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Purpose: The importance of evaluating frailty status of older adults in clinical practice has
been gaining attention with cumulative evidence showing its relevance in clinical outcomes
and decision-making. We aimed to develop and validate whether the functional age predicted
by an electronic continuous short physical performance battery (eSPPB) could predict frailty
status.

Patients and Methods: We reviewed medical records of outpatients (N=834) of Asan
Medical Center, aged 51-95 years. We used the eSPPB data of 717 patients as a development
cohort, and that of 117 patients, who also underwent comprehensive geriatric assessments, as
a validation cohort. Frailty index was calculated by counting deficits of 45 geriatric items
including comorbidities, daily functions, mobility, mood, and cognition. For functional age,
we used balance score (0—4), gait speed (m/s), and stand-up time (s) measured 5 times in the
chair rise test.

Results: From the development cohort, we established a functional age using the formula
(83.61 — 1.98*[balance score] — 5.21*[gait speed] + 0.23*[stand-up time]), by multivariate
linear regression analysis with chronological age as a dependent variable (R* = 0.233). In the
validation cohort, the functional age positively correlated with frailty index (p < 0.001).
C-statistics classifying frailty (defined as frailty index >0.25) was higher (p < 0.001) with
functional age (0.912) than that with chronological age (0.637). A cut-off functional age of
>77.2 years maximized Youden’s J when screening for frailty, with sensitivity of 94.4% and
specificity of 80.8%.

Conclusion: A newly developed functional age predictor using eSPPB parameters can
predict the frailty status as defined by the deficit accumulation method and may serve as
a physical biomarker of human aging.

Keywords: frailty, biomarker, physical performance, diagnosis

Introduction

Clinical and research interests in identifying frailty in older adults have been ever
increasing globally.' Frailty is a common geriatric condition that is defined as
a state of decreased physiological reserve and increased vulnerability to possible
stressors.! Several researchers have shown that it is associated with adverse health
outcomes such as lower quality of life,” institutionalization,> and mortality.®
Furthermore, frailty status has been regarded as a risk predictor in specialized
medical treatments such as cancer chemotherapy, and other medical therapies or
surgical procedures.*> With researchers suggesting that adverse outcomes of frailty
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and frailty status per se can be amenable to adequately
designed intervention schemes,®’ detecting frailty in older
adults in clinical practice is crucial.®

Currently, identifying frailty status has not been widely
adopted in clinical practices except in geriatrics, even in
developed countries with a high rate of population aging.
There are various instruments to assess frailty, including
screening  questionnaires,”'® operational criteria  for
phenotype,® and indices counting deficits that are associated
with human aging.'""'? However, assessments for frailty
status that can be quickly performed with objective, func-
tional parameters that are less prone to possible human errors
are still lacking."'* Therefore, in specialized medical and
surgical practices, constrained time and human resources
may preclude widespread, routine assessments for frailty in
older patients even with its clinical importance.

Although not originally aimed at detecting the frailty
spectrum, components of the short physical performance
battery (SPPB),'* which is a functional test evaluating stand-
ing balance, walking speed, and chair rise test, assess over-
lapping parameters with frailty phenotype. With these
characteristics, SPPB score is predictably associated with
frailty status and geriatric functional parameters.”'>
Based on this observation, we hypothesized that using sen-
sor-based continuous parameters of standing balance, walk-
ing speed, and chair rise test from the newly developed
electronic SPPB (eSPPB),"> functional age could be calcu-
lated to correlate with the frailty index obtained from the
deficit accumulation model that has been deemed as
a measure of biological age in studies.!” The eSPPB can be
easily performed by less-experienced examiners in an objec-
tive manner with the help of computer-based instructions and
automatic measurement using sensors. Hence, this hypothe-
tical functional age from eSPPB may overcome the current
problems in adopting frailty assessments in clinical practice.

Therefore, we aimed to establish an equation for func-
tional age from a development cohort using the three
parameters of sensor-based eSPPB. Furthermore, we
aimed to validate the newly developed functional age
from the validation cohort using the comprehensive ger-
iatric assessment (CGA)-based frailty index in geriatric
clinic outpatients at a tertiary academic hospital.

Patients and Methods
Study Design and Population

In this retrospective cross-sectional study, we used medical
records of 834 patients who visited the geriatric outpatient

clinic of Asan Medical Center from February 2019 to
January 2020 and underwent eSPPB for their functional
evaluation. In performing eSPPB, patients with apparent
life expectancy less than 1 year due to malignancy and
those with symptomatic heart failure or end-stage renal
disease, patients not able to walk without assistance, and
those with cognitive dysfunction who could not perform
eSPPB according to instructions were excluded for the
eSPPB,
dwelling and ambulatory (with or without walking aid)

measurement of while community-
patients were considered for the test. In these 834 records
of patients who performed eSPPB, records of 717 patients
served as a development cohort (Figure S1), to establish an
equation for functional age from eSPPB. Because of the
previously known population-based correlation between
chronological age and frailty index,'? we used chronolo-
gical age as the dependent variable for the functional age
in this population. However, CGA-based frailty index was
not available in this population. We used medical records
of 117 other patients (Figure S1), who had eSPPB data and
also had undergone CGA, as the validation cohort. The
study protocol was reviewed and approved by the
Institutional Review Board of Asan Medical Center
(S2018-1483-0001), complied the ethical rules for human
that stated in the
Helsinki,'® and informed consent for this analysis was

experimentation Declaration of
waived, regarding retrospective nature of the study, and
potential risk on patients from the analysis was less likely.
In the analysis, confidentiality of patients’ health informa-
tion was maintained, and analysis was performed using
anonymized dataset.

Measurement of Electronic Short Physical

Performance Battery

To measure the physical parameters of eSPPB, we used
sensors and software (Dyphi, Daejeon, Korea) developed
to measure standing balance, walking speed, and chair rise
test as previously reported.'> An array with 16 load cells
detecting the two-dimensional location and weight distri-
bution of each foot was used for the standing balance test.
The standing balance was measured in the side-by-side,
semi-tandem, and tandem stances. The participants were
asked to maintain the posture for up to 10 s. For walking
speed, the patients were asked to walk at their usual speed,
which was measured with a previously validated one-
dimensional light detection and ranging (LiDAR) sensor
that recorded the distance between the sensor and
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participants once every 10 ms.'” For the chair rise test,
patients were asked to stand up and sit down 5 times as
fast as possible with arms folded on the chest. The time
taken to complete the test was measured with two sensors,
a load cell embedded chair measuring the weights of
sitting participant every 10 ms, and a small chip LiDAR
range sensor measuring the distance between the buttocks
of the patient and the chair. Algorithm of the computer
software connected to the sensors automatically produced
scores for components according to previously published
cut-off points, to produce standing balance score (0—4),
walking speed score (0—4), chair rise test score (0—4), and
SPPB total score (0-12)."

Comprehensive Geriatric Assessment

and Frailty Index

We used the frailty index from CGA as our main study
outcome variable. CGA was performed by experienced
nurses in the geriatric outpatient clinic, in patients included
in validation cohort. Presence of comorbidities was assessed
by reviewing medical records and interviewing patients. In
the medication review, status of polypharmacy was defined
as taking >5 different medications per day. Mobility was
assessed by self-reported measures using three mobility
items by Rosow and Breslau,”® and five items of basic
physical activities by Nagi.?' Any fall history in the past
1 year was recorded. Significant weight loss was defined as
>4.5 kg reduction in body weight in the last 1 year. For
cognitive function, the Korean version of Mini-Mental
Status Examination was used.”> Activities of daily living
(ADL) functions of dressing, washing, bathing, eating, mov-
ing, and using bathroom were recorded. Instrumental activ-
living (IADL) functions
transportation, using phones, buying groceries, managing

ities on daily of taking
medications, managing finances, preparing foods, doing
basic household chores, and washing clothes were recorded.
Patients with >1 impaired items were considered to have
disabilities in ADL or IADL functions.

For quantitative evaluation of frailty burden in partici-
pants of the validation cohort, we built a frailty index
counting accumulations of deficits associated with human
aging, based on the widely accepted procedures using
CGA parameters (Table S1).'"*> We included parameters
entailing underlying diseases, physical and cognitive
impairments, psychosocial risk factors, geriatric syn-
dromes, and disability. The specific components of the
frailty index in this study are listed in Table S1. The frailty

index was calculated as the cumulative deficit of the 45
items ranging from 0 to 1, where a higher score indicated
a greater frailty burden. Frailty index of >0.25 represented
frailty, in accordance with a previous study.'!

Statistical Analysis

To establish a conceptual functional age from eSPPB, we
used multivariable linear regression analysis with origi-
nal standing balance score, walking speed (m/s), and
time (s) to finish the chair rise test as independent vari-
ables, and the chronological age as a dependent variable.
T-test was used to compare age and physical perfor-
mance between the development and validation cohorts.
Mann-Whitney test and X? test or Fischer’s exact test
were used to compare demographic and geriatric para-
meters according to the calculated functional age in the
validation cohort. Linear regression analysis was per-
formed to assess correlation between the functional age
and frailty index in the validation cohort. Receiver oper-
ating characteristic (ROC) analysis was used to evaluate
the classifying performance of chronological age and
functional age with respect to the frailty index, and
C-statistics from these ROC analyses were compared.
Two-sided p-values < 0.05 were considered statistically
significant. Statistical analyses were performed using
Stata 16.0 (StataCorp, College Station, TX, USA).

Results
Establishment of a Conceptual Functional

Age from Development Cohort
The development cohort (n = 717) comprised of 398
(55.5%) females, and the mean age was 73.2 years (stan-
dard deviation [SD] 9.2, range 51-95). Mean SPPB total
score was 10.1 (SD 2.6), and the distributions of SPPB
total score and component specific scores are shown in
Figure 1. A multivariable linear regression model pro-
duced the following equation for conceptual functional
age with chronological age as a dependent variable (R =
0.233, p < 0.001; Table 1 and Figure 2A):

Functional age = 83.61 — 1.98*(balance score, point) —
5.21%*(gait speed, m/s) + 0.23*(stand-up time, s)

Associations of Functional Age and
Chronological Age with Frailty Status in
Validation Cohort

The validation cohort (n = 117) included 59 (50.4%)

males, and the mean age was 77.2 years (SD 7.0).
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Figure | Distributions of short physical performance battery (SPPB) total score and balance score, walking speed score, chair rise score in development cohort (n=717).

Baseline characteristics of the validation cohort are shown
in Table 2, with population divided into two groups by the
median value (74.2 years) of functional age of this cohort.
Mean SPPB total score was 9.6 (SD 2.5). Patients in the
validation cohort were older (p < 0.001) and had worse
SPPB total score (p = 0.041) when compared to patients in
the development cohort. In this population, mean frailty
index was 0.14 (SD 0.12), and 18 (15.4%) had frailty
index of > 0.25 and were considered frail. The functional
age from SPPB parameters positively correlated with the
frailty index (Standardized beta [B] = 0.66, R* = 0.432, p<
0.001; Figure 2B) as did the chronological age (B = 0.34,
R? = 0.118, p < 0.001). In the ROC analysis (Figure 3),
C-statistics classifying frailty was higher (p < 0.001) for
functional age (0.912) than for chronological age (0.637).
A cut-off functional age of >77.2 years maximized
Youden’s J in classifying frailty, with sensitivity of
94.4% and specificity of 80.8%.

Discussion
This study showed that a conceptual functional age model
based on the three physical parameters of eSPPB, which
was developed to track chronological age, correlated with
the frailty index from CGA in an independent population.
The present study was the first to adopt recently developed
sensors and software for eSPPB in a real-world clinical
setting. This revealed that sensor-based continuous para-
meters of gait speed and chair rise test could be incorpo-
rated into a model to capture the spectrum of human aging.
Also, as ROC analysis showed in the validation popula-
tion, functional age from physical parameters was superior
in classifying frailty than chronological age, supporting the
concept that trajectory of aging and frailty are heteroge-
nous among individuals.

Previously, numerous studies attempted to disentangle
the biological mechanism and nature of frailty and human
aging.?* In large human populations, association between

Table | Linear Regression Analysis Predicting Chronological Age From the Parameters of Short Physical Performance Battery in

Development Cohort (n=717)

Coefficient (B) 95% Confidence Interval p-value
Balance score (increasing by | point) —1.98 —2.56 to —1.40 <0.001
Walking speed (increasing by | m/s) =521 —6.60 to —3.82 <0.001
Stand-up time (increasing by | s) 0.23 0.12 to 0.33 <0.001
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Figure 2 Scatterplot and fitted line by linear regression analysis showing (A) functional age and chronological age in development cohort (n=717) and (B) functional age and

frailty index in validation cohort (n=117).

frailty index and chronological age have been reported.'”
Subsequent studies showed that frailty is associated with
endocrinological dysregulation, chronic inflammation, and
vascular damage. A recent proteomics study of human
population supported these associations.”> >’ Moreover,
studies have suggested that frailty phenotype can be
a consequence of cellular senescence, possibly mediated
by senescence-associated secretory phenotype, and chronic
inflammation, and this mechanism might be reversed in
pre-clinical models.*®*’

While many studies have focused on discovering
molecular biomarkers of frailty that eventually might
be translated to possible novel mode of action in

treating human aging, we attempted to track frailty
using physical, macroscopically measured dynamic para-
meters that can be rapidly acquired in a non-invasive
manner. As Zampino et al suggested in a recent
review,”> we aimed to measure the generalized pheno-
type of frailty in a spectrum manner rather than by
disease-specific measures, which can predict clinical
outcomes and be sensitive to interventions. By combin-
ing physical performance parameters of previously
known abilities to predict outcomes and sensitivities to

interventions, >3

we could even predict frailty by
deficit accumulation that includes chronic diseases as

well as mobility parameters.

Table 2 Clinical Characteristics of Patients Included in the Validation Cohort, with Higher Functional Age and Lower Functional Age
Group Defined by the Median Value of Functional Age (74.2 Years)

Lower Functional Age (<74.2 years), Higher Functional Age (=74.2 years), p-value®

N =59 N =58
Chronological age 742 (7.2) 80.3 (5.3) <0.001
Sex (male) 27 (45.8%) | 32 (55.2%) | 0.309
Comorbidities
Hypertension 25 (43.9%) | 39 (68.4%) | 0.008
Diabetes 13 (22.8%) | 16 (28.1%) | 0.519
Depression 12 (21.1%) | 16 (28.1%) | 0.514
Dementia 3 (5.3%) | 8 (14.0%) | 0.203°
Frailty index 0.08 (0.05) 0.20 0.13) <0.001
Polypharmacy 26 (45.6%) | 46 (80.7%) | <0.001
Fall history in | year | 5 (8.8%) 19 (33.3%) | 0.002°
ADL dependency 3 (5.1%) 17 (29.3%) | <0.001°
IADL dependency I (18.6%) | 33 (56.9%) | <0.001

Notes: Data presented as number (%) or mean (standard deviation). *Mann-Whitney test for continuous variables and % test for categorical variables. ®Fischer’s exact test.
Abbreviations: ADL, activity of daily livings; IADL, instrumental activities of daily living.
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Even though the present study simply used the three
parameters of balance score, continuous gait speed, and
chair rise test time of eSPPB, elaborate algorithms using
sensor derived parameters with accumulating clinical data
may reveal values of previously lesser-known parameters
that can be observed in physical performance tests. For
example, initial acceleration of walking, walking speed
variability, and other gait parameters including step width
and length could be acquired and analyzed in a single
walking test. With these advances, dynamic ranges and
resolutions of physical parameter portfolio can be further
improved in future studies.

Our findings on physical parameters and frailty index may
have implications on developing schemes to measure frailty
in model organisms.>**? Previously, in rodent studies, bio-
chemical or histological measures with survival analysis were
commonly used to assess effects of agents that could delay
aging phenotype or remove senescent cells.”® With intrinsic
drawbacks in reliably measuring physical performance of
rodents in behavioral experiments, physical biomarkers have
been mostly regarded as supplementary measures in contrast
to human trial designs that prioritize improvements in physi-
cal performance.®® However, with advances in sensor tech-
nologies, human physical biomarkers might be translated to
animal models to close the current gaps between pre-clinical
and clinical studies on frailty and aging.

Despite this study being the first to adopt novel sensors
measuring physical performance in assessments of frailty in
real world geriatrics clinic, it had several limitations. Since
the study was based on outpatients of a tertiary hospital, the
new equation for functional age from the validation cohort

f (A) functional age and (B) chronological age to detect frail status by frailty index in

of this study may not be generalizable to other older popula-
tions. Although functional age was validated in an indepen-
dent population that had undergone CGA, the size of the
validation population was substantially smaller than the
development population. Additionally, the validation popu-
lation was older and had worse physical performance as
compared to the development population, which may have
produced biased results in the study. Further validation in
a larger and balanced population with CGA is warranted.

Conclusion

In conclusion, functional age developed to correlate maxi-
mally with the chronological age using the three para-
meters of eSPPB could predict frailty index by CGA in
geriatric outpatients. Functional age, calculated from
eSPPB that can be performed in a relatively short time in
a non-invasive manner, may serve as a physical biomarker
of human aging.
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