and cognitive function, blood pres-

sure, C-reactive protein, cystatin C, and total cholesterol.
¢ Quintile 1 was the reference group.

Am J Epidemiol. 2018;187(8):1752—1762



1758 Wuetal.

Table 4. Association of Frailty With 5-Year Mortality Among Participants Classified as Robust, Prefrail, and Frail
According to the Frailty Phenotype Scale, Cardiovascular Health Study (1989—-1993) and Health and Retirement
Study (2006—-2009), United States

Cardiovascular Health Study (n = 4,243) Health and Retirement Study (n = 7,519%)

Demographic- Demographic- Fully Adjusted®

Frailty Score Fully Adjusted®

Adjusted® Adjusted®
HR 95% ClI HR 95% Cl HR 95% Cl HR 95% Cl
Robust®
Continuous frailty score  1.35  1.07,1.71 112 087,144 154 128,185 144 1.19,1.73
Quintile’
2 122 085,176 1.10 0.73,1.67 140 1.01,1.94 130 0.94,1.81
3 157 1.07,230 1.05 0.68,1.61 1.86 1.32,2.61 1.71 1.21,2.43
4and5 1.66 0.94,2.91 126 0.74,214 345 227,525 2.87 1.86,4.43
Prefrail®
Continuous frailty score  1.56  1.34,1.81 126 1.07,1.50 155 1.40,1.71 1.41 1.27,1.57
Quintilef
2 1.19 0.69,2.06 1.16 0.62,2.17 1.02 0.54,193 0.96 0.51,1.80
3 1.06 0.63,1.77 0.87 0.47,1.61 1.36 0.76,2.42 124 0.70,2.21
4 165 1.02,267 1.17 0.66,2.08 244 1.39,427 195 1.11,3.42
5 262 1.60,4.30 1.51 0.84,2.71 3.02 1.71,533 234 132,413
Frail®
Continuous frailty score  1.06 0.82,1.37 094 0.69,1.27 147 126,173 131 1.11,1.56

Abbreviations: Cl, confidence interval; HR, hazard ratio.

@ Mortality data were not available for 91 persons in the Health and Retirement Study.

b Adjusted for clinic site (only for the Cardiovascular Health Study), age, sex, race/ethnicity, and education.

¢ Adjusted for clinic site, age, sex, race (white, black), education (less than high school completion, high school
completion or equivalent, and more than high school), smoking status (current, former, and never), and body mass
index (<25.0, 25.0-30.0, and >30.0); history of coronary heart disease, heart failure, stroke, hypertension, diabetes,
cancer, and arthritis; and cognitive function measured by a modified Mini-Mental State Examination, disability in activi-
ties of daily living, systolic and diastolic blood pressure, C-reactive protein, cystatin C, and total cholesterol.

9 Adjusted for age, sex, race (white, black, other), education (less than high school completion, high school comple-
tion or equivalent, and more than high school), smoking status (current, former, and never), and body mass index
(<25.0, 25.0-30.0, and >30.0); history of cardiac disease (heart attack, coronary heart disease, angina, heart failure,
or other heart problems), stroke, hypertension, diabetes, cancer, and arthritis; and cognitive function measured by the
Telephone Interview for Cognitive Status, disability in activities of daily living, systolic and diastolic blood pressure, C-
reactive protein, cystatin C, and total cholesterol.

® Participants were identified as robust, prefrail, and frail based on the frailty phenotype scale (separately for the 2
cohorts). In both cohorts, >90% of frail persons identified by the physical frailty phenotype scale were in the quintile 5
of the continuous frailty scale.

fQuintile 1 was the reference group.

We observed similar results in the HRS cohort. After adjust-
ment, mortality was 67% higher per unit of the continuous
frailty scale. Estimates were robust against multiple sensitiv-
ity analyses (Web Table 11).

The continuous frailty score had better discrimination perfor-
mance for 5-year mortality than the FP scale in the CHS cohort
(Harrell’s C statistic: 0.73 vs. 0.70, A = 0.03, 95% confidence
interval: 0.02, 0.05) and the HRS cohort (Harrell’s C statistic:
0.76 vs. 0.74, A = 0.02, 95% confidence interval: 0.01, 0.03).

Association with mortality in robust, prefrail, and frail
persons

After adjustment for sociodemographic factors, the continuous
frailty score was significantly associated with higher mortality

among the robust and prefrail but not the frail (Table 4). Among
persons in the prefrail category, the greatest risk of death was
observed for those in the quintiles 4 or 5 of the continuous frailty
score. The continuous frailty scale was more strongly associated
with death among robust, prefrail, and frail persons in the HRS
cohort. After adjusting for sociodemographic factors, each unit
increase in the continuous frailty score was associated with 54%,
55%, and 47% higher mortality among robust, prefrail, and frail
persons, respectively (Table 4). Estimates did not change sub-
stantially when we included persons who were unable to per-
form the gait speed or grip strength test (Web Table 12).

Association with disability

The continuous frailty scale stratified the CHS participants by
risk of disability (Table 5). In a demographic-adjusted model,
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Table 5. Association of Frailty With 2-Year Incident Disability in Activities of Daily Living® Among Participants in the
Cardiovascular Health Study (1989-1993) and the Health and Retirement Study (2006—2009), United States

Cardiovascular Health Study (n = 3,281) Health and Retirement Study (n = 5,949)

Demographic- Demographic-

Frailty Score Adjusted® Fully Adjusted® Adjusted® Fully Adjusted?
RR 95% Cl RR 95% CI RR 95% CI RR 95% Cl
Continuous frailty score  1.71 160,182 153 139,168 172 1.65,1.79 150 1.40,1.61
Quintile®
2 147 110,197 136 1.00,1.87 143 1.09,1.87 1.33 0.96,1.84
3 1.95 147,258 145 1.05198 219 1.71,2.81 1.85 1.37,2.52
4 299 229,389 213 157,288 356 281,450 245 1.82,3.31
5 461 354,600 296 217,402 6.72 533,845 385 283,525

Abbreviations: Cl, confidence interval; RR, risk ratio.

2 Participants who reported having difficulty in any of 6 activities of daily living (dressing, eating, toileting, bathing,
transferring or getting out of bed, and walking across a room) were considered disabled.

b Adjusted for clinic site (only for the Cardiovascular Health Study), age, sex, race/ethnicity, and education.

¢ Adjusted for clinic site, age, sex, race/ethnicity, education, smoking status, and body mass index; history of coro-
nary heart disease, heart failure, stroke, hypertension, diabetes, cancer, and arthritis; cognitive function, systolic and
diastolic blood pressure, C-reactive protein, cystatin C, and total cholesterol.

d Adjusted for age, sex, race/ethnicity, education, smoking status, and body mass index; history of cardiac disease,
stroke, hypertension, diabetes, cancer, and arthritis; and cognitive function, blood pressure, C-reactive protein, cysta-

tin C, and total cholesterol.
¢ Quintile 1 was the reference group.

persons with the highest continuous frailty scores (quintile 5)
had 4.61-fold higher disability risk than those with the lowest
scores (quintile 1). In the HRS cohort, persons with the highest
continuous frailty scores (quintile 5) had 6.72-fold higher risk
of disability than those with the lowest scores (quintile 1). The
continuous frailty scale continued to be associated with dis-
ability after adjusting for additional covariates (Table 5). Esti-
mates were robust against multiple sensitivity analyses (Web
Table 11).

The continuous frailty score had better discrimination perfor-
mance for 2-year incident disability (activities of daily living)
than the FP scale in the CHS cohort (C statistic: 0.70 vs. 0.68,
A =0.02, 95% confidence interval 0.01, 0.04) and the HRS
cohort (C statistic: 0.74 vs. 0.71, A = 0.03, 95% confidence
interval 0.02, 0.05).

Association with disability in robust, prefrail, and frail
persons

In demographic-adjusted models, risk of disability was
85%, 63%, and 38% greater per unit of the continuous frailty
scale among robust, prefrail, and frail persons, respectively
(Table 6). In the HRS, each higher unit of the continuous frailty
score was associated with 55%, 62%, and 38% greater risk of
disability among robust, prefrail, and frail persons, respectively
(Table 6). Estimates did not change appreciably when persons
not completing the gait speed or grip strength test were included
(Web Table 12).

DISCUSSION

Using data from 2 large US cohorts, we developed a continu-
ous frailty scale and evaluated its construct validity, measurement
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properties, and predictive validity. Five major findings warrant
comment. First, frailty—as assessed by gait speed, grip strength,
exhaustion, physical activity, and weight loss—is a valid contin-
uous construct with a similar factor structure across 2 studies.
Second, gait speed contributes the most to the measurement of
frailty in both studies. Third, the concordance between the con-
tinuous frailty scale and the original FP scale was high. Fourth,
the continuous frailty scale was strongly associated with mortal-
ity and disability among older adults and had better discrimi-
nation performance than the FP scale. Finally, the continuous
frailty scale was associated with mortality and disability beyond
the categorical FP scale, especially among robust and pre-
frail persons.

To our knowledge, this is the first application of CFA to
empirically validate the frailty construct as measured by the 5 in-
dicators originally proposed by Fried et al. (5). We conceptual-
ized frailty as a continuous latent construct, and our approach is
different from previous work by Bandeen-Roche et al. (2), in
which a latent class analysis was applied to examine the con-
struct validity of frailty, operationalized as a discrete syndrome.
Both latent variable—based methods are useful to investigate the
construct validity of frailty, a clinical syndrome that is not
directly measurable. CFA is more appropriate than latent
class analysis for constructs conceptualized as a spectrum
rather than a discrete phenomenon. Our findings showed
that a unidimensional factor structure fit the data satisfacto-
rily in 2 cohorts.

In both studies, gait speed contributes the most to the mea-
surement of frailty. Gait speed, a quick, easy, and inexpensive
physical performance measure, is an integrative measure of
health and a well-documented risk factor for adverse outcomes
among older adults (22-27). Additionally, gait speed has been
advocated for by the Geriatric Advisory Panel of the International
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Table 6. Association of Frailty With 2-Year Incident Disability in Activities of Daily Living® Among Participants
Classified as Robust, Prefrail, and Frail Using the Frailty Phenotype Scale, Cardiovascular Health Study (1989-1993)
and Health and Retirement Study (2006—2009), United States

Cardiovascular Health Study (n = 3,281) Health and Retirement Study (n = 5,949)

Demographic- Fully Adjusted® Demographic-

Frailty Score Fully Adjusted

Adjusted® Adjusted®
RR 95% ClI RR 95% CI RR 95% CI RR 95% CI
Robust®
Continuous frailty score  1.85 1.42,242 157 1.19,2.07 155 130,186 1.34 1.08,1.66
Quintile’
2 135 094,194 130 088,193 125 091,1.71 113 0.78,1.64
3 1.62 1.09,240 1.15 074,179 178 129,247 1.40 0.96,2.05
4and5 415 2.75,6.26 258 1.65,4.05 332 222,497 256 1.58,4.17
Prefrail®
Continuous frailty score  1.63 1.42,1.86 144 123,169 162 149,176 143 1.26,1.62
Quintilef
2 137 082,230 1.16 0.66,205 129 0.73,226 2.18 0.79,5.98
3 159 098,259 1.16 0.68,1.99 1.63 0.96,2.74 3.00 1.14,7.90
4 197 124,315 1.34 0.80,226 226 1.36,3.75 344 1.31,9.00
5 293 182,474 192 1.13,325 360 2.16,599 4.73 1.78,12.54
Frail®

Continuous frailty score  1.38 1.08,1.76 140 0.90,220 1.38 125,153 155 1.26,1.90

Abbreviations: Cl, confidence interval; RR, risk ratio.

2 Participants who reported having difficulty in any of 6 activities of daily living (dressing, eating, toileting, bathing,
transferring or getting out of bed, and walking across a room) were considered disabled.

b Adjusted for clinic site (only for the Cardiovascular Health Study), age, sex, race/ethnicity, and education.

¢ Adjusted for clinic site, age, sex, race (white, black), education (less than high school completion, high school
completion or equivalent, and more than high school), smoking status (current, former, and never), and body mass
index (<25.0, 25.0-30.0, and >30.0); history of coronary heart disease, heart failure, stroke, hypertension, diabetes,
cancer, and arthritis; and cognitive function measured by a modified Mini-Mental State Examination, systolic and dia-
stolic blood pressure, C-reactive protein, cystatin C, and total cholesterol.

9 Adjusted for age, sex, race (white, black, other), education (less than high school completion, high school completion
or equivalent, and more than high school), smoking status (current, former, and never), and body mass index (<25.0,
25.0-30.0, and >30.0); history of cardiac disease (heart attack, coronary heart disease, angina, heart failure, or other heart
problems), stroke, hypertension, diabetes, cancer, and arthritis; and cognitive function measured by the Telephone Inter-
view for Cognitive Status, systolic and diastolic blood pressure, C-reactive protein, cystatin C, and total cholesterol.

® Participants were identified as robust, prefrail, and frail based on the frailty phenotype scale (separately for the 2
cohorts). In both cohorts, >90% of frail persons identified by the physical frailty phenotype scale were in the quintile 5
of the continuous frailty scale.

fQuintile 1 was the reference group.

Academy of Nutrition and Aging task force as the most suitable
single-item measure of frailty in clinical practice (28).

The continuous frailty scale was able to provide additional
risk stratification for mortality and disability beyond the FP
scale, especially at the lower end to middle of the frailty contin-
uum. These results suggest that robust and prefrail persons are 2
heterogeneous groups with different risks of developing unfavor-
able outcomes. Among the prefrail group, the increase in risk
observed in the highest quintile suggests the possibility of a
threshold effect. Our findings were consistent with a prior study
showing that the frailty index, which counts the presence of def-
icits, was associated with poor self-rated health and high health-
care utilization among robust persons identified by the FP scale
(29). However, the frailty index includes a long checklist of

comorbidities and disability and is therefore not specific for
frailty (30). We demonstrated that the continuous frailty scale,
developed based on the same 5 indicators used in the FP scale,
can achieve the same purpose.

The continuous frailty scale and the FP scale may serve differ-
ent purposes. The FP scale classifies persons into 3 categories;
this discrete nature is clinic-friendly and may facilitate the imple-
mentation of frailty assessment in clinical practice (31). On the
other hand, the continuous frailty scale provides a more sensitive
measure of frailty than the FP scale; the new instrument may be a
more useful assessment to evaluate the effectiveness of preven-
tive or therapeutic interventions for frailty. Additionally, the con-
tinuous frailty scale is a potentially more powerful tool for
identifying biomarkers that have clinically meaningful but small
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effects on frailty. The continuous frailty scale may likewise
increase power in genetic studies aimed at discovering the
genetic underpinnings of frailty. Frailty is an exceedingly com-
plex phenotype that involves dysregulations of multiple physio-
logical systems (32); any genetic effects of frailty are expected
to be modest and difficult to detect. Furthermore, the continu-
ous frailty scale may offer benefits to describe the trajectories of
frailty over time and allow interventions at an earlier stage.
Although frailty is dynamic, the likelihood of transitioning from
being at an end stage of frailty to robust is extremely low (33);
these results emphasize the importance of designing interven-
tions for persons who are vulnerable but not yet frail.

We acknowledge several limitations. First, although the 5 frailty
indicators were measured similarly across the CHS and HRS co-
horts, nuanced differences still exist. Gait speed, for exam-
ple, was measured over a 15-foot course in the CHS, while a
98.5-inch course was adopted in the HRS. However, factor-
loading estimates were similar across the 2 cohorts, suggesting
that the factor structure was robust to nuanced differences
in assessment of indicators. Second, weight loss, calculated by
weight measure in 2 visits at least 1 year apart, may be more sus-
ceptible to measurement error than are other indicators, which
may account for the fact that weight loss was the weakest indica-
tor for frailty. Third, factor-loading estimates may be biased in
sensitivity analyses including persons with missing frailty indi-
cators if the missing-at-random assumption is violated. Last, dif-
ferences in birth cohort, age structure, and health characteristics
may have affected results of the outcome analyses and led to dif-
ferent calibrations for the 2 cohorts.

Our findings provide evidence that frailty is a valid continu-
ous construct with a unidimensional factor structure, robust to
nuanced differences in measurement of indicators. Not all in-
dicators had the same strength in measuring frailty, with gait
speed contributing the most. Additionally, we demonstrated
the validity of the new scale for predicting mortality and disabil-
ity. Moreover, the continuous frailty scale was able to provide
risk stratification among robust and prefrail persons identified
by the FP scale. Future research should examine the ability
of this new frailty instrument to predict older adults’ ability to
recover from stressors (e.g., disability)—a defining feature of
frailty. Future research can also help identify the utility of this
new assessment in detecting small genetic effects and evaluat-
ing effectiveness of interventions.
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