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Abstract

Frailty is characterized by increased vulnerability to disability and high risk for mortality in older adults. Identification of factors that contribute
to frailty resilience is an important step in the development of effective therapies that protect against frailty. First, a reliable quantification
of frailty resilience is needed. We developed a novel measure of frailty resilience, the Frailty Resilience Score (FRS), that integrates frailty
genetic risk, age, and sex. Application of FRS to the LonGenity cohort (n = 467, mean age 74.4) demonstrated its validity compared to phe-
notypic frailty and its utility as a reliable predictor of overall survival. In a multivariable-adjusted analysis, 1-standard deviation increase in
FRS predicted a 38% reduction in the hazard of mortality, independent of baseline frailty (p < .001). Additionally, FRS was used to identify a
proteomic profile of frailty resilience. FRS was shown to be a reliable measure of frailty resilience that can be applied to biological studies

of resilience.
Keywords: FRS, Genetics, Longevity, Proteomics

Frailty is generally considered a state of increased vulnerabili-
ty to physiological stressors and subsequent inability to main-
tain homeostasis (1,2) and is linked to increased risk of falls,
hospitalizations, morbidity, and mortality in older individu-
als. Much has been learned about biological pathways and
clinical risk factors for frailty, but less is known about what
makes a person resilient to frailty. While initially resilience
was regarded as the opposite of frailty, emerging research
supports the idea that it can moderate, or even function inde-
pendently of, frailty (3—-6). A major limitation to identifying
factors that confer resilience to frailty is a lack of a valid and
reliable measure of frailty resilience.

To address this knowledge gap, we developed a Frailty
Resilience Score (FRS) to quantify resilience to frailty, which
was conceptually defined as the ability to protect against
or delay the onset or progression of frailty in the presence

of factors known to increase the risk for frailty, including
advanced age, high frailty-associated polygenic risk score
(PRS), and female sex. The FRS was operationalized as the
difference between an individual’s predicted frailty and
observed frailty. First, we developed the FRS in a genetically
homogenous population and described its epidemiology.
Second, we examined the criterion validity of FRS versus
current frailty phenotypic definitions. Finally, to establish
the clinical relevance of FRS, we examined the predictive
validity of the FRS for mortality in the LonGenity cohort.
Additionally, we identified the proteomic profile associated
with FRS as a first step in elucidating the biological mech-
anisms of frailty resilience. We hypothesized that resilience
to frailty would be inversely associated with mortality risk
even after accounting for presence of frailty and other con-
founders. Establishing FRS will provide a quantitative tool to
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measure resilience that can be used to discover the biological
underpinnings of resilience and to develop interventions that
enhance resilience.

Method

Population

The study population was selected from the LonGenity
cohort (m = 1 224), an ongoing longitudinal study that
aims to identify factors that contribute to healthy aging (7).
LonGenity enrolls individuals of Ashkenazi Jewish ances-
try, age 65-94 years, who do not have significant cognitive
impairment at baseline, excluded using established cut scores
on the Blessed test of >8 and on the AD-8 (eight item infor-
mant interview to differentiate aging and dementia) of >2
(7). Other exclusion criteria include severe visual or hear-
ing impairments or having a sibling already enrolled in the
study. Approximately half of the cohort has at least 1 parent
age 95 or older, termed offspring of parents with exceptional
longevity (OPEL). LonGenity participants undergo annual
assessments that include collection of updated medical his-
tory, cognitive testing, and functional evaluations that are
used to construct measures of frailty. Fasting blood samples
are collected biannually for DNA extraction and biochemical
profiling. Participants eligible for inclusion in this analysis
had 3 annual measurements of frailty as well as genotyp-
ing results (7 = 467). Participants who did not qualify for
inclusion based on the above criteria were older at baseline
(p < .001), had fewer years of education (p = .003), and had
higher global health score at baseline (p = .019); however,
they did not significantly differ in sex distribution or familial
history of longevity.

Frailty Definitions

Several definitions of frailty were used in this study to charac-
terize frailty. The deficit accumulation approach was utilized
to quantitatively measure frailty and is reported as the frailty
index (FI). The variables selected for the FI construction were
based on standardized criteria as proposed by Rockwood et
al. (8). The variables and cutoffs used for construction of the
FI are shown in Supplementary Table 1. Continuous or rank
variables were graded from 0 (no deficit) to 1 (maximum defi-
cits). The FI was calculated by adding the number of defi-
cits (value = 1) and dividing the sum by the total number of
variables per participant, which resulted in a range of scores
from 0 to 1 for each individual (9). The same method and
cutoffs have been applied previously in the same cohort (10).
The phenotypic frailty approach was used to define physi-
cal frailty qualitatively. Phenotypic frailty was operationally
defined based on the Cardiovascular Health Study criteria as
meeting 3 or more of the following 5 attributes: unintentional
weight loss of >10 Ibs in the past year (1); muscle weakness
was measured using Jamar handgrip dynamometer and weak-
ness was defined using a cut score of 1 standard deviation
[SD] or more below age and sex mean values; exhaustion
characterized by a negative response to the question, “Do you
feel full of energy?,” on the Geriatric Depression Scale (11);
self-reported low physical activity levels characterized by a
positive response to the question, “Have you been less active
physically?,” on the Health Self-Assessment Questionnaire;
and slow gait (1). Gait speed (cm/s) was measured using an
8.5-m-long computerized walkway with embedded pressure

sensors (GAITRite; CIR Systems, Inc., Franklin, NJ). Slow
gait was defined as 1.5 or more SD below age- and sex-ap-
propriate means. The method and cutoff adopted to charac-
terize phenotypic frailty in the cohort have been previously
reported (12).

Frailty Resilience Score

This score quantifies frailty resilience in the context of known
frailty risk factors. Previous studies have shown frailty to
increase with age and in women (1,9). Additionally, frailty
PRS quantifies the common polygenic risk of frailty for an
individual based on their genetic makeup. We calculated
PRSs using PRSice-2 (13,14) to quantify frailty risk from
common variants in the LonGenity cohort. We first collected
summary statistics from the most recent frailty genome-wide
association study (15). From combined genotype data after
imputation, we then selected common single nucleotide poly-
morphism (SNPs) (minor allele frequency >5%) in the cohort
and carried out linkage disequilibrium clumping if they are
within 250 kbps and R? >0.1. After clumping, we used 19
p values (1, 0.9, ..., 0.1, 0.01, 1E-3, ..., 1E-10) as cutoffs to
select SNPs for scoring.

At a given age, people with higher frailty PRS are at risk of
being more frail. Some older individuals with higher frailty
PRS, however, are resilient to frailty, as they have lower FI
scores than their peers of the same age and similar genetic
predisposition. We developed an FRS to quantify this geno-
type—phenotype discrepancy between the genetic risk and the
actual phenotype of frailty of everyone in this study, which
are measured by PRS and FI, respectively. To define FRS, we
first fit a linear mixed model to the FI measured at baseline
and at subsequent visits in our longitudinal cohort,

FIj = (Bo + boi) + (81 + b1i) Tij + BaAvi + B3Gi + BaSi+ €ijy j =1, ..., m;,

where T is time of the jth assessment from the baseline visit
ij

of ith participant, FI is the frailty index, A, is the baseline
age, G, is the frailty PRS S, is sex of the part1c1pant and m,
is the number of frailty measurements for the participant,
Bps are fixed effects and bo; and by; are random effects.
FRS is then defined as the average difference between the
observed FI and the predicted FI based on the fixed effects:
FRS; = 77", (Fl; — FlI;) /m;. Note that the prediction FI;
does not include the random effects. When an individual’s
FRS is positive, their observed FI is, on average, smaller than
the FI predicted by their PRS, age, and sex, implying that this
individual is resilient to frailty.

Proteomic Assessment

Proteomic analysis was conducted using Sk SomaScan Assay
V4, which included 5 209 SOMAmer reagents targeting
human proteins. SomaScan data standardization was carried
out as previously described by SomaLogic, Inc., Boulder, CO.
(16). After implementing quality checks (QC), 960 sequences
that failed QC were removed. Subsequent exclusion of non-
human proteins, deprecated markers, noncleavable, nonbi-
otin as well as spuriomers left 4 265 SOMAmer reagents
available for proteomic analysis (17). Relative fluorescence
unit (RFU) values observed after data normalization pro-
cedure for each SOMAmer reagent were natural log-trans-
formed. Outliers were removed using median absolute
deviation method. There were 464 participants with avail-
able proteomic data.
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Statistical Analysis

Baseline characteristics were summarized with descriptive
statistics. FRS was constructed using FI measurements from
the earliest 3 visits. To determine the longitudinal associa-
tion of FRS with mortality, we used Cox models to compute
hazard ratios (HRs) with 95% confidence intervals (Cls)
adjusted for age, sex, years of education, and body mass
index (BMI). In order to avoid potential confounding of sur-
vival analysis by FI data incorporated into the FRS construct,
the baseline in all Cox models was set at the time of third FI
measurement. To establish the ability of FRS to predict sur-
vival over the FI as well as other confounders, we included
socioeconomic status (7), FI score at third follow-up, and
parental longevity (OPEL status) as additional covariates
in the Cox regression model. Missing BMI values at third
follow-up wave were imputed by the values that were mea-
sured the closest to the third visit. Time-to-event outcomes
were obtained by calculating time in years between the third
assessment date and death date or final assessment date if the
participant remained alive throughout the study follow-up.
Proportionality of the models was examined graphically and
statistically, and found to be adequately met. Kaplan—-Meier
estimates of survival functions were used to illustrate differ-
ences in survival between participants in the lowest tertile of
FRS and participants in the upper 2 tertiles of FRS. p Values
of <.05 were considered statistically significant. Cox propor-
tional hazard analyses were carried out using SPSS version
27 (IBM, Armonk, NY).

The objective of the proteomic analysis was to identify
SOMAmer reagents that significantly associated with the FRS
using linear regression analyses in R (V4.1.0). Analyses were
adjusted for median age across waves, sex, and parental his-
tory of longevity (OPEL status). Beta estimate was defined as
increase or decrease in FRS with each unit of log SOMAmer
reagent concentration. Bonferroni-corrected p values less
than 1.0 x 10~ (0.05/4 265) were considered statistically
significant.

Weighted Gene Coexpression Network Analysis

The weighted gene coexpression network analysis (WGCNA)
R package (18) was used to build unsigned protein expres-
sion networks from normalized and transformed RFUs of
4 265 SOMAmer concentrations. The WGCNA methodology
has been well-described in previous publications as well as
the tutorial accompanying this R package (18). Pathway or
enrichment analyses were carried out using proteins in the
modules that were associated with FRS to discover biological
pathways related to frailty resilience (19).

Results

The FRS was calculated for 467 individuals with the mean
baseline age 74.4 = 5.9 years. The group baseline character-
istics are listed in Table 1. Females made up 54.6% of the
cohort and the mean FRS for the cohort was 0.02 = 0.79.
Phenotypic frailty was defined in 429 participants, of whom
61 (14%) were frail and 368 were nonfrail. An analysis
stratified by phenotypic frailty found that the nonfrail group
had significantly higher mean FRS (more resilient) compared
to the frail group, 0.21 = 0.62 versus -0.98 = 0.95, respec-
tively (p < 2.2 x 10-'%), Figure 1. Lower FI also correlated
with higher FRS (r = -0.80, p < 2.2 x 10-'%), Supplementary
Figure 1.

Table 1. Baseline Characteristics.

Characteristic (7 = 467)

Age, mean = SD, years 74.35 = 5.90
Female, 7 (%) 255 (54.6)
Offspring of parents with exceptional longevity, 7 (%) 254 (54.4)
Follow-up time, median (IQR), years 8.7 (6.7-10.3)
Education, mean = SD, years 17.84 = 2.69
Frailty index, mean = SD 0.13 = 0.08
FRS, mean = SD 0.02 = 0.79
BMI, mean = SD 27.49 = 491
Medical History % (n)
Angina 3.6 (17)
CHF 0.4 (2)
COPD 1.9 (9)
Diabetes mellitus 7.7 (36)
HTN 43.3 (202)
MI 7.1 (33)
Osteoarthritis 39.6 (185)
Parkinson’s disease 1.1 (5)
Stroke 3.2 (15)

Notes: BMI = body mass index; CHF = congestive heart failure; COPD
= chronic obstructive pulmonary disease; FRS = Frailty Resilience Score;
HTN = hypertension; IQR = interquartile range; MI = myocardial
infarction; SD = standard deviation.

During the median follow-up time subsequent to the third
visit (interquartile range) of 5.7 (3.3-7.1) years, 51 partici-
pants died. The Kaplan—-Meier survival analysis demonstrated
that the hazard for mortality was lower for individuals in the
combined top 2 FRS tertiles compared to the bottom FRS ter-
tile, p = .06, Figure 2. In a Cox proportional hazard model
adjusted for age, sex, and BMI, a 1-point increase in FRS was
related to 51% reduced hazard of mortality and per 1-SD
increase in FRS, the mortality hazard was reduced by 38%,
HR 0.49 (95% CI 0.36-0.66), (p < .001), Figure 3. After
additional adjustments for socioeconomic status, parental
longevity, and the FI score in participants with all available
data (n = 439), FRS remained a significant predictor of mor-
tality, HR 0.50 (95% CI 0.29-0.87), p = .02, indicating its
utility as a predictor of survival independent of the FI. A sim-
ilar analysis performed in participants with available pheno-
typic frailty status (7 = 415, with 47 recorded deaths) also
found FRS to be associated with reduced mortality, HR 0.46
(95% CI 0.32-0.66), p < .001, independent of age, sex, BMI,
socioeconomic status, parental longevity, and phenotypic
frailty status.

Query of the plasma proteome in association with FRS
was performed in 464 participants and identified 7 proteins
positively associated with FRS and 11 proteins negatively
associated with FRS at significance level of p < 1 x 10,
Figure 4 and Supplementary Table 2. Subsequent WGCNA
of the proteome revealed that modules most significantly
associated with FRS also demonstrated an association with
the FI but in the opposite direction, Supplementary Figure 2.
Moreover, the module that was most strongly related with
familial longevity, defined by OPEL status, was linked with
FRS in the same direction, suggesting that familial longevity
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Figure 1. Mean Frailty Resilience Score values for groups stratified for
frailty based on physical frailty measures (n = 429).
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Figure 2. Kaplan—Meier survival curves according to Frailty Resilience
Score tertiles.

and frailty resilience may have common biological underpin-
nings. Pathway analysis using ingenuity pathway analysis
(IPA) showed inflammatory response, organismal injury and
abnormalities, cell death, and survival to be top pathways
associated in green module. Another top module associated
with FRS was the black module (Cor = 0.13, p = 6.0 x 107%).
The IPA revealed cellular movement, connective tissue devel-
opment and function, organismal injury and abnormalities,
organ morphology, as well as nervous system development
and function as the top pathways enriched in the black
module.

Discussion

In this study, we quantified resilience to frailty as FRS and
demonstrated its concurrent and face validity compared to
conventional quantitative and qualitative measures of phe-
notypic frailty. Additionally, we established the clinical util-
ity of FRS as an independent predictor of survival in older
adults. The multivariable-adjusted analysis showed that 1-SD
increase in FRS predicted a 38% reduction in the hazard
of mortality independent of baseline level and presence of
phenotypic frailty. These findings suggest that not only are
there factors which lead to frailty susceptibility but there are

Frailty Resilience and Mortality
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Figure 3. Hazard ratios and 95% confidence interval for the association
of Frailty Resilience Score with mortality, adjusted for age, sex, and body
mass index.

_FSTL3
10.0
ERBB1
FABP
.
75-
FABPA Leptin _
I SAP3 .P . Glzplcan B!
= HTRA1 CSPG3°* DNER
g * IL-1Ra . .o o SR
o 5o . S'RS.F7 MIC-1 ANTR2  HHIP ® Not Sig
,C_; GD46 oo f- * Sig
o

25-

0.0-

Beta Estimates Coefficient

Figure 4. Association of proteins with Frailty Resilience Score. Volcano
plot showing associated proteins as red dots (p value < 1.0 x 10-5).
x-Axis denotes the beta estimate coefficient from linear model and
y-axis shows the significance level presented as -log,, (p value). Top
proteins have been annotated. ANTR2 = Anthrax toxin receptor 2;

CD46 = Membrane cofactor protein; CSPG3 = Neurocan core protein;
DNER = Delta and Notch-like epidermal growth factor-related receptor;
ERBB1 = Epidermal growth factor receptor; FABP = Fatty acid-binding
protein, heart; FABPA = Fatty acid-binding protein, adipocyte; FSTL3 =
Follistatin-related protein 3; HHIP = Hedgehog-interacting protein; H6ST3
= Heparan-sulfate 6-O-sulfotransferase 3; HTRA1 = Serine protease
HTRAT1; Il-1Ra = Interleukin-1 receptor antagonist protein; MIC-1 =
Growth/differentiation factor 15; PXDN = Peroxidasin homolog; SAP3 =
Ganglioside GM2 activator; SRSF7 = Serine/arginine-rich splicing factor 7.

also mechanisms that protect against frailty, as captured by
the FRS. The fact that frailty resilience could not be simply
explained by the lack of baseline frailty or risk factors for
frailty opens the door to investigations of independent biolog-
ical mechanisms that regulate resilience to frailty, and oppor-
tunities to develop interventions that target resilience.
Identifying predictors of resilience may have an immediate
application in the clinical setting. As the presence of frailty
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has been shown to result in poorer clinical outcomes (20),
frailty status has been used as part of the clinical decision
making in determining treatment options and resource allo-
cation (21,22). However, this toolset as an outcome predictor
is often inadequate and can be augmented by measures of
resilience (23). Although a number of existing tools can mea-
sure resilience to psychological or physical challenges (3,24),
until now there has not been an established measure to assess
resilience to frailty. This underscores the need for a reliable
measure of frailty resilience that can predict clinically rele-
vant outcomes. If validated in future clinical studies, the FRS,
which has already been shown to predict survival, may fill
that role.

The LonGenity cohort is unique in that it is enriched with
resilient participants. About half of the cohort has a parent
with exceptional longevity, and a significant proportion of
individuals with longevity delay or escape from age-related
diseases (25,26). The resilience to aging and associated dis-
eases appears to be, at least in part, heritable. Compared to
age-matched individuals without parental longevity, offspring
of parents with exceptional longevity demonstrate lower
rates of frailty and age-related diseases (7,27). Additionally,
offspring experience better physical function on measures
of unipedal stance and gait speed at baseline, as well as a
slower decline in unipedal stance, repeated chair rise, and
short physical performance battery prospectively (28,29).
These differences are apparent despite similar lifestyles, edu-
cation, and socioeconomic status, highlighting the need to
study biological underpinnings of resilience (7). The notion
of biological drivers of resilience was further supported by
our results which demonstrated that the proteomic module (a
cluster of highly correlated proteins) most strongly associated
with OPEL status was also associated with FRS and inversely
associated with the FI.

The biology of frailty resilience can be investigated using
a number of tools. Recent advances in large-scale proteomic
analyses have provided opportunities to investigate multiple
individual proteins and pathways simultaneously in com-
plex syndromes and diseases. Proteomic analysis conducted
in association with the FRS revealed specific proteins both
positively and negatively associated with frailty resilience.
Many of the identified proteins also previously were inversely
associated with the FI (17), reinforcing their importance in
the risk of and resilience to frailty. Such insights could lead
to a better understanding of the biological underpinnings of
frailty resilience and contribute to the development of thera-
peutic agents that promote resilience rather than target risk
factors (30). However, to our knowledge, this study is the first
to identify proteins related to resilience, both positively and
negatively. This sets us on the path toward developing a bio-
logical signature for frailty and resilience. A therapeutic inter-
vention that targets resilience has the potential to mitigate
multiple risk factors simultaneously and even counteract the
yet unidentified risk factors. Thus, devising therapies that rep-
licate resilience in at-risk individuals may be a more efficient
process for countering frailty than developing therapeutics
that target each risk factor individually.

The protein with the strongest positive association with
frailty resilience was erythroblastic oncogene B (ERBB1),
also referred to as HER1 or EGFR, 1 of 4 receptors in the
epidermal growth factor (EGFR) family. ERBB1 is a recep-
tor for ligands such as EGF and transforming growth fac-
tor alpha with its downstream signaling affecting various

cellular responses. Widely implicated in cancer and thus
targeted by anticancer therapy, its role in resilience seems
unexpected on the surface. However, ERBB1 dysfunction or
loss has been linked to various cardiovascular pathologies.
While the loss of ERBB1 has been shown to lead to cardio-
vascular hypertrophy (31), its activation can protect against
stress-induced cardiac injury (32). Another protein with a
strong positive association with resilience is Anthrax toxin
receptor 2 (ANTR2), which plays a role in the maintenance
of the extracellular matrix. We had previously shown that
ANTR2 has a negative association with frailty, which we
hypothesized was due to its implication in hypertension and
grip strength (17).

The protein with the strongest negative association with
resilience was Follistatin-related protein 3 (FSTL3). FSTL3
has been implicated in various cancers (33) and renal dys-
function (34). Importantly, increased FSTL3 has been linked
to the atherosclerotic inflammatory response and heart failure
(35,36), 2 essential contributors to frailty. It has also been
independently linked to aging and frailty itself (37). Another
protein negatively associated with resilience is fatty acid-bind-
ing protein (FABP). We had previously demonstrated FABP’s
connection to frailty and had hypothesized that this is due to
its role in atherosclerosis, similar to FSTL3 (17). Other pro-
teins with similar functions and associations with resilience
and frailty include FABPA and leptin.

Our study has a variety of strengths. The well-charac-
terized LonGenity cohort, enriched for hereditary resil-
ience, includes regular clinical assessments and annual
evaluations for frailty. Furthermore, this cohort was pro-
filed with a broad proteomic array that targets over 4 000
proteins, allowing us to analyze the associations between
clinical and biological parameters. Despite this, the study
has limitations. The SomaScan panel, while extensive, is not
exhaustive, and there are likely unexamined proteins that
might contribute to resilience. Also, the PRS for the FI cap-
tures only a small percentage of frailty heritability; thus, a
major proportion of genetic frailty resilience remains unex-
plained. Future studies of rare genetic variants may be able
to address this. Additionally, the LonGenity cohort only
enrolled Ashkenazi Jewish participants; while this allows us
to maximize discoveries of resilience factors driven by the
accumulation of rare genetic variants, the generalizability
of our findings will need to be confirmed in future studies.
Nonetheless, many prior findings identified in this cohort
have been confirmed in other populations and vice versa
(10,26,38,39).

In conclusion, this study developed a novel measure, FRS,
to quantify resilience to frailty. The FRS was validated clini-
cally against established measures of frailty, and as a predic-
tor of survival, confirming its utility. Its novel association with
a proteomic profile demonstrated its potential application in
identifying biomarkers and biological mechanisms of resil-
ience. If these findings are confirmed in future studies, FRS
or FRS-associated biomarkers may become a useful clinical
prediction tool and an effective outcome measure for inter-
ventions that target frailty resilience.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
Sciences online.
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