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Abstract

Frailty is associated with increased mortality among lung transplant candidates. We sought to 

determine the association between frailty, as measured by the Short Physical Performance Battery 

(SPPB) and mortality after lung transplantation. In a multicenter prospective cohort study of adults 

who underwent lung transplantation, pre-operative frailty was assessed with the SPPB (n=318) 

and, in a secondary analysis, the Fried Frailty Phenotype (FFP; n=299). We tested the association 

between pre-operative frailty and mortality following lung transplantation with propensity score 

adjusted Cox models. We calculated post-estimation marginalized standardized risks for one-year 

mortality by frailty status using multivariate logistic regression. SPPB frailty was associated with 
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an increased risk of both one- and four-year mortality (adjusted hazard ratio [aHR]: 7.5; 95%CI: 

1.6–36.0 and aHR 3.8; 95%CI: 1.8–8.0, respectively). Each one-point worsening in SPPB was 

associated with a 20% increased risk of death (aHR: 1.20; 95%CI: 1.08–1.33]). Frail subjects had 

an absolute increased risk of death within the first year after transplantation of 12.2% (95%CI: 

3.1–21%). In secondary analyses, FFP frailty was associated with increased risk of death within 

the first post-operative year (aHR: 3.8; 95%CI: 1.1–13.2) but not over longer follow-up. Pre-

operative frailty is associated with an increased risk of death after lung transplantation.

INTRODUCTION

Lung transplantation aims to extend survival, reduce disability, and improve health-related 

quality of life for persons suffering from advanced lung diseases. Despite stringent selection 

criteria and advances in surgical and medical therapies, mortality after lung transplantation is 

high and has not improved in the last 5 years (1).

A 2005 overhaul in the U.S. donor lung organ allocation system aimed to reduce an 

unacceptably high waitlist mortality (2). While achieving its primary aim, a consequence of 

the Lung Allocation Score (LAS) system is that older and sicker candidates are prioritized 

for transplantation. As a result, older adults (age ≥65) are the fastest growing group of lung 

transplant candidates in the U.S., now accounting for nearly 30% of new transplant 

recipients compared to only 4% in 2002(1). After lung transplantation, those 65 years and 

older have a median survival of only 3.6 years, fully three years less than those 35–49 years 

old (3). This rapid trend has outpaced the evidence base and data are needed to identify 

which candidates will do well after lung transplantation. Absent better approaches, 

transplant programs have adopted admittedly arbitrary age cutoffs or “eyeball tests” of 

fitness to identify suitable candidates. Although known risk factors for death such as age, 

functional status, oxygen use, and others are already incorporated into LAS, increasing 

waitlist mortality rates and persistently high mortality after lung transplantation underscore 

the need to identify novel, ideally modifiable, risk factors for poor outcomes (1). Doing so 

will help to maximize the individual and societal benefit of a scarce resource such as lung 

transplantation (2).

We recently identified physical frailty as a novel risk factor for disability and death prior to 

transplant in lung transplant candidates (4). Originally a geriatric construct, frailty reflects 

accumulated aging-related deficits across multiple systems that attenuate the body’s 

physiologic reserve. This results in a “state-of-risk” for disproportionate declines in health 

status upon exposure to an additional physiologic stressor (5). Frailty is a risk factor for 

disability, perioperative complications, and mortality in older medical and surgical 

populations (6–14) including abdominal organ transplantation (4, 15–19). Further, frailty, 

defined by an accumulation of deficits, is associated with mortality after lung transplantation 

(19). Whether pre-operative physical frailty is a novel risk factor for mortality following 

lung transplantation, however, is unknown. In this multi-center prospective cohort study, we 

aimed to determine whether pre-operative physical frailty quantified primarily by the Short 

Physical Performance Battery and, secondarily, by the Fried Frailty Phenotype, was 

associated with an increased risk of death after lung transplantation.
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METHODS

Study design, Participants, and Setting

We analyzed participants in the Lung Transplant Body Composition (LTBC) study. LTBC is 

a multicenter observational prospective cohort study investigating the impact of pre-

operative body composition and physical frailty on outcomes in lung transplant candidates 

and recipients. We excluded candidates for multi-organ or redo lung transplantation. For this 

analysis, candidates for lung transplantation age ≥18 years at the University of California, 

San Francisco (UCSF), Columbia University Medical Center (CUMC), and the University of 

Pennsylvania were recruited. As reported previously, in the early phase of this study (2010–

2012), UCSF was utilizing the Short Physical Performance Battery (SPPB) and CUMC was 

utilizing the Fried Frailty Phenotype (FFP) as to quantify physical frailty (detailed below) 

(4). After 2012, centers began collecting both measures; as a result, not all subjects 

completed both frailty measures. The overall study period ranged between February, 2010 

and May, 2017. Institutional Review Boards at each center approved this study and 

participants provided written informed consent for participation.

Frailty Assessment

We tested two well-validated frailty measures that emphasize physical functioning and that 

we previously found to be associated with death or removal from the waitlist in lung 

transplant candidates (4). Although our previous work and new findings in kidney 

transplantation suggest that the SPPB may be superior to the FFP, there is equipoise in 

regards to survival after lung transplantation (4, 20). Details on the frailty measures and 

scoring are in Supplemental Table S1. For this analysis, we defined the SPPB as our primary 

measure of frailty and, in secondary analyses, defined frailty by the FFP. Frailty assessments 

were performed around the time of listing and, as possible, every three months while 

subjects were listed. Those assessments most proximal to the time of transplant were used 

for this analysis. The SPPB is a 3-component battery that includes gait speed, chair stands, 

and balance (6, 7). Each measure is scored from 0–4 with an aggregate score ranging from 

0–12. Lower SPPB scores reflect increased frailty. Consistent with established definitions 

and our prior work, we defined frailty as an SPPB score of ≤ 7 (4, 6).

The FFP is an aggregate score of five constructs: low physical activity, slowness, weakness, 

shrinking, and exhaustion (8). Each construct is assigned “1” if present or “0” if absent, 

standardized to sex, height, and weight. The FFP ranges from 0–5, In contrast to the SPPB, 

higher scores reflect increased frailty. Consistent with established definitions, we defined 

frailty as a FFP score of ≥3 (8). To minimize missing data and maximize our FFP sample 

size, we defined frailty by FFP using a “best-measure” approach. We have previously shown 

that replacing the operational measure of the FFP low activity domain (the Minnesota 

Leisure Time Activity Questionnaire [MLTA] (21)) with a measure validated in 

cardiopulmonary disease (the Duke Activity Status Index questionnaire [DASI] (22)), better 

quantified frailty-attributable low activity in lung transplant candidates by improving 

multiple tests of validity, including predicting waitlist delisting or death (23). Over the study 

period, early participants completed only the MLTA survey, others both the MLTA and 

DASI, and later subjects only the DASI. For subjects who had completed the DASI survey, 
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we defined low activity by this metric (termed “FFP-DASI”); for earlier subjects who had 

only completed the MLTA survey, we defined low activity by MLTA (“FFP-MLTA”).

Confounding and precision variables

Demographic and clinical variables at the time of frailty assessments were abstracted from 

medical records. Variables included age, gender, body mass index (BMI; kg/m2), race/

ethnicity, diagnostic indication for transplant, forced expiratory volume in one second 

(FEV1; liters) forced vital capacity (FVC; liters), six-minute walk distance (6MWD; 

meters). We also abstracted each subject’s LAS (range 0 – 100; higher scores are prioritized 

for organ allocation) at the time of listing and at the time of lung transplantation. All 

subjects in this analysis underwent lung transplantation, with mandatory reporting of the 

demographic and clinical factors to a national registry overseen by the Department of Health 

and Human Services. As a result, we had no missing data for any of the covariates.

Outcome measures

Since we hypothesized that pre-operative frailty was most likely to influence early death, we 

defined survival time within the first post-operative year as our primary outcome. Dates of 

death were obtained through medical record review. Survival time was calculated as the 

number of days from the date of lung transplantation until the date of death. For one-year 

survival, survival time was right-censored at 365 days. We also performed secondary 

analyses evaluating whether pre-operative frailty – as either a binary (frail or not) or 

continuous variable – was associated with longer-term mortality. Due to few subjects with 

follow up time greater than four years, we restricted our longer-term survival analysis to four 

years and right-censored survival time at 1460 days. We also tested whether pre-operative 

frailty was associated with length of index hospitalization stay.

Analysis Approach

The unadjusted associations of frailty with death after transplantation were visually assessed 

with Kaplan-Meier methods and compared using the log rank test. For subsequent adjusted 

models, a modest number of deaths within the first year after transplant could have required 

us to consider a parsimonious list of covariates. To address this, we controlled for potential 

confounders and precision variables by generating propensity scores predicting frailty status. 

Variables used to generate the propensity score included age, gender, race/ethnicity, 

diagnosis, FVC, BMI, 6MWD, and LAS. We utilized the STATA “pscore.ado” program to 

generate propensity scores and confirm that the covariate balancing hypothesis was satisfied 

(24, 25). We used multivariable stratified Cox proportional hazard models to estimate the 

association between pre-operative frailty and death within the first year after transplant. We 

first examined the unadjusted association between frailty and mortality with one stratum for 

each transplant center. Next, we included the propensity score in the subsequent adjusted 

models. Lastly, we conducted a series of a sensitivity analyses. In one analysis, we included 

the LAS at the time of lung transplantation as a covariate in the propensity score adjusted 

models. In a subsequent analysis we included change in LAS from the time of listing to the 

time of transplant as a covariate in the propensity score adjusted models. Next, we tested the 

association between frailty and mortality after transplant differed in the era before or after 

the February 15, 2015 update to the LAS scoring algorithm. In a fourth sensitivity analysis, 
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we excluded subjects (n = 17) with frailty assessments that were more than nine months 

from the date of transplant. Finally, we included the need for extra-corporeal membrane 

oxygenation or invasive mechanical ventilation as a bridge to lung transplantation as a 

covariate in the propensity score adjusted models. To evaluate the proportionality of hazards, 

we plotted scaled Schoenfeld residuals with respect to time, assessed log-negative-log plots, 

and employed the Schoenfeld test. Length of incident hospital stay was compared with 

Wilcoxon rank sum.

We calculated post estimation marginalized standardized risks for death within the first-year 

using logistic regression models with frailty as an independent variable and death as the 

dependent variable, controlling for center and the propensity score that did not include BMI 

or 6MWD.

Analyses were performed using Stata (15.1, StataCorp, College Station, TX). For all 

analyses, we used a p-value of < 0.05 as the threshold for statistical significance.

RESULTS

A total of 386 subjects with pre-operative frailty assessments underwent lung transplantation 

and were included in this cohort. Of the cohort, 318 completed SPPB frailty assessments and 

299 completed FFP assessments, and 231 completed both. The median time between frailty 

assessment and the date of transplant was 2.8 months (interquartile range [IQR]: 1.1, 6.1). 

The cohort was 56% male, median age was 59 years (IQR: 50, 65), and median LAS was 

42.6 (IQR: 36.2, 54.3; Table 1); 28% of the cohort had more than one frailty assessment 

before transplant (median 1, IQR: 1, 1; range 1 – 4). Most subjects (68%) underwent lung 

transplantation for pulmonary fibrosis, followed by 20% for non-suppurative obstructive 

lung disease (predominantly chronic obstructive pulmonary disease [COPD]), 9% for 

suppurative lung diseases (predominantly cystic fibrosis), and 3% for pulmonary arterial 

hypertension. In comparison to all patients undergoing lung transplantation in the U.S., our 

cohort had fewer Caucasians, more subjects with pulmonary fibrosis, and fewer subjects 

with LAS scores <35. The median duration of follow-up was 2.5 years (IQR: 1.2, 4.3 and 

range 1 day to 7.1 years) with 1,096 person-years of observation. No subjects were lost to 

follow up.

A total of 20% of the subjects were frail by our primary definition employing the SPPB 

(95% Confidence Interval [CI]: 16–25; Table 1). The prevalence of frailty was similar in 

older and younger recipients (age <65: 21% [95%CI: 17–27] versus age ≥ 65: 17% [95%CI: 

11–25]; p = 0.35). Consistent with other populations, frailty was more prevalent in women 

(8). The distribution of frailty across diagnostic groups was similar, despite heterogeneous 

age distributions across the groups (for example, median age of those with pulmonary 

fibrosis was 60 years [IQR: 53–66] versus 30 years [IQR: 26–42] for those with suppurative 

lung diseases). Those who were frail walked substantially shorter distances in six minutes 

and had higher LAS scores at the time of lung transplantation (Table 1).

Nineteen subjects died within the first year after lung transplantation; of these 10 were 

women. Causes of death included infection (n =7), primary graft dysfunction (n = 4), acute 
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rejection or chronic allograft dysfunction (n =3), cardiovascular events (n =2), and other (n 

=2). In unadjusted analyses, pre-operative frailty was associated with a ten-fold increase in 

the risk of death during the first-year after lung transplantation (Hazard Ratio [HR]: 10.5; 

95%CI: 2.9–37.9; Table 2; Figure 1A). In the propensity score-adjusted model, frailty was 

associated with a nine and a half-fold increased risk of death (HR 9.7; 95%CI: 2.4–38.9; 

Table 2). Over the entire study period, 70 subjects died with 65 of these deaths occurring 

within the first four years after transplant (mortality rate: 6.5 deaths per 100 person years). 

Causes of death included infection (n = 21), primary graft dysfunction (n = 4), acute 

rejection or chronic allograft dysfunction (n = 20), cardiovascular events (n = 3), cancer, (n = 

6), and other (n = 16). In an unadjusted model, frailty was associated with a two and a half-

fold increased risk of death (Figure 1B; HR: 2.5; 95%CI: 1.3–4.8). In the propensity score-

adjusted model, frailty was associated with a greater than three and a half-fold increased risk 

of death (HR 3.8; 95%CI: 1.8–8.0). Furthermore, each one-point worsening in frailty was 

associated with a 10–20% increased risk of longer-term mortality (HR 1.12; 95%CI: 1.03–

1.21 for unadjusted model; HR 1.20; 95%CI: 1.08–1.33 for propensity score-adjusted 

model). Adding LAS as a covariate to the propensity-score adjusted models did not 

appreciably change our findings (Table 2). Our findings were also generally not substantially 

different across five sensitivity analyses (Supplemental Tables S2–5). The exception was a 

stronger association between FFP frailty and one-year mortality when controlling for the 

need for pre-operative ECMO or invasive mechanical ventilation as a bridge to lung 

transplantation (Supplemental Table S5).

Based on the calculated standardized predicted risk of death in the first year after lung 

transplantation, frail subjects had a propensity score adjusted 13.7% absolute risk of death 

(95%CI: 3.2–24%) compared to 1.5% in those who were not frail (95%CI: 0.03–3.0%) – an 

absolute risk increase of 12.2% (95%CI: 3.1–21%) (Figure 3).

In our secondary analysis in which we defined frailty by the FFP, 33% of subjects were frail 

before transplantation (95%CI: 28, 39%). FFP frailty was associated with a greater than 

three and a half-fold increased risk of death within the first year after transplant, adjusting 

for propensity score (HR: 3.8; 95%CI: 1.1–13.2) (Figure 2A and Table 3). In contrast to the 

SPPB, the association between FFP frailty and death over four years of follow-up varied 

over time and violated the proportionality assumption, precluding log rank testing or using 

cox proportional hazard models (Figure 2B and Table 3). It should be noted that none of the 

subjects identified as frail by FFP died between 1.2 and 3.3 years after lung transplantation. 

Finally, based on the calculated standardized predicted risk of death in the first year after 

lung transplantation, frail subjects measured by FFP had a 7% (95%CI: 2.3–11.8%) absolute 

increased risk of death after controlling for age, diagnosis, lung function, LAS, and 

transplant center (standardized predicted risk for those who were frail was 9.5% [95%CI: 

2.6–16%] versus 2.5% [95%CI: 0.3–4.6%] for those who were not). Supplemental Table S5 

illustrates that the point estimates for the association between FFP-DASI and FFP-MTLA 

defined frailty and one-year mortality were similar to our composite FFP measure.
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DISCUSSION

In this U.S.-based multicenter prospective cohort study, we found that frailty, defined by the 

Short Physical Performance Battery (SPPB), was common among lung transplant candidates 

and was independently associated with an increased risk for early mortality following lung 

transplantation. Beyond the increased relative risk, those who were frail before lung 

transplantation had an absolute increased risk of death within the first post-operative year of 

12% compared to those who were not frail. Additionally, each one point worsening in pre-

operative SPPB was associated with a 20% increased risk of longer-term death after lung 

transplantation. In secondary analyses, we found that frailty defined by the Fried Frailty 

Phenotype (FFP) was independently associated with one-year, but not longer-term, mortality 

following lung transplantation.

Given the scarcity of donor organs, especially in lung transplantation in which only <30% of 

donor lungs are accepted, efforts to reduce mortality after transplantation are fundamental to 

maximizing the individual and societal benefit of transplantation (26). Applying concepts 

and principles from the aging literature to lung and other solid organ transplantation is 

becoming increasingly relevant to clinical care and, potentially, organ allocation policy. 

Adults ≥65 years of age now represent nearly 30% of new lung transplant recipients, up 

from 4% in 2002 (1). Similar trends have been observed in heart, liver, and kidney 

transplantation (27–29). In the last five years, frailty measured by the SPPB and/or FFP has 

been shown to be associated with an increased risk of death among lung, heart, and liver 

transplant candidates (4, 16, 18). In addition, frailty is associated with delayed graft 

function, length of stay following transplant surgery, hospital readmission, and mortality 

after kidney transplantation (15, 17, 30–32). Also, in a single center retrospective study, 

frailty quantified by the cumulative index model was associated with mortality after lung 

transplantation (19). This study and our prior work demonstrating that frailty is 

independently associated with waitlist and post-transplant mortality across age groups adds 

to this emerging body of work (4).

That the prevalence of frailty in solid organ transplantation ranges from 10–43% inclusive of 

younger candidates suggests that the biology driving pathologic aging may be operational 

across the age spectrum (4, 15–18, 31–34). Work starting to tease apart the pathobiology of 

frailty, including chronic inflammation, neurohormonal failure, sarcopenia, and epigenetics 

could provide mechanistic insights and, potentially explain part of the association between 

clinical frailty and mortality (4, 35–39). The putative mechanisms causing frailty are 

multiple, however, and reflect the complexity of the aging process (40). Understanding the 

pathobiology driving frailty could also highlight novel targets for intervention and identify 

whether the causes of frailty are universal across lung diseases with heterogeneous 

pathophysiology or whether sub-phenotypes of frailty with distinct pathobiology, outcome 

risks, and treatment responses (so called “endotypes”) exist. For example, higher levels of 

systemic inflammation (as quantified by interleukin-6 [IL-6], tumor necrosis factor [TNF], 

C-reactive protein [CRP]) are associated with increased exacerbations, poorer lung function, 

and death in COPD (41–43). In contrast, patients with idiopathic pulmonary fibrosis (IPF) 

do not have evidence of systemic inflammation by IL-6, TNF, or CRP (44). As in 

heterogeneous conditions like asthma or the adult respiratory distress syndrome in which 

Singer et al. Page 7

Am J Transplant. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endotype analysis has resulted in major breakthroughs in understanding the pathobiology 

and treatment responses, considering the relationship between multiple pathobiological 

factors may advance our understanding of frailty (45–47).

Our findings, considered in the context of work in other solid organ transplant populations, 

suggests that frailty may represent a universal risk factor for poor outcomes not currently 

captured by existing risk stratification and U.S. organ allocation systems including the LAS, 

Model for End-Stage Liver Disease, kidney Estimated Post-Transplant Survival score, and 

the less granular heart allocation system(48). Given the prevalence of frailty in organ 

transplant candidates and its strong association with poor outcomes, including measures of 

frailty in the transplant candidacy evaluation process may ultimately help improve outcomes. 

While measures of frailty hold promise to improve risk stratification and potentially organ 

allocation schema, the existing evidence – limited to single or multicenter (but not national) 

data – is not robust enough to advocate that measures of frailty be immediately incorporated 

into existing allocation policy.

Before implementing measures of frailty into organ allocation, work is needed to identify the 

most valid measures of frailty in solid organ transplantation. This study and our prior work 

has demonstrated that the prevalence and strength of association between frailty and waitlist 

and post-transplant mortality differs by the specific operational measure of frailty employed 

(4). Although our data show that the SPPB outperforms the FFP in predicting both waitlist 

and post-transplant mortality in lung transplantation, numerous operational measures of 

frailty exist, some of which quantify other conceptual domains of frailty not included in the 

SPPB (chair stands, gait speed, and balance) or FFP (gait speed, grip strength, exhaustion, 

low activity, and wasting). Although originally referred to as a measure of lower extremity 

performance, the SPPB meets the conceptual multidimensional criteria as well as construct 

and predictive validity criteria needed for valid frailty measures (49). Because its ease of use 

relative to other frailty measures, SPPB was selected as the measure of physical frailty by 

Sarcopenia and Physical Frailty in Older People: multicomponent treatment strategies 

(SPRINTT) Consortium (50). Whether the SPPB is the best measure of frailty in lung 

transplantation or whether other conceptual domains, such as cognitive impairment, could be 

informative and improve the predictive validity of frailty quantification is unknown (51, 52). 

The existing literature evaluating the association between single frailty domains such as 

malnutrition, low exercise capacity by six-minute walk testing, or CT imaging-based 

assessments of low muscle mass as a proxy for sarcopenia and outcomes before and after 

lung transplant provide supportive evidence that additional metrics are likely to be useful in 

defining frailty in advanced lung disease and lung transplantation (53–57). Thus, work is 

needed to identify which conceptual domains to include, whether established cut points 

derived in community dwelling older populations need to be modified for use in lung 

transplantation, and whether the addition of biomarkers or imaging to better quantify 

inflammation, sarcopenia, and other putative pathobiological drivers of frailty can further 

improve existing measures. Furthermore, work is needed to investigate whether a single 

measure of frailty will perform well across solid organ transplant types. As an early step, the 

American Society of Transplantation held a consensus conference on frailty in solid organ 

transplantation in early 2018 to address some of these pressing issues. Finally, any changes 

to organ allocation policy will require data on large numbers of patients, extensive 
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simulation modeling to understand the impact of incorporating measures of frailty, and input 

from key stakeholders.

Perhaps equally promising is the emerging literature suggesting that frailty is dynamic and 

reversible. Several of the putative “upstream” drivers of the frailty phenotype such as 

micronutrient deficiencies, sarcopenia, physical inactivity and even chronic inflammation 

should be amenable to intervention. Recent interventional studies of exercise programs (with 

or without nutritional intervention) in older adults have demonstrated improvements in 

SPPB frailty scores (58–60). In a study of patients with COPD referred for pulmonary 

rehabilitation, 26% were frail by the FFP measure. Although frailty was associated with a 

two-fold higher odds of failing to complete the 8-week program, amongst those who did, 

61% were no longer frail on repeat assessment. We performed a pilot home-based exercise 

and nutrition intervention study to treat frailty in lung transplant candidates using a novel 

mobile health based program. In 15 subjects with COPD or pulmonary fibrosis, we reported 

in abstract form that treating frailty was safe and, for some of the participants, SPPB frailty 

scores improved (61). These studies suggest that implementing targeted interventions before 

transplantation to optimize pre-operative functional status (i.e., “pre-habilitation”) could 

reverse components of the frailty phenotype; ideally, doing so would then reduce subsequent 

morbidity and mortality (62–64).

Our study had limitations and also raises several important questions that identify important 

areas for future research efforts focused on frailty in advanced lung disease and lung 

transplantation. The limited number of deaths precluded us from performing clinically 

important stratified analyses such as by age group or diagnosis, or testing for multiplicative 

interaction terms. Due to the timing of study initiation at each center, both SPPB and FFP 

measures were not collected in all subjects. In addition, as evidenced by the wide confidence 

intervals around estimates of the mortality risk associated with SPPB and FFP frailty, the 

point estimates of risk should be cautiously interpreted. Additional investigation is needed to 

understand the specific mechanisms by which frailty increases the risk of death after lung 

transplant. Further, the one-year mortality rate of 5% is lower than the national average, now 

at approximately 11% (1). While, in part, this difference may reflect atypically low mortality 

rates at one of the participating centers in this study, it also raises the possibility that this 

study may not reflect the spectrum of patients undergoing lung transplantation in the U.S. 

As a result, our work should be validated across a broader set of transplant centers before 

frailty is considered in listing decisions or lung allocation schema. It should be noted that the 

median time between frailty assessments and transplant surgery was close to three months. 

During the time while listed, subjects may have engaged in various amounts of formal and 

informal exercise, including pulmonary rehabilitation, that could have impacted the severity 

of their frailty status. We did not have access to reliable records of the amount and type of 

exercises subjects were performing during the waitlist period. It is possible that subjects’ 

frailty status could have changed during this unobserved period. If this were the case, 

however, such misclassification would tend to bias our findings towards the “null”. 

Anecdotally, we are aware of a subset of patients whose physical functioning improves or 

worsens dramatically in the months preceding lung transplantation. Future work should 

focus on the post-operative implications of this subset of performance trajectories. Although 

performing assessments at the time of admission for transplant surgery is not likely to be 
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immediately clinically useful, such assessments could be useful for future investigations 

aimed at most accurately testing the associations between pre-operative frailty and outcomes 

after transplant. Another limitation is our definition of FFP frailty. During the study period, 

we found that using a new metric for operationalizing the “low activity” domain for the 5-

domain based FFP frailty measure improved the validity of FFP frailty assessment in lung 

transplant candidates (23). Although we previously demonstrated both the FFP-DASI and 

FFP-MLTA measures to be valid in advanced lung disease (4) and combining the two 

enriches our sample size and reduces missing data, it is possible that the hybrid measure 

could contribute to misclassification of frailty by FFP and thereby influence the differential 

association between SPPB and FFP frailty and risk of mortality after lung transplantation. 

While the point estimates of mortality risk associated with either the FFP-DASI and FFP-

MTLA were similar to our composite measure in both unadjusted and propensity score 

models, we cannot exclude the potential for misclassification. Finally, due to the limited 

number of repeated assessments before lung transplant, we were unable to evaluate whether 

a change in frailty score before transplant was associated with mortality after lung 

transplantation. It is plausible that acute worsening in frailty scores, regardless of the 

absolute value, could identify patients at increased risk of poor outcomes, as has been shown 

for changes in 6MWD and the LAS.

In conclusion, frailty is prevalent in lung transplant candidates and strongly associated with 

an increased risk of early mortality following transplant surgery. Since frailty is also 

associated with mortality before lung transplantation, efforts are needed determine how to 

include these measures in the assessment of lung transplant candidacy and organ allocation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time to death by Short Physical Performance Battery within the first year after 
transplant (A) and over four years after transplant (B)
Solid lines = frail, dashed lines = not frail.
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Figure 2. Time to death by Fried Frailty Phenotype within the first year after transplant (A) and 
over four years after transplant (B)
Solid lines = frail, dashed lines = not frail.
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Figure 3. Standardized mortality risk by SPPB and FFP Frailty status
The risk reflects the post-estimation marginalized standardized risk derived from a logistic 

regression model controlling for age, gender, diagnosis, forced vital capacity, Lung 

Allocation Score, and transplant center. The dots represent the point estimates for the 

adjusted standardized risk and the bars represent the 95% confidence intervals.
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Table 2

Association between Short Physical Performance Battery frailty and death (n = 318)

Death within the first year after lung 
transplant

Hazard ratio for frail vs. non-frail (95% 
confidence interval)

Hazard ratio per 1-unit worsening in SPPB 
(95% confidence interval)

Unadjusted, stratified by center 10.5 (2.9 – 37.9) 1.19 (1.05 – 1.36)

Adjusted for propensity score* 7.5 (1.6 – 36.0) 1.05 (0.86 – 1.27)

Adjusted for propensity score and LAS 7.5 (1.6 – 36.6) 1.05 (0.86 – 1.27)

Death over up to 4 years of follow-up Hazard ratio for frail vs. non-frail (95% 
confidence interval)

Hazard ratio per 1-unit worsening in SPPB 
(95% confidence interval)

Unadjusted, stratified by center 2.5 (1.3 – 4.8) 1.12 (1.03 – 1.21)

Adjusted for propensity score* 3.8 (1.8 – 8.0) 1.20 (1.08 – 1.33)

Adjusted for propensity score and LAS 3.8 (1.8 – 8.0) 1.20 (1.08 – 1.34)

Effect estimates are hazard ratios (95% confidence intervals) for mortality associated with frailty. Propensity score includes age, gender, race/
ethnicity, diagnosis, forced vital capacity, body mass index and six minute walk distance. SPPB = Short Physical Performance Battery.
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Table 3

Association between Fried Frailty Phenotype frailty and death within the first year after lung transplantation (n 

= 299)*

Death within the first year after lung 
transplant

Hazard ratio for frail vs. non-frail (95% 
confidence interval)

Hazard ratio per 1-unit worsening in FFP 
(95% confidence interval)

Unadjusted, stratified by center 6.3 (2.2 – 18.0) 2.1 (1.3 – 3.3)

Adjusted for propensity score** 3.8 (1.1 – 13.2) 1.7 (1.04 – 2.7)

Adjusted for propensity score and LAS 4.3 (1.1 – 16.3) 1.6 (1.01 – 2.5)

Effect estimates are hazard ratios (95% confidence intervals) for mortality associated with frailty.

*
The association of frailty and death over up to 4 years of follow-up violated the assumption of proportional hazards so hazard ratios were not 

estimated.

**
Propensity score includes age, gender, race/ethnicity, diagnosis, forced vital capacity, body mass index and six minute walk distance.
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