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Abstract

Background: Existing measures of frailty developed in community dwelling older adults may
misclassify frailty in lung transplant candidates. We aimed to develop a novel frailty scale for lung
transplantation with improved performance characteristics.

Methods: We measured the Short Physical Performance Battery (SPPB), Fried Frailty Phenotype
(FFP), body composition, and serum biomarkers representative of putative frailty mechanisms. We
applied a four-step established approach (identify frailty domain variable bivariate associations
with the outcome of waitlist delisting or death; build models sequentially incorporating variables
from each frailty domain cluster; retain variables that improved model performance ability by
c-statistic or AIC) to develop three candidate “Lung Transplant Frailty Scale (LT-FS)” measures:
one incorporating readily available clinical data; one adding muscle mass, and one adding muscle
mass and research-grade biomarkers. We compared construct and predictive validity of LT-FS
models to the SPPB and FFP by ANOVA, ANCOVA, and Cox proportional-hazard modeling.
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Results: In 342 lung transplant candidates, LT-FS models exhibited superior construct and
predictive validity compared to the SPPB and FFP. The addition of muscle mass and biomarkers
improved model performance. Frailty by all measures was associated with waitlist disability,
poorer HRQL, and waitlist delisting/death. LT-FS models exhibited stronger associations with
waitlist delisting/death than SPPB or FFP (C-statistic range: 0.73-0.78 versus 0.57 and 0.55 for
SPPB and FFP, respectively). Compared to SPPB and FFP, LT-FS models were generally more
strongly associated with delisting/death and improved delisting/death net reclassification, with
greater improvements with increasing LT-FS model complexity (range: 0.11-0.34). For example,
LT-FS-Body Composition Hazard Ratio for delisting/death: 6.0 (95%Cl: 2.5, 14.2), SPPB HR: 2.5
(95%CI: 1.1, 5.8), FFP HR: 4.3 (95%Cl: 1.8, 10.1). Pre-transplant LT-FS frailty, but not SPPB or
FFP, was associated with mortality after transplant.

Conclusions: The LT-FS is a disease-specific physical frailty measure with face and construct
validity that has superior predictive validity over established measures.

Introduction:

In recent years, frailty has emerged as clinically relevant predictor of disability, poor health-
related quality of life (HRQL), peri-operative complications, and death before and after
lung and other solid organ transplantation.1 8 Interest in applying frailty in the candidacy
evaluation process is growing and, the most recent international consensus document on the
selection of lung transplant candidates notes that a full candidacy evaluation should include
an assessment of frailty.®

Despite the rapid integration of frailty assessment into transplant evaluation, at least six
different operational measures of frailty are used across solid organ transplant groups.10
This inconsistency reflects the broader frailty literature in which a conceptual definition of
frailty is agreed upon but a consensus regarding the best gperational measure of frailty does
not exist.11-14 Importantly, existing measures were developed decades ago in community-
dwelling older adults and their generalizability to those with advanced lung disease is
incompletely defined, particularly as disability from end stage lung disease may impact
frailty metrics.1112

The implications of including frailty assessments as part of the evaluation process for lung
transplantation are profound and, at minimum, require a measure with acceptable face,
construct, and predictive validity. Consensus statements and opinion leaders in geriatrics
and solid organ transplantation recognize that measures of frailty will evolve and suggest
that biomarkers and anthropomorphic measures that reflect the underlying pathobiology
of frailty could further improve measurement validity.10-15-17 Herein, we report a novel
physical Frailty Scale designed for advanced lung disease and transplantation. The online
supplement contains additional details on Methods, Results, and Discussion.

Methods:

Study design

We analyzed participants in the multicenter observational Lung Transplant Body
Composition (LTBC) cohort study. LTBC focuses on physical frailty, a specific, more

J Heart Lung Transplant. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singer et al.

Page 3

circumscribed subtype of frailty.1® This analysis included candidates for lung transplant age
>18 years at the UCSF, Columbia University Medical Center (CUMC), and the University of
Pennsylvania (Penn) enrolled between June 2017 and May 2021. Center Institutional Review
Boards approved this study.

Conceptual approach to Lung Transplant-Frailty Scale (LT-FS) measure development:

Existing frailty measures were developed by first defining relevant conceptual domains

and then selecting operational measures that reflected these domains. Advances in
geroscience have identified multiple potential mechanisms causing frailty including chronic
inflammation, immune senescence, endocrine dysregulation, sarcopenia, and adiposity.18:19
For this study and before enrollment began, we first defined the conceptual domains of
frailty—including biomarkers that reflect contemporary putative mechanisms—and then
identified candidate operational domain measures based on the extant literature. When

faced with more than one candidate measure, we favored the one most feasible to collect
clinically. For example, we quantified body composition by bioelectrical impedance based
on our prior work that identified cost, availability, transportation, and repeatability barriers
to methods such as CT, dual x-ray absorptiometry (DXA), or MRI1.1:20-22 \\e did not include
measures of cognitive or social frailty as they are not generally considered to be components
of physical frailty® and clinical criteria for transplant generally exclude patients with
significant cognitive impairments or who are socially isolated. Although frailty is, by
definition, multidimensional, we did not a priori set a minimum (beyond one) number of
domains for our index. In frailty, the term “index” is commonly associated with Rockwood’s
Frailty Index.22 “Index”, however, refers simply to a composite measure and existing frailty
indices include as few as three domains.2 Supplemental Table 1 lays out the conceptual
frailty domains and candidate operational measures collected.

Established measures of frailty:

To test whether we could improve physical frailty quantification, we collected commonly
studied measures in lung disease. These included the Short Physical Performance Battery
(SPPB) and the Fried Frailty Phenotype (FFP).25-27 In LTBC, we use the FFP-DASI, a
modification we developed with superior validity in lung transplantation compared to the
original.28 We defined frailty as SPPB scores <9 and FFP scores >3.

Measurement of candidate novel operational measures of frailty domains

Body composition: We quantified skeletal muscle mass (Appendicular Skeletal Muscle
Index [ASMI]) and percent body fat by bioelectrical impedance analysis using the InBody
S10 (InBody USA, Cerritos, CA).20:2%-31 \We measured grip strength using a handheld
dynamometer (Stoelting, Wood Dale, IL).

Serum biomarkers: Recent work reviewed 44 candidate biomarkers of frailty that are
associated with “hallmarks of aging pathways”.32 We narrowed this list to 12 biomarkers
representative of key pathophysiologic pathways and plausible factors in lung disease

and transplant (Table 1). Selected pathways included systemic inflammation, innate
immune activation, epithelial mesenchymal transition and mitochondrial stress, cytoskeletal
hormones/mitochondrial activity, and adipokines/exerkines.
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Serum concentrations of these biomarkers were determined using the Meso-Scale Discovery
(MSD) platform assays (Meso-Scale Diagnostics, LLC, Rockville, MD) with single
samples. Serum albumin (malnutrition/inflammation), hemoglobin (anemia), and creatinine
(multiple pathways) were abstracted from the electronic medical record.

Frailty assessments, measures of body composition, and venous blood collection were
performed during the evaluation process near the time of placement on the waitlist for
transplant. Assessments were repeated, as possible, every three months while participants
were listed. Those assessments most proximal to the time of transplant were used for this
analysis.

Baseline demographics and clinical variables were extracted from the electronic medical
record at the time of frailty assessment. These variables included age, race, body mass index,
pulmonary diagnosis category used for Lung Allocation Score (LAS) calculation33, serum
hemoglobin, creatinine, and albumin, lung function, six minute walk distance, and LAS at
the time of frailty assessment.

Outcome measures:

Delisting for becoming too ill to safely undergo transplant as determined by the clinical
transplant team or death before transplant was considered as a composite outcome consistent
with our previous work.

Disability was quantified with the Lung Transplant Valued Life Activities Scale (LT-
VLA).34 The LT-VLA has a range of 0-3; higher scores reflect worse disability.

Health-related Quality of Life (HRQL) was assessed by Medical Outcomes Study Short
Form-12 Physical Component Summary Scale (SF12-PCS). Higher scores denote better
HRQL.35’36

Early post-operative outcomes included hospital length of stay (LOS), and death within the
first post-operative year.

Statistical approach:

Frailty is, by definition, multidimensional. Thus, a novel instrument should include items
from at least two frailty domains (7.e., a composite measure or index). After defining our
candidate operational measures (referred to now as “variables”) of frailty domains, we
applied an established approach to index development.3”

Step 1. To maximize precision with the number of events available, we used a composite
outcome of waitlist delisting or death before or after transplant to identify threshold
(cut-point) levels for non-binary variables. Where available, we used established clinical
thresholds (e.g., albumin <3.5 g/dL3940, CRP =10 mg/L). We applied receiver operating
curve (ROC) analysis to existing scored components (e.g., SPPB and FFP domains such as
gait speed, chair stands, grip strength) to determine the best cut-points balancing sensitivity
and specificity. For laboratory and body composition variables, where clinical thresholds
were lacking, we used the upper/lower quartile of the distribution. For variables with
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different distributions by sex (e.g., grip strength, body composition), the upper/lower quartile
by sex was used. After defining cut-points, we examined the univariate association between
each variable and waitlist delisting/death. Variables with potentially meaningful associations
moved to the next step (e.g., p 0.10)

Step 2. We developed candidate multivariable Lung Transplant Frailty Scales (LT-FSs).
While our primary aim was accuracy of frailty measurement, an unwieldy instrument will
have limited clinical utility. Findings from Step 1 suggested we had the potential to test three
candidate LT-FSs: one that could be captured from routine clinical encounter data, including
clinical labs (deemed LT-FS-Base); one that included measures of body composition (LT-
FS-Body Composition); and a comprehensive index that included novel biomarkers to be
leveraged for advancing frailty research (LT-FS- Biomarker).

Building operational models of syndromic concepts is not solely driven by quantitative
methods. First, to begin constructing the “base” model, we began by retaining variables
representing core physical frailty domains clusters that have consensus in geriatrics and are
represented across existing instruments (i.e., measures of muscle strength, gait speed). Next,
we considered variables from each of the other clusters (clinical labs, body composition, and
novel blood-based biomarkers) were added to the base model sequentially. We computed
logistic regression analyses for each model using delisting/death as the outcome. Variables
in each cluster that did not make a meaningful contribution to the model were dropped

from further consideration. Meaningful contributions were defined by increasing c-statistics
and/or decreasing Akaiki Information Criteria [AIC]. Clusters were added cumulatively
(e.g., body composition variables were tested and added to the base model that included
frailty core variables and standard labs). All modeling followed this a priori defined method,;
algorithmic approaches such as backward or forward stepwise regression were not used.

Step 3: We followed established methods to develop frailty scores for each LT-FS model by
multiplying the value of the retained variable by its adjusted beta estimate. We examined
performance characteristics of each frailty score (e.g., mean scores, ranges, associations with
delisting/death by logistic regression models, and model AUC for delisting/death).24

Step 4: Binary cut-points for each LT-FS model to define “frailty” were determined using
ROC analyses. We determined sensitivity, specificity, as well as the % frail by each criterion;
the % of frail and % of non-frail delisted/died and AUC.

After defining the final LT-FS measures, we compared convergent, divergent, and predictive
validity of the measures with SPPB and FFP-DASI. We tested LT-FS, SPPB, and FFP
measures’ concurrent validity with pre-operative disability and HRQL by one-way analysis
of variance (ANOVA) or analysis of covariance (ANCOVA) and predictive validity with
pre-operative delisting/death and post-operative hospital length of stay, and one-year post-
transplant mortality by one-way ANOVA or ANCOVA and Cox proportional hazards
modeling. For Cox proportional hazard models, the assumption of non-proportionality was
tested using Schoenfeld residuals.3® We did not have sufficient events to evaluate the
association between FFP and 1-year mortality after transplant by Cox modeling nor test
model assumptions. For delisting/death, we also calculated the overall Net Reclassification
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Index by LT-FS models compared to the SPPB and FFP.3° For disability, HRQL and hospital
LOS, we adjusted for age, sex, race, diagnosis, and center. Given the limited number of
events, for delisting/death and death after transplant, we adjusted for age, sex, and center.

Although some participants underwent more than one frailty assessment, we only quantified
biomarkers in the visit most proximal to the date of transplant. To assess whether traditional
frailty scores remained stable over time, in a post-hoc analysis, we used mixed-effects
models among participants who underwent >1 frailty assessment before transplant. We used
random intercepts to account for correlation among serial frailty assessments within the
same participant. Analyses were performed using SAS (version 9.4, SAS Institute), and R
(version 4.2.2, R Foundation).

Among the 551 LTBC participants who were listed for transplant during the study period
during the study period, 342 had measures of frailty, body composition, and venous blood
samples and made up the cohort for this analysis (Figure 1). Of the 342 participants, 159
(47%) were female, with a median age of 61 years (interquartile range [IQR], 52, 67) (Table
1); 265 (77%) underwent transplantation with a median follow-up time of 25.5 months
[IQR: 15, 34.6 months]. The median time from frailty assessment to transplant surgery was
3.7 months (IQR: 1.3, 9.2). Frailty was prevalent by established measures (SPPB: 39% and
FFP-DASI: 30%). 28 participants died or were delisted before transplant and 9 (3.4%) died
within 1-year after transplant. During the waitlist period, 59 participants (17%) underwent
>1 frailty assessment (range: 2-5). Amongst these participants, frailty scores remained
relatively stable during the pre-operative period (change in SPPB: —0.03 (95% CI: —0.07,
0.01), p value: 0.19; change in FFP: 0.03, (95% CI: 0.01, 0.05), p value: <0.01 per month
additional time on the waitlist)

Bivariate analyses in Step 1 identified the relevance of multiple conceptual domains

of frailty including traditional SPPB and FFP-DASI components, as well as measures

of sarcopenia, adiposity, and multiple biomarkers reflecting key frailty pathophysiologic
pathways. Table 2 details each candidate variable, its assigned cut point, and unadjusted
association with death or delisting. Asterisks denote which variables were selected for the
building of candidate multivariate indices.

In Step 2, we evaluated the three candidate LT-FS models. Table 3 presents the three models
that moved forward to Step 3 along with their constituent individual variable associations
with delisting/death when combined in the multivariate model. As the models increased in
complexity, c-statistics increased and the AIC decreased.

In Step 3, we developed unidimensional frailty scores for each LT-FS model and evaluated
their performance characteristics (Table 4; Supplemental Table 3 provides the scoring
formula for each model). As the models became increasingly complex with the addition
muscle mass and novel biomarkers, the range of frailty scores naturally increased. Each
one-unit increase in frailty scores across models was associated with an 11% increased risk
of delisting/death (all p <0.0001). These point-estimates were similar those for the SPPB
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and FFP-DASI, however, the association between FFP-DASI and delisting/death was not
statistically significant. The AUCs for delisting/death for LT-FS were generally higher than
those for SPPB or FFP-DASI (Table 4).

In the final Step 4, we established cut-points for defining frailty and broadly evaluated their
performance characteristics (Tables 5 and 6). All LT-FS models as well as SPPB and FFP
were correlated with conceptually related factors in the directions expected (Supplemental
Table 4). The magnitude of the correlations was weak, suggesting measures of frailty
provide information distinct from what is routinely collected for clinical lung transplant
candidacy.

In general, all three LT-FS models exhibited stronger predictive validity than the SPPB

and FFP. For example, frailty by LT-FS-Body Composition (includes low muscle mass)

was associated with a 6-fold higher adjusted risk of delisting/death (HR 6.0, 95%Cl: 2.5,
14.2) compared to 2.5 (95%CIl: 1.1, 5.8) for SPPB and 4.3 (1.8, 10.1) for FFP-DASI (Table
6, Figure 2). LT-FS-Base and LT-FS- Biomarker had slightly weaker and slightly stronger
associations for delisting/death compared to LT-FS-Body Composition, respectively, but all
were larger than the SPPB and FFP (Table 6). The overall Net Reclassification Index ranged
from 0.11 to 0.34 by LT-FS model compared to SPPB or FFP (Table 5, Supplemental Table
5). Frailty by LT-FS models, SPPB, and FFP were all associated with disability and worse
HRQL (Table 6, Supplemental Table 6).

After transplant, pre-operative frailty by LT-FS models, SPPB, and FFP was associated with
non-significant trends towards longer hospital LOS (Table 6). Finally, pre-operative frailty
by all LT-FS models was associated with death within the first year. For example, frailty by
LT-FS-Body Composition was associated with a 4.6-fold higher adjusted risk of death within
the first post-operative year (95%Cl: 1.1, 18.4) (Table 6, Figure 3).

Discussion:

Over a short period of time, frailty has emerged as a prevalent and strong risk factor for poor
outcomes before and after solid organ transplantation. These associations have informed
the International Society of Heart and Lung Transplantation 2021 consensus statement on
the selection of lung transplant candidates which now includes the assessment of frailty
as part of a complete transplant evaluation.® To date, physical frailty assessment has been
based on measures developed decades ago in community dwelling older adults. Using an
established process for index development, we developed and preliminarily validated the
“Lung Transplant Frailty Scale” measures or “LT-FS”. LT-FS has superior face, construct,
and predictive validity compared to either the Fried Frailty Phenotype (FFP) or the Short
Physical Performance Battery (SPPB). LT-FS is a refined measure of physical frailty
designed for the needs of the advanced lung disease and transplant community and that
reflects our contemporary understanding of physical frailty pathobiology.

To develop LT-FS, we tested the relevance of candidate operational measures of conceptual
frailty domains based on the extant frailty and transplant literature. We intentionally
developed three versions of the index, each of which serves a purpose. The simplest
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(LT-FS-Base) maximizes clinical scalability by using physical measurements and CRP that
can be readily collected in all clinical environments. A consequence of its ease of use,
however, is modestly worse performance characteristics relative to the other versions. The
most expansive version (LT-FS-Biomarker) incorporates novel biomarkers available only
in research laboratories. Although LT-FS-B/omarkeris unlikely to be applied clinically, it
illustrates the potential for combining multidimensional measures of frailty constructs and
may inform future research efforts. Striking a middle ground, the LT-FS-Body Composition
incorporates advanced measures of body composition. The barriers to measuring body
composition may be relatively low for many transplant programs and including it improves
model performance. An online resource to calculate LT-FS scores is available at http://
lungtransplantfrailtyscale.ucsf.edu.

Regardless of which LT-FS version is used, all exhibit generally superior performance
characteristics compared to the SPPB and FFP. For example, amongst those defined as frail
by LT-FS-Body Composition, 21.4% were delisted/died compared to 5.7% of those deemed
not frail. By comparison, by SPPB, 14.4% deemed frail were delisted/died compared to
8.6% deemed not frail and by FFP, 13.2% deemed frail were delisted/died compared to 8.7%
deemed not frail. Compared to LT-FS-Body Composition, the specificity and strength of
associations with delisting /death was slightly less for LT-FS-Base and slightly greater for
LT-FS-Biomarker.

Important limitations need to be considered. Most notably, the COVID19 pandemic
interrupted our ability to recruit and complete all study measures on our target number of
participants. The smaller sample size precluded us from developing separate derivation and
validation cohorts. Although some other transplant centers collect the SPPB and FFP, none
have banked serum paired with frailty assessments or routinely collect CRP. We also only
included first-time lung transplant candidates. Many of the putative causes of frailty may
be triggered by organ transplantation where off-target side effects of immunosuppression
can cause sarcopenia, adiposity, and comorbidities including diabetes mellitus, hypertension,
kidney disease, and osteoporosis.?%-4> Understanding how frailty assessment may inform
risk stratification in candidates for re-transplantation—a group with generally poorer
outcomes compared to first-time transplant recipients—remains an important knowledge
gap. Although the time-related nature of our data missingness appears random, whether this
missingness and smaller sample size impacted which specific biomarkers were included or
excluded is unknown. Thus, our findings should be considered preliminary until they can
be confirmed in another population. In addition, during the time approaching waitlisting

or while listed, participants likely engaged in various amounts of formal and informal
exercise, including pulmonary rehabilitation programs or inpatient rehabilitation, that could
have impacted their degree of frailty or the values of some of the biomarkers and body
composition measures that made up the LT-FS measures. Further, after transplant differing
doses of rehabilitation could have mitigated some of the mortality risk attributable to pre-
transplant frailty. Since we did not have access to reliable records of the amount and type
of exercises participants performed across the transplant journey, the impact of rehabilitation
cannot be determined. Although not explicitly a limitation, the method we followed for
index development sought to maximize overall model performance (e.g., maximizing AUC
by balancing sensitivity and specificity). For clinicians considering applying the LT-FS—or
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any measure of frailty, for that matter— clinically, it is important to be cognizant of these
different index features. Future research could consider evaluating a range of cut points

to provide options for defining frailty based on study needs (e.g., screening programs,
testing interventions, etc.). We carefully reviewed the literature and tested all conceptual
domains of physical frailty with precedent in the literature of frailty and lung transplantation
or that had biologic plausibility. It is possible that conceptual domains of frailty we did
include not could have been informative. Because this study is ongoing and the cohort has
not accrued the full planned post-operative follow-up time, a robust understanding of the
association between LT-FS and longer term post-operative outcomes will remain unknown
for some time. Our sample size and 3.4% first-year mortality rate may have impacted our
power to detect a statistically significant association between SPPB and FFP and mortality
after transplant. Relatedly, the limited number of deaths after transplant precluded us from
performing analyses stratified by age group or diagnosis and the wide confidence intervals
around mortality risk emphasize that the point estimates of risk should be interpreted
cautiously.

Despite these limitations, our study has important strengths. First, the LT-FS is a novel
measure of physical frailty designed for advanced lung disease and lung transplantation. It
emerged from a prospective, multicenter cohort study explicitly designed for this purpose.
As a result, the candidate measures considered for the LT-FS reflected the consideration

of decades of research into the pathobiology of frailty; the prospective consideration and
collection of candidate operational measures of frailty domains unlikely to be confounded
by lung disease; and a large cohort of participants from multiple centers. We followed a
validated, stepwise approach to index development. The LT-FS joins the Liver Frailty Index,
a 66-item Cystic Fibrosis-specific, and a 40-item pan-solid organ transplant cumulative
deficit index as contemporary measures of frailty designed for use in organ transplant
populations.3-24 The concurrent collection of the FFP-DASI and SPPB allowed us to also
compare the performance of the LT-FS to commonly used measures of physical frailty in
lung transplantation. In 2017 we improved the validity original FFP by refining the “low
activity” domain (the FFP-DASI).28 At that time, we hypothesized that refinements beyond
a single domain might further improve the measurement of frailty in advanced lung disease
and transplant. The LT-FS confirms this hypothesis. Lastly, we consider the development
of three versions of the LT-FS to be a strength. The needs of clinicians and researchers
interested in frailty in lung transplantation—and ageing, more generally—incompletely
overlap.

The different versions of the LT-FS provide groups of users with measures tailored to their
needs. For clinicians, the LT-FS-Body Composition (or LT-FS-Base) could be considered as
a new option to address international recommendations to include frailty assessment in the
consideration of candidates for lung transplantation.® For researchers, the LT-FS-Biomarker
demonstrates the relevance of novel constructs in physical frailty.

Measuring biomarkers of frailty may provide insights into how frailty develops in advanced
lung disease and transplant, identify whether heterogenous pathobiology might explain why
pre-transplant frailty contributes to poor outcomes such as mortality in some yet resolves

after transplant in many others, and inform the design of interventions to prevent or reverse

J Heart Lung Transplant. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singer et al.

Page 10

frailty. This is timely as the NIH and international transplant societies have identified the
development of interventions to treat frailty in solid organ transplant candidates as a priority.
Group-level analyses of randomized controlled trials of exercise with or without dietary
modification in community dwelling older adults and single-arm interventions in adults
with lung and heart disease and in lung transplantation show that frailty is reversible.46-

52 These same trials, however, show that frailty 7zi/sto improve in roughly 30-40% of
individual intervention participants for unknown and unexamined reasons. It is possible that
responsiveness might be a reflection of heterogenous underlying pathobiology. Measuring
biomarkers and their responsiveness to treatment may identify subgroups of frailty more
likely to respond to treatment or subgroups who might benefit from therapies to supplement
a base intervention of exercise and diet modification. Lastly, some of the biomarkers we
identified have the potential to serve as surrogate measures for future adaptive trials.

Although the LT-FS represents a step forward in frailty assessment, it—nor any other
current measure of frailty—s#fould not be used as a sole determinant for restricting access
to life-saving therapies such as lung transplantation. A substantial proportion of frailty

by SPPB and FFP in lung transplant candidates seem to be attributable to end-stage

lung disease and resolves after transplant.53:54 Rather than restricting access to transplant,
frailty screening may identify lung transplant candidates who can benefit from targeted
interventions. Frailty screening may also inform patient-facing and internal transplant team
discussions of risks for poorer outcomes after transplant. Although the causes of frailty

are multifactorial, exercise and diet remain the gold-standard treatments for frailty as they
target many frailty driving mechanisms. As noted above, there is strong evidence that
frailty can be both prevented and ameliorated by physical activity with or without dietary
modification. Although not all frailty resolves with exercise and nutrition optimization,
absent more data, it would be appropriate to prescribe these to frail lung transplant
candidates, where feasible. Notably, barriers to accessing hospital-based rehabilitation in

a timely fashion are substantial.>>~>7 Reflecting these barriers, the NHLBI and professional
societies have also deemed the development of novel intervention strategies, include remote-
based interventions, to treat frailty in lung and other solid organ transplant populations a
priority.10.17

In sum, the Lung Transplant Frailty Scale is a novel, multidimensional measure of physical
frailty designed for advanced lung disease and transplantation. We hope that the LT-FS can
aid efforts to define the role of frailty in the transplant evaluation process and advance
efforts to study its development and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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727 subjects enrolled in LTBC

between June 2017 and May 2021

v

176 subjects were not listed at UCSF, CUMC, and Penn
--- Under evaluation: 51

--- Dropped out from evaluation for lung transplant: 15
--- Died during evaluation for lung transplant: 6

--- Denied listing: 95

--- Listed at other centers: 1

--- Transplanted at other centers: 8

551 subjects were listed at
UCSF, CUMC, and Penn

v

209 subjects without serum biomarkers or bioelectrical
impedance analysis data were excluded

342 subjects were analyzed

Figure 1:
Study Flow
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Figure 3.
Association between frailty and one-year mortality after transplant by A) LT-FS-Base, B)

LT-FS-Body Composition, C) LT-FS-Biomarker, D) SPPB, and E) FFP-DASI
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Baseline characteristics

Table 1.

No. of subjects
Female
Age, IQR
Race
White
Black
Hispanic
Other
Diagnosis category
A (e.g. Obstructive lung disease)
B (e.g. Pulmonary Hypertension)
C (e.g. Suppurative lung disease)
D (e.g. Pulmonary Fibrosis)
Hemoglobin (g/dL)
Creatinine (mg/dL)
Albumin (g/dL)
FVC % predicted
MWD (m)
LAS at frailty evaluation
Pre-transplant SPPB
Pre-transplant FFP
Body composition measures
BMI (kg/m2)
ASMI, female
ASMI, male

Grip strength, female (kg)
Grip strength, male (kg)
Percent body fat, female

Percent body fat, male
Biomarkers
IL-6 (pg/ml)
TNF-alpha (pg/ml)
TNF-R1 (pg/ml)
PTX-3 (pg/ml)
CRP (mg/l)

IL-1 RA (pg/ml)
IP-10 (pg/ml)
GDF-15 (pg/ml)
FGF-21 (pg/ml)
FGF-23 (pg/ml)
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159 (46.5)
61.0 [52.0, 67.0]

226 (66.1)
25(7.3)
56 (16.4)
35(10.2)

60 (17.5)
23(6.7)

24 (7.0)

235 (68.7)
12.8+2.0
0.8+0.2
39+06
51.4+17.9
256.5 + 116.2
43.0£13.0
9.3+3.1
2.0[1.0,3.0]

26.1+45
65+1.2
81+1.2
20.1+73
324+93
349+104
27.8+83

2.3[14,4.1]
1.5[1.2,2.0]

1412.8 [1142.2, 1788.7]
2558.5 [1624.6, 3972.6]
8.7[3.6,21.9]

351.0 [242.0, 514.2]
386.0 [252.4, 576.2]
24475 [1519.0, 3499.9]
920.4 [477.0,1724.9]
48.1[32.5, 86.6]
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IGF-1 (pg/ml) 35.9[2.7,421.9]
Vimentin (pg/ml) 1608.5 [1138.0, 2105.0]

Leptin (pg/ml) 11235.9 [3375.6, 25037.6]

Apelin (pg/ml) 477.8 [315.8, 763.3]

Diagnostic indication for transplantation was groupings in the Lung Allocation Score 33 Data presented as mean + SD, n (%), or median
[interquartile range]. SPPB = Short Physical Performance Battery, FFP= Fried Frailty Phenotype, IL-6 = Interleukin 6, IP-10 = interferon-inducible
protein 10, TNFa = Tumor necrosis factor alpha; TNF-R1 = TNF receptor-1; IL-1Ra = Interleukin-1 receptor antagonist; PTX-3 = Pentraxin-3;
CRP = C-reactive protein; GDF-15 = Growth differentiation factor 15, vimentin, FGF-21 = Fibroblast growth factor 21; FGF-23 = Fibroblast
growth factor-23; IGF-1 = Insulin like Growth Factor-1
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Table 2.
Step 1: Bivariate results
Cut point OR (95% CI) P Moved to next step
SPPB components
Balance score <3 2.73(1.14,6.54) 0.02 *
Gait score <3 2.23(1.06,4,72) 0.04 *
Chair stand score <3 1.31(0.66,2.60) 0.44
FFP components
Weight loss 1 0.76 (0.31,1.84)  0.54
Inactive (DASI) 1 0.83(0.38,1.81) 0.64
Exhausted 1 1.12 (0.49,2.54) 0.79
Weak grip 1 1.94(0.98,3.87) 006 *
Slow gait 1 2.11(0.94,4.72)  0.07  (Used SPPB gait because of higher OR)
Standard labs
Low hemoglobin M<135; F<12  1.46 (0.74,2.89) 0.28
Low albumin <35 2.09 (0.95,4.60) 0.07 *
High CRP >10 4.42(2.02,9.69) <001 *
Body composition
Obese, BMI 230 0.69 (0.28,1.72) 0.42
Low BMI <225 1.40 (0.66,2.96)  0.39
High % body fat M>33.1; F>43.1 1.23(0.58,2.61) 0.59
Low ASMI M<7.3; F<5.8 2.41(1.16,5.02) 0.02 *
Novel biomarkers
High IGF-1 2438.2 1.35(0.63,2.85) 0.44
High FGF-21 21724.7 1.12(0.52,2.41) 0.78
High FGF-23 >86.6 1.47(0.71,3.07) 030
High IL-1RA 2524.8 2.12 (1.04,4.35) 0.04 *
High IL-6 24.17 3.64 (1.80,7.34) <0.01 *
High IP-10 >576.2 1.30 (0.61,2.75)  0.50
High TNFa >2.0 0.90 (0.41,2.00)  0.80
High TNF R1 21805.9 242 (1.19,4.93) 0.01 *
High pentraxin >3989.6 1.53(0.73,3.19) 0.26
High GDF-15 23492.2 2.17 (1.07,4.39) 0.03 *
High vimentin >2.1 0.69 (0.29,1.64)  0.40
High apelin >757.2 0.80 (0.35,1.83)  0.60
Low Vimentin <11 0.86 (0.38,1.97) 0.72
Low apelin <319.3 251(1.24,5.07) 001 *
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Table 3.
Step 2: Logistic models for total scores
Model Variable OR (95% CI) C-statistic ~ AIC
SPPB balance  1.67 (0.57, 4.90)
LTFS. Base FFP weak grip  1.64 (0.80, 3.35) 0731 2939
SPPB gait 1.27 (0.50, 3.23)
High CRP 3.85 (1.73, 8.57)
SPPB balance  1.68 (0.57, 5.01)
FFP weak grip  1.59 (0.78, 3.28)
LT-FS-Body Composition ~ SPPB gait 1.11 (0.42, 2.90) 0.743 222.3
High CRP 3.96 (1.77, 8.86)
Low ASMI 2.15 (0.99, 4.68)
SPPB balance  1.24 (0.36, 4.23)
FFP weak grip  1.35 (0.64, 3.34)
SPPB gait 1.24 (0.46, 3.34)
High CRP 3.15 (1.32, 7.54)
LT-FS-Biomarker Low ASMI 189 (0.82,4.28) 0.777 221.1
High ILIRA  1.53(0.69, 3.41)
High IL-6 1.62 (0.69, 3.85)
High TNFrl  1.24 (0.54, 2.88)
High GDF-15  1.57 (0.69, 3.60)
Low apelin 2.58 (1.19, 5.58)
SPPB N/A 1.79(0.90,356) 0572 2356
FFP N/A 1.60 (0.74, 3.45) 0.552 204.2

Page 30

1duosnuey Joyiny

1duosnuen Joyiny

Logistic models present the individual odds ratio in the setting of multivariate testing for final variables included in each LT-FS model. The
c-statistic and Akaiki Information Criteria (AIC) are presented for each multivariate LT-FS model and, for comparison, frailty by SPPB (score <9)
and FFP (score =3).
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Table 4.
Step 3: Weighted model scores

Model Mean +SD  Scorerange OR (95% CI) per point increase in score ~ AUC (95% CI)
LT-FS-Base  19.2+8.2 10-36.0 1.11 (1.06, 1.16) 0.73 (0.66, 0.81)
LT-FS-Body Composition ~ 20.5+ 8.9 10-424 1.11 (1.06, 1.15) 0.74 (0.66, 0.82)
LT-FS-Biomarker ~ 24.6 +10.7 10-60.3 1.11 (1.07, 1.15) 0.78 (0.69, 0.86)
Model Mean +SD  Score range OR (95% CI) per point increase in score ~ AUC (95% CI)
SPPB 93+31 0-12 1.08 (0.98, 1.19) 0.58 (0.48, 0.67)
FFP 19+12 0-5 1.12 (0.82, 1.53) 0.55 (0.44, 0.66)

Page 31

Each variable in Step 2 models were multiplied by their parameter estimates estimated by logistic regression and combined to create an index
score range. This table demonstrates the performance characteristic of each model score (e.g., mean scores, ranges, score associations with death
and delisting by linear regression, and model area under the curves (AUC) for waitlist death and delisting. The same characteristics of the existing
SPPB and FFP measures are presented for comparison. See http://lungtransplantfrailtyscale.ucsf.edu for an online calculator
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Table 5.

Step 4. Cut-points, frailty criterion evaluation

Page 32

% (n) who were
delisted/died

Model Cut- Sensitivity ~ Specificit % frail Not frail Frail AUC (95% NRI vs SPPB NRI vs FFP
y op y
point ClI) (95% ClI) (95% ClI)
LT-FS-Base: most clinically scalable (frailty measures + routinely available labs)
0.65 (0.56, . 0.16 . 0.11
235 0.54 0.76 275 6.9 (17) 21.3(20) 0.73) (-0.02,0.33)p  (-0.08,0.30) p
' =0.08 =0.25
LT-FS-Body Composition: Model 1 plus body composition: low ASMI
0.68 (0.60, 022002, , 2%
239 0.65 0.71 32.8 5.7 (13) 21.4 (24) 0.76) * ok 0.41) p = 0.03 ( 0.220,06;312) p
LT-FS-Biomarker: Model 2 plus research-based novel biomarkers
0.34 (0.12 0.34
0.74 (0.67, '
28.2 0.78 0.70 354 3.6 (8) 24.0 (29) ( P 0.56) p = (0.12,0.56) p
0.81) 0.005 =0.008
% (n) who were
delisted/died
Model Cut point  Sensitivity  Specificity % frail  Not frail Frail AU%E?S%
SPPB <=9 0.51 0.63 6  86(18) 14409 % ég-)“g'
FFP >=3 0.39 0.72 204 87019 13202 % ég')‘le'

SPPB = Short Physical Performance Battery; FFP = Fried Frailty Phenotype; AUC = area under the curve; NRI = Net Reclassification Index Binary
cut-points for each model to define “frailty” were determined using ROC analyses. Youden, Distance to Perfect, and Balance criteria were used to
define frailty cut-points. Based on cut-points, this Table demonstrates sensitivity, specificity, as well as the % frail by each criterion, % of frail and
not frail that were delisted before transplant or died before or within 1 year after transplant and the area under the curve (AUC) of frailty models.

*
‘p-value for AUC comparison with SPPB = 0.07;

Hok

'.p—value for AUC comparison with FFP = 0.04;

Aok

"p—value for AUC comparison with SPPB and FFP <= 0.003.
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Table 6.

Page 33

Association between LT-FS, SPPB, and FFP frailty measures and outcomes before and after lung

transplantation

Difference in LT-

Pre-transplant outcomes

Difference in SF12-

Hazard ratio for

Post-transplant outcomes

Difference in

Hazard ratio for 1-

Model VLA disability PCS HRQL delisting/death hospital LOS (days) year mortality
e 0.22(0.06,039) (p= -19(-44,0.6)(p=  42(L9,95)(p<  44(-50,137)(p= 59 (L5, 235) (p=

LT-FS-Base 0.01) 0.14) 0.01) 0.36) 0.01)

LT-FS-Base 0.25(0.08,041) (p< -19(-4506)(p=  45(20,10.1) (p<  47(-49,142) (p= 57 (L4 23.0) (p=
adjusted 0.01) 0.14) 0.01) 0.34) 0.01)

LT-FS-Body 024 (0.09,0.40) (p< -2.5(-4.9,-01) (p= 56 (24,130) (p<  4.2(-4.7,132)(p=  47(12,188) (p=

Composition 0.01) 0.04) 0.01) 0.35) 0.03)

i Sos?t‘fgr{ 026 (0.11,042) (p< -25(-4.9,001) (p= 6.0 (25, 142) (p<  48(-4.4,140)(p= 46 (L1, 184)(p=
a%juste " 0.01) 0.05) 0.01) 0.31) 0.03)

LT-FS-Biomarker

LT-FS-Biomarker
adjusted

0.27 (0.12,0.42) (p <
0.01)

0.29 (0.13, 0.44) (p <
0.01)

~2.7(-5.0,-0.4) (p =
0.02)

-2.4 (-4.8,0.04) (p =
0.05)

10.7 (4.0, 28.7) (p <
0.01)

11.0 (4.1, 29.8) (p <
0.01)

34(-52,121) (p=
0.44)

3.9(-5.2,13.1) (p =
0.40)

6.9 (1.4,33.3) (p =
0.02)

6.8 (1.4,32.9) (p =
0.02)

SPPB

SPPB adjusted

0.43(0.29, 0.57) (p <
0.01)

0.41 (0.26, 0.55) (p <
0.01)

-4.7(-6.9,-2.4) (p<
0.01)

-4.5(-6.8,-2.3) (p <
0.01)

2.6(1.2,5.9) (p =
0.02)

25(1.1,58) (p=
0.03)

55(-3.0,14.0) (p =
0.20)

6.5(-2.4,15.4) (p =
0.15)

1.4(0.4,5.0) (p=
0.65)

15(0.4,6.0) (p=
0.58)

FFP

FFP adjusted

0.65 (0.51, 0.79) (p <
0.01)

0.61 (0.47,0.76) (p <
0.01)

-56(-7.9,-3.3) (p <
0.01)

-5.0 (-7.4,-2.6) (p <
0.01)

42(1.8,10.0) (p <
0.01)

43(1.8,10.1) (p<
0.01)

6.3 (-3.4,16.0) (p=
0.20)

8.4 (-1.8,185) (p =
0.11)

Inadequate events to
analyze

Inadequate events to
analyze

LT-FS = Lung Transplant Frailty Scale, SPPB = Short Physical Performance Battery, FFP = Fried Frailty Phenotype; LT-VLA = Lung Transplant
Valued Life Activities scale, SF12-PCS = Medical Outcomes Survey Short Form 12-Physical Component Summary Scale, LOS = length of stay
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