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ABSTRACT

Background Lung transplantation and related
medications are associated with pathobiological changes
that can induce frailty, a state of decreased physiological
reserve. Causes of persistent or emergent frailty after
lung transplantation, and whether such transplant-
related frailty is associated with key outcomes, are
unknown.

Methods Frailty and health-related quality of life
(HRQL) were prospectively measured repeatedly for up
to 3years after lung transplantation. Frailty, quantified
by the Short Physical Performance Battery (SPPB), was
tested as a time-dependent binary and continuous
predictor. The association of transplant-related frailty
with HRQL and mortality was evaluated using mixed
effects and Cox regression models, respectively, adjusting
for age, sex, ethnicity, diagnosis, and for body mass
index and lung function as time-dependent covariates.
We tested the association between measures of body
composition, malnutrition, renal dysfunction and
immunosuppressants on the development of frailty using
mixed effects models with time-dependent predictors
and lagged frailty outcomes.

Results Among 259 adults (56% male; mean age
55.9+12.3 years), transplant-related frailty was
associated with lower HRQL. Frailty was also associated
with a 2.5-fold higher mortality risk (HR 2.51; 95% Cl
1.21 to 5.23). Further, each 1-point worsening in SPPB
was associated, on average, with a 13% higher mortality
risk (HR 1.13; 95% CI 1.04 to 1.23). Secondarily,

we found that sarcopenia, underweight and obesity,
malnutrition, and renal dysfunction were associated with
the development of frailty after transplant.

Conclusions Transplant-related frailty is associated
with lower HRQL and higher mortality in lung recipients.
Abnormal body composition, malnutrition and renal
dysfunction may contribute to the development of frailty
after transplant. Confirming the role of these potential
contributors and developing interventions to mitigate
frailty may improve lung transplant success.
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INTRODUCTION

Frailty reflects a state of risk in which physiological
reserves are either attenuated through pathologic
ageing or otherwise occupied by comorbid condi-
tions." In lung transplant candidates, preoperative
frailty is an independent risk factor for disability

1

What is the key question?

» Is there a relationship between transplant-
related frailty and health-related quality of life
(HRQL) and mortality in lung recipients?

What is the bottom line?

» Changes in body composition, nutritional
status and renal dysfunction are associated
with the development of frailty after lung
transplantation which, in turn, is associated
with worse HRQL and increased risk of
mortality.

Why read on?

» Recognising that lung transplantation, and
potentially all solid-organ transplantation,
can induce frailty in some individuals
underscores the need to develop frailty-specific
interventions to improve the overall success of
transplantation.

and waitlist mortality.>” Further, preoperative

frailty is a risk factor for mortality after lung trans-
plantation; in survivors, however, it has been asso-
ciated with a larger health-related quality of life
(HRQL) benefit from transplant.>~ While evidence
has rapidly emerged, the clinical relevance of
persistent or emergent frailty after transplantation
remains unknown.

Many of the putative causes of frailty may be
triggered or exacerbated by organ transplanta-
tion. Critical illness, debilitation, malnutrition and
cognitive impairments occur commonly during the
perioperative period.®” Later, immunosuppres-
sive medications have off-target adverse effects
including mitochondrial dysfunction and the devel-
opment of adiposity and sarcopenia.'®'* Immuno-
suppressants also cause numerous comorbidities
including diabetes mellitus, hypertension, chronic
kidney disease (CKD) and osteoporosis.*™
Further compounding these direct effects, disuse
atrophy from low physical activity following lung
transplantation is common.'® The aggregate effects
of these pathological changes could plausibly lead
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Conceptual model of the relationship of frailty with key outcomes. The pathological changes caused by both advanced lung disease and

lung transplantation lead to functional limitations, which are impairments in physical or mental performance that are quantifiable in a laboratory-
based setting (ie, measures of frailty or lung function). Functional limitations, in turn, can result in disability, reduced health-related quality of

life (HRQL) and death. Pathological changes that could induce frailty after transplant include changes in body composition with development

of sarcopenia and increased adiposity, nutritional deficiency and renal dysfunction. These changes can be caused or exacerbated by chronic

immunosuppression, in particular calcineurin inhibitors and steroids.

to persistent preoperative frailty or new emergent frailty after
transplant.

Preoperative frailty persists in approximately 20% of adults
undergoing lung transplantation and new frailty emerges after
transplant in 5% of previously not frail candidates.'” In both
cases, frailty related to transplantation could potentially increase
the risk for adverse outcomes in lung recipients. We investigated
if frailty after lung transplantation was associated with HRQL
and mortality. Additionally, we tested the association between
potential transplant-related factors on the subsequent develop-
ment of frailty.

METHODS

Refer to the online supplementary for additional details on clin-
ical immunosuppression protocols, care protocol and outcome
variables.

Study design, participants, and study aims
To assess the relationship of persistent or emergent frailty after
transplant with HRQL and mortality, we analysed data from
the Breathe Again cohort. This single-centre prospective cohort
study followed adults undergoing first-time lung transplan-
tation under the Lung Allocation Score system between 2010
and 2017.'8 Participants completed study visits that included
measures of frailty and HRQL before and at 3, 6, 12, 18, 24,
30 and 36 months after transplant. For our primary analyses, we
focused only on study visits performed after lung transplantation.
The conceptual model for this study is based on the disable-
ment process.”” Pathological changes lead to functional limita-
tions (ie, frailty) which, in turn, can result in disability, reduced
HRQL and death (figure 1). Pathological changes that might
induce frailty after transplant include the development of sarco-
penia,”” increased adiposity,”! malnutrition?? and renal dysfunc-
tion.”® These changes can be caused or exacerbated by chronic

immunosuppression, in particular calcineurin inhibitors (CNI)
and steroids.

We had two overarching study aims which involved two
discrete sets of analyses. First, we aimed to evaluate the asso-
ciation between persistent or emergent (ie, transplant-related)
frailty on HRQL and mortality. Second, we aimed to identify
potential causes of transplant-related frailty.

Clinical care protocol

Our centre recommends regular exercise to patients under-
going evaluation and while listed. If patients exhibit debilita-
tion or limited exercise tolerance, we recommend pulmonary
rehabilitation. If patients cannot access pulmonary rehabilita-
tion programmes, we recommend engaging in 30-40min of a
combination of aerobic and strength training exercises per day.
The only exception to this practice is if candidates undergo an
inpatient evaluation, however, in this circumstance the inpatient
care includes aggressive physical therapy. While we recognise
that preoperative frailty is associated with poor outcomes after
transplantation, we do not use frailty measures in making listing
decisions or when making clinical care decisions.

Predictor variables

We defined transplant-related frailty as preoperative frailty that
persisted after transplant or that newly emerged after trans-
plant. We quantified frailty using the short physical performance
battery (SPPB), an aggregate score ranging from 0 to 12 based
on tests of chair stands, balance and gait speed.** Lower scores
reflect worsening frailty. We used SPPB as both a binary (score
<7) and a continuous predictor (range 0—12, minimal important
difference =1).> % Because SPPB <9 is another frequently used
cut-point,” * we conducted a priori exploratory analyses using
this alternative dichotomous cut-point, which are included in the
online supplementary material.
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To identify potential causes of transplant-related frailty, we
considered that abnormal body composition, malnutrition, renal
dysfunction and immunosuppression might lead to pathobiolog-
ical changes resulting in frailty. Sarcopenia is defined as patho-
logically low muscle mass and strength or function.?” Although
we did not prospectively collect measures of muscle mass, we did
measure grip strength using a handheld dynamometer at each
study visit, as previously described.” We used a consensus defi-
nition of weak grip strength?’ as a proxy of sarcopenia, in addi-
tion to grip strength as a continuous variable. Underweight and
obesity status by body mass index (BMI) are also surrogates for
low muscle mass and adiposity that have been associated with
frailty.”® We abstracted all BMI measurements from transplant
up to 36 months after transplant. We defined underweight as a
BMI <18.5 kg/m* and obesity as a BMI =30 kg/m?.

For measures of malnutrition and renal dysfunction, we
extracted all clinical laboratory measures of serum albumin and
creatinine from our electronic medical record from transplant
up to 36months after transplant. We defined malnutrition as
a serum albumin <3.5mg/dL. For each creatinine value, we
calculated the estimated glomerular filtration rate (e¢GFR)*’ and
CKD stage,’® which we further categorised as an ordinal variable
including stage 1 or 2, stage 3 and stage 4 or 3.

For tacrolimus trough measurements, we extracted all clin-
ical laboratory measures of tacrolimus trough levels from our
electronic medical record from transplant up to 36 months after
transplant. Finally, for a randomly selected sample of 50% of
the cohort, we abstracted whether participants had received any
prednisone ‘pulses’ the first 12 months after transplant for treat-
ment of acute rejection or infection with community-acquired
respiratory viruses.

Outcome variables

We used several instruments to provide a comprehensive assess-
ment of HRQL.*! We assessed generic HRQL using the Medical
Outcomes Survey Short Form-12 (SF12 v2) Physical and Mental
Component Summary scores (SF12-PCS and SF12-MCS, respec-
tively), respiratory-specific HRQL using the Airways Question-
naire 20-Revised (AQ20-R) and health-utility by the EuroQOL
five-dimension three-level scale (EQS5D).**=¢ Higher scores indi-
cate better HRQL.

Survival was calculated in days from the date of transplant
until death or retransplantation. Since time-dependent predic-
tors were collected up to 36 months after transplant, we applied
administrative censoring at 48 months after lung transplant.
Dates of death were verified in University of California, San
Francisco (UCSF) site-specific United Network for Organ
Sharing reports.

Confounding and precision variables

Age at transplant, sex, race/ethnicity, pulmonary diagnosis®’
and serial measures of BMI and forced expiratory volume in
one second (FEV,) at the time of study visits were abstracted
from medical records. We selected these variables based on their
known or putative association with frailty and our outcomes of
interest,! ? 173840

Analysis approach

To determine the proportion of frailty after transplant that was
persistent or emergent, we compared the SPPB of each partici-
pant at all two continuous study visits where it was assessed, from
the preoperative visit through the 36 month post-transplant visit.
As a binary measure, we defined frailty as persistent if the SPPB

score remained <7 and emergent if the SPPB score declined
from >7to <7when comparing each visit with the preceding
one. As a continuous measure, we defined emergent frailty as at
least 1-point worsening in SPPB from one visit to the next one.

The association of transplant-related frailty with HRQL and
mortality

We tested whether frailty was associated with HRQL using linear
mixed effects models with a subject-specific random effect to
account for correlation among serial HRQL measures of the
same individual. We considered frailty at each post-transplant
study visit, as a time-dependent binary (SPPB <7) or continuous
predictor (SPPB 0-12). We adjusted the models for age, sex, race/
ethnicity, diagnosis,” and for BMI and FEV, at each study visit.

To test the association between transplant-related frailty and
mortality, we fitted Cox proportional hazards models with frailty
as a time-dependent binary or continuous predictor. We adjusted
for age, sex, race/ethnicity, diagnosis,”” and for BMI and FEV,
at each study visit.

The models included all SPPB assessments participants had
from 3 to 36months after transplant. Participants generally
experienced improvement of preoperative frailty soon after
transplant which stabilised by 6months after transplant.'” In
Cox regression, the last observation carried forward (LOCF)
approach is commonly applied to occasional missing values
for time-dependent predictors. To test the robustness of our
estimates and the validity of our use of LOCF, we performed
three sensitivity analyses. First, we performed two landmark
analyses by restricting the model to study visits beginning at 6
and 12 months after transplant, respectively (eg, dropping prior
study visits). Resetting the ‘baseline’ to 6 and 12 months removed
the influence of previous frailty measures during the time that
they were most dynamic. In the third analysis, we included
SPPB assessments performed before transplant. This last analysis
allowed us to evaluate the influence of frailty on survival across
the pretransplant and post-transplant timespan.

We plotted Kaplan-Meier curves stratified by three different
groups of changes in frailty from 6 to 36 months or the partici-
pant’s last study visit. We defined the three groups as ‘unchanged’
(participants who had no change in SPPB frailty); ‘improved’
(SPPB score improved by =1 point) and ‘worsened’ (SPPB score
worsened by =1 point).

Predictors of transplant-related frailty

To test the association of transplant-related factors with the
development of frailty, we performed analyses using mixed-
effects models with time-dependent predictors and lagged
outcomes. For these analyses, frailty—both continuous (SPPB
0-12) and binary (SPPB <7)—was our outcome.

We tested the association between predictors collected in
the 3—6 months time period preceding each study visit and the
‘lagged’ outcome of frailty. This analysis approach allowed us to
analyse the temporal relationship between predictors and subse-
quent measures of frailty.

To test the association between sarcopenia and frailty devel-
opment, we used measures of grip strength from the study
visit preceding the frailty visit of interest (eg, grip strength at
3 months was used to predict frailty at 6 months).

The body composition predictor included the categories of
underweight (BMI <18.5kg/m*) and obesity (BMI =30kg/
m?), determined by the most extreme BMI recorded during the
preceding time period. For malnutrition, we used both contin-
uous and binary predictors, a 1.0g/dL-decrease in the worst
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albumin concentration and any occurrence of an albumin <3.5
in the preceding time period, respectively. For renal dysfunc-
tion, we used the worst eGFR as a continuous predictor and
the worst CKD stage in the preceding time period as an ordinal
predictor—stage 1 or 2, stage 3 and stage 4 or 5.

To test the association between immunosuppression and
transplant-related frailty, we defined variables to reflect average
daily tacrolimus trough level (ng/mL) and prednisone pulse
exposure (yes/no). In order to calculate the average daily tacro-
limus trough level between study visits, we used a last observa-
tion carry forward method. For example, the trough level on a
given day was carried forward until a new trough was obtained.
This was continued such that each day between study visits had
an assigned trough level. Then, we summed the trough level
for each day and divided that by the number of days between
study visits to estimate the average daily trough level (ng/mL)
preceding each study visit.

To test the associations between the above predictors and
subsequent frailty, we used linear mixed effects models for frailty
as a continuous outcome and generalised linear mixed effects
models for frailty as a binary outcome. Except for models exam-
ining renal dysfunction, all other models were adjusted for study
visit, age, sex and race. Since calculation of eGFR uses age, sex
and race, we adjusted the models examining renal dysfunction
only for study visit.

Finally, we examined whether select preoperative charac-
teristics could predict frailty 6 months after transplant using
univariate and multivariate logistic regression. Based on existing
literature or biologic plausibility we examined age, gender, diag-
nosis and frailty.

Analyses were performed using R V.3.6 (R Foundation,
Vienna, Austria) and STATA V.14.2 (StataCorp).

RESULTS

Over the study period, 259 adults (56% male; mean age
55.9+12.3 years), underwent lung transplantation and formed
our study cohort (table 1, online supplementary figure 1). The
median duration of uncensored follow-up was 43.4 months post-
transplant (IQR 29.4-64.5). There was no lost to follow-up.
Of participants with frailty after transplant (n=55), 45 devel-
oped emergent frailty (82%) whereas 10 (18%) had frailty that
persisted. Further, of 259 participants, 129 (50%) had at least a
1-point worsening in SPPB at some point within the first 3 years
after lung transplantation (online supplementary table 1).

The association of transplant-related frailty with HRQL and
mortality

Across all study visits, transplant-related frailty was associated
with generally poorer HRQL (figure 2). In adjusted models,
frailty (SPPB <7) was associated with lower SF12-PCS (differ-
ence [A], —5.76; 95% CI —8.19 to 3.30) and EQS5D measures (A,
—0.11; 95%CI —0.15 to 0.08) (table 2). Frailty was not associ-
ated with HRQL by SF12-MCS or by AQ20-R. Frailty defined
as SPPB <9 was associated with lower HRQL by SF12-PCS,
AQ20-R and EQSD (online supplementary table 2).

Frailty as a continuous predictor was associated with lower
HRQL across all instruments. Each 1-point worsening in SPPB
was associated with lower SF12-PCS (A, —1.19; 95% CI —1.50
t0 0.89), SF12-MCS (A, —0.36; 95% CI —0.63 to 0.08), AQ20-R
(A, —0.12; 95%CI —0.21 t0 0.02) and EQSD (A, —0.025 95% CI
—0.02 to 0.01) (table 2).

A total of 46 participants (18%) died over the study period.
The majority died from chronic rejection (n=18), followed by

Table 1 Baseline characteristics

No of subjects 259

Male, no (%) 146 (56.37)
Age, mean+SD 55.94+12.27
Age, no (%)

<35 years 23 (8.88)

35-49 years 42 (16.22)

50-64 years 126 (48.65)

>65 years 68 (26.25)
Race, no (%)

White 186 (71.81)

Black 20(7.72)

Hispanic 34 (13.13)

Other 19 (7.34)
Diagnosis, no (%)

A (eg, obstructive lung disease) 42 (16.22)

B (eg, pulmonary hypertension) 10 (3.86)

C (eg, suppurative lung disease) 23 (8.88)

D (eg, pulmonary fibrosis) 184 (71.04)
BMI (kg/mz), mean+SD 25.63+4.31
FEV, % predicted, mean+SD 45.61+20.51
FEV, % predicted, median (IQR) 46.0 (28.0-61.0)
6 MWD (m), mean+SD 254.06+140.87
6 MWD (m), median (IQR) 263.0 (146.3-366.0)
LAS at transplant, mean+SD 57.85+21.47

LAS at transplant, median (IQR)
Transplant type, no (%)

Bilateral

Single

Heart/lung
Inpatient at transplant, no (%)
Ventilator at transplant, no (%)
ECMO at transplant, no (%)
Pre-transplant SPPB, mean+SD
Pre-transplant SPPB, median (IQR)

Pre-transplant HRQL Scores, mean+SD

SF12-PCS
SF12-MCS
AQ20-R
EQ5D

50.0 (39.0-79.0)

238 (91.89)

15 (5.79)
6(2.32)

85 (32.82)

26 (10.04)

20 (7.72)
9.05+3.04

10.0 (8.0-11.0)

23.67+8.41
48.93+10.47
6.50+3.73
0.65+0.21

Health-related quality of life (HRQL) instruments: generic physical instrument:
SF12-PCS (Short Form 12—Physical Component Score), range 0-100; generic
mental instrument: SF12-MCS (SF12—Mental Component Score), range 0-100;
respiratory-specific instrument: AQ20-R (Airways Questionnaire 20—Revised), range
0-20, reverse-coded for analysis; health-utility instrument: EQ5D (EuroQol five-
dimension), range —1.11-1. Data are presented as number of patients (percentage)

or mean=SD.

BMI, body mass index; ECMO, extracorporeal membrane oxygenation; FEV,, forced
expiratory volume in the 1 s; LAS, Lung Allocation Score; 6 MWD, six min walk

sistance; SPPB, Short Physical Performance Battery.

cancer (n=4) and other infections (n=4) (online supplementary

table 3).

After controlling for covariates, including changes in allograft
function and BMI, transplant-related frailty was associated, on
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Figure 2 Box plots of health-related quality of life (HRQL) by the presence of frailty after lung transplant. Frailty was assessed with the short
physical performance battery, which ranges from 0 to 12. Recipients with SPPB <7 were categorised as frail (white boxes), and those with SPPB

>7 were categorised as not frail (grey boxes). HRQL was assessed by the SF12-Physical Component Score (generic physical), the SF12- Mental
Component Score (generic-mental), the Airway Questionnaire 20-Revised (respiratory specific) and the EuroQOL-five-dimension (5D) (health utility).

SF12, Short Form-12; SPPB, short physical performance battery.

average, with a 2.5-fold increased risk of death (HR, 2.51; 95%:
CI 1.21 to 5.23) (table 3). The effect estimates and confidence
intervals in our landmark sensitivity analyses were similar when
setting the baseline SPPB at 6 months (HR 2.28; 95%CI 1.07
to 4.88), 12months after transplant (HR 3.02; 95%CI 1.37
to 6.63), or when the pretransplant SPPB was included (HR

3.20; 95%CI 1.65 to 6.21). Effect estimates were also largely
unchanged when frailty was defined as SPPB <9 (online supple-
mentary table 4).

After controlling for covariates, each 1-point worsening in
frailty across the entire range of the SPPB was associated, on
average, with a 13% increase in the risk of death (HR, 1.13;

Table 2 Association of transplant-related frailty with health-related quality of life (HRQL) in lung recipients

Predictor Instrument Instrument type Difference 95%Cl P value
Frailty SF12-PCS (MID=5) Generic physical -5.76 (-8.19 to t0 3.30) <0.01
SRR SF12-MCS (MID=5) Generic mental 161 (-3.76 10 0.55) 0.14
AQ20-R (MID=1.75) Respiratory specific -0.40 (=1.15 t0 0.36) 0.31
EQ5D (MID=0.06) Health utility -0.11 (=0.15 to to 0.08) <0.01
1-point worsening in SPPB  SF12-PCS (MID=5) Generic physical -1.19 (-1.50 to to 0.89) <0.01
SF12-MCS (MID=5) Generic mental -0.36 (~0.63 to to 0.08) 0.01
AQ20-R (MID=1.75) Respiratory specific -0.12 (-0.21 to to 0.02) 0.02
EQ5D (MID=0.06) Health utility -0.02 (-0.02 to to 0.01) <0.01

The association between frailty and HRQL was quantified by linear mixed effects models considering frailty as a time-dependent predictor variable. All models were adjusted for
preoperative age, sex, race, diagnosis, and body mass index and forced expiratory volume in 1 s at each study visit.
Data are presented as mean effect estimates with 95% Cls.
Instruments: Short Physical Performance Battery (SPPB), range from 0 to 12 (Minimal Important Difference (MID)=1); Short Form 12—Physical Component Score (SF12-PCS),
range 0—100; Short Form 12—Mental Component Score (SF12-MCS), range 0—100; Airways Questionnaire 20—Revised (AQ20-R), range 0-20, which was reverse-coded for

analysis; EuroQol five-dimension (EQ5D), range —1.11-1, which measures health utility.
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95%CI 1.04 to 1.23). The effect estimates and confidence
intervals in our landmark sensitivity analyses were similar when
setting the baseline SPPB at 6 months (HR 1.13; 95%CI 1.03
to 1.23), 12 months after transplant (HR 1.15; 95% CI 1.05 to
1.25), or when the pretransplant SPPB was included (HR 1.14;
95%CI 1.06 to 1.24).

Kaplan-Meier plots demonstrated lower survival among lung
transplant recipients who had any decrease in SPPB compared
with those whose SPPB remained stable or improved (p<0.001)
(figure 3).

post-transplant

4.62 (2.27 t0 9.39)
1.21(1.12 10 1.31)
3.02 (1.37 t0 6.63)
1.15(1.05 to 1.25)

12months

Potential predictors of transplant-related frailty

In adjusted models, we found that sarcopenia, body composi-
tion, malnutrition and renal dysfunction were all generally asso-
ciated with subsequent frailty (table 4). A weak grip at any point
after transplant was associated, on average, with lower SPPB (A,
—0.88; 95%CI —1.20 to 0.56) and increased odds of frailty
(OR 7.14; 95% CI 2.20 to 23.18) at the next study visit. Under-
weight was associated, on average, with lower SPPB (A, —1.35;
95% CI —2.08 to 0.61) and a trend towards increased odds of
frailty (OR 11.53; 95%CI 0.90 to 148.30) at the next study
visit. Obesity was associated, on average, with fourfold increased
odds of frailty at the next study visit (OR 4.33; 95%CI 1.42 to
13.18).

For malnutrition, each 1g/dL decrease in albumin was associ-
ated, on average with lower SPPB (A, —0.63; 95% CI —0.90 to
0.36) and a trend towards increased odds of frailty (OR 1.92;
95% CI 0.90 to 4.09) at the next study visit.

Renal dysfunction was strongly associated with subsequent
frailty. Every 10 mL/min/1.73 m” decrease in eGFR was associ-
ated, on average, with lower SPPB (A, —0.18; 95% CI —0.27 to
0.10) and increased odds of frailty (OR 1.54; 95%CI 1.18 to
2.00). CKD stage 4 or 5 versus CKD stage 1 or 2 was associated,
on average, with lower SPPB (A, —0.90; 95% CI —1.38 to 0.42)
and sixfold higher odds of frailty (OR 6.20; 95%CI 1.46 to
26.32). Defining frailty as SPPB <9 did not appreciably change
our findings (online supplementary table 5).

We found no association between tacrolimus trough level or
receiving prednisone ‘pulses’ with subsequent frailty (online
supplementary table 6).

Finally, in examining preoperative characteristics, female sex
and being frail before transplant were associated with frailty at
6months after transplant (online supplementary table 7). Age
had no association with frailty in unadjusted or adjusted analyses
(p=0.95) (online supplementary tables 7 and 8). In a multivar-
iate analysis including sex, diagnosis and preoperative frailty,
female sex and preoperative frailty remained either statistically
associated or of borderline association with persistent or emer-
gent frailty 6 months after transplant.

post-transplant

3.83 (1.91 to 7.68)
1.19(1.10t0 1.29)
2.28(1.07 to 4.88)
1.13(1.03t0 1.23)

6 months

4.06 (2.06 to 7.98)
1.19(1.11 t0 1.29)
2.51(1.21 t05.23)
1.13(1.04 t0 1.23)
The Short Physical Performance Battery (SPPB) ranges from 0 to 12. Lower numbers reflect greater frailty. Mortality risk was estimated by Cox proportional hazards models with SPPB as a time-dependent predictor, including all SPPB

post-transplant

Baseline
3months

Time-dependent predictor from baseline

to 36 months post-transplant

Frailty (SPPB <7)
1-point worsening in SPPB

Frailty (SPPB <7)
1-point worsening in SPPB

DISCUSSION

Frailty is the outcome of a process of physiological dysregu-
lation that unfolds over time. Investigators in ageing research
have identified longitudinal examination of frailty trajectories in
well-designed cohort studies as a priority to identify risk factors
and design interventions to prevent and resolve frailty.*' In this
study, we found consistent associations between persistent or
emergent frailty after lung transplantation and reduced HRQL
and increased risk of death. Specifically, transplant-related frailty
was associated with clinically meaningful reductions in physical
HRQL and health utility and with a 2.5-fold increased risk of
death after accounting for covariates, including allograft func-
tion. Further, each 1-point worsening in SPPB after transplant

from the models. The number of participants alive at each of the baseline points is indicated. Models were adjusted for preoperative age, sex, race, diagnosis and BMI and FEV, measured at each visit. Results represent HR for death with 95% Cls

measurements a participant had from baseline to 36 months post-transplant. Results when setting the baseline SPPB at different time points are shown side by side for comparison. All SPPB values before the specified baseline are excluded
noted in parenthesis.

Table 3  Association of transplant-related frailty with mortality in lung transplant recipients

BMI, body mass index; FEV,, forced expiratory volume in 1's.

Model
Unadjusted
Adjusted
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Figure 3  Survival after lung transplant by frailty change. Kaplan-Meier plots stratified by three different groups of changes in frailty measured by
the short physical performance battery (SPPB) from 6 to 36 months or the participant's last study visit. We defined the three groups as ‘unchanged’
(participants who had no change in SPPB frailty); ‘improved’ (SPPB score improved by >1 point); and ‘worsened’ (SPPB score worsened by >1 point).

across the entire spectrum of the SPPB scale was associated, on dysfunction were associated with the development transplant-
average, with lower HRQL across all four instruments tested related frailty.

and with a 13% increased risk of death. We also found that This study adds to emerging work investigating frailty in solid-
sarcopenia, underweight and obesity, malnutrition, and renal organ transplantation. Previous work has shown the association

Table 4  Predictors of subsequent frailty in lung transplant recipients

OR frail versus not

Change in SPPB frailty frail
Model Time-dependent predictor* (95%Cl) (95%Cl)
1 Sarcopenia component Per 1.0kg decrease in grip strength —0.08 (~0.10 to —0.06) 1.27 (1.12t0 1.43)
2 Weak gript —0.88 (~1.20 to —0.56) 7.14 (2.20 to 23.18)
3 Body composition Underweight (BMI <18.5 kg/mz) —1.35(-2.08 to —-0.61) 11.53 (0.90 to 148.30)
Obesity (BMI =30 kg/mz) —0.17 (-0.56 t0 0.23) 4.33(1.42 10 13.18)
4 Malnutrition Per 1.0 g/dL decrease in albumin —0.63 (—0.90 to —0.36) 1.92 (0.90 to 4.09)
5 Albumin <3.5 g/dLt —0.70 (-1.04 to —0.36) 2.82 (0.99 to 8.06)
6 Renal dysfunction Per 10 mL/min/1.73 m? decrease in eGFR —0.18 (-0.27 to —0.10) 1.54 (1.18 to 2.00)
7 CKD stage 3 versus stage 1 or 2 —0.27 (-0.62 t0 0.08) 3.80 (1.05 t0 13.72)
CKD stage 4 or 5 versus stage 1 or 2 —-0.90 (-1.38 to —0.42) 6.20 (1.46 t0 26.32)

Measures of frailty were obtained at study visits at 3, 6, 12, 18, 24, 30 and 36 months after lung transplantation. Measures of body composition, sarcopenia, nutrition and renal
function in the 3—6 months time period preceding each study visit were collected and used as time-dependent predictors of the subsequent, or ‘lagged’ outcome of frailty.
Frailty was quantified using the Short Physical Performance Battery (SPPB), which ranges from 0 to 12 (minimal important difference=1); lower scores denote worse frailty. Frailty
was defined as a continuous measure and as a binary outcome (frail=SPPB <7).

Body composition was determined by the most extreme body mass index (BMI) in the interval prior to visit. Underweight and obesity were compared with a reference BMI of
18.5 to <30kg/m?.

Grip strength was used as a proxy for sarcopenia. A weak grip was defined as proposed by the European Working Group on Sarcopenia in Older People.”

Malnutrition was determined by the lowest serum albumin in the interval prior to visit, both as a continuous and a binary predictor.

Measures of renal function were calculated as the lowest estimated glomerular filtration rate (eGFR) and the worst chronic kidney disease (CKD) stage in the time period
preceding each study visit. eGFR was calculated using the CKD-Epidemiology Collaboration equation.?.

Models 1-5 were adjusted for study visit, age, sex and race. Models 6 and 7 were adjusted for study visit.

Results represent the effect of sarcopenia, body composition, malnutrition, and renal dysfunction on SPPB score and OR for frailty; 95% Cls are noted in parenthesis.
*Generalised linear mixed effects model with sarcopenia, body composition, malnutrition and renal dysfunction as a time-dependent predictors and frailty as the ‘lagged’
outcome.

tDenotes that predictor is binary.
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of preoperative frailty with post-transplant mortality.’ * In this
study, we now demonstrate that persistent or emergent frailty
after lung transplantation is also associated with important clin-
ical outcomes. Perhaps equally important, small differences in
frailty scores—including those above our prespecified frailty
thresholds—have a strong association with HRQL and mortality,
underscoring the semiarbitrary nature of defining frail as an ‘all-
or-nothing’ state.

The relationship between frailty and HRQL is complex. The
magnitude of the association between frailty and HRQL varied
by HRQL instrument used and whether frailty was analysed as a
binary or continuous variable. Frailty as a binary predictor was
associated with clinically meaningful impairments in generic
physical HRQL and health utility. It was not, however, associ-
ated with clinically significant impairments in generic mental
or respiratory-specific HRQL. Though, each 1-point wors-
ening in SPPB was associated with poorer HRQL across all four
instruments.

While the precise pathobiological mechanisms of frailty are
undefined, it is possible that lung transplantation—and, perhaps,
all of solid organ transplantation—may induce frailty in some indi-
viduals. Sarcopenia, disuse atrophy, malnutrition and increased
adiposity, among others, are putative causes of frailty.! 2 #*** In
the perioperative period, critical illness, decreased mobility and
poor nutrition often occur.”” * *® Later, changes in peripheral
muscle structure and function occur and sarcopenia emerges.?’+’
Further, renal dysfunction is strongly associated with frailty in
non-transplant populations.”> Conducting lagged analyses in our
prospective cohort with repeated study visits over years allowed
testing of the association of key potential predictors with the
later occurrence of frailty.

Sarcopenia, thought of as a cardinal component of frailty,*®
may develop through multiple mechanisms. One potential mech-
anism of transplant-related frailty is immunosuppression, as CNI
and mTOR inhibitors impair mitochondrial function, inhibit the
expression of muscle hypertrophy and remodelling genes, and
alter energy metabolism."! **-% Corticosteroids are known to
induce muscle atrophy through impairments in protein synthesis
and activation of proteolysis.’® Because we lacked a comparator
group of transplant recipients who did not receive CNI and
corticosteroids, we could not quantify their contribution to the
development of frailty. Studies of human transplant recipients
that include comparator groups may be hard to design but could
help determine whether immunosuppression causes sarcopenia
and frailty.

We found that being underweight or obese after transplant
is associated with subsequent frailty. This observation supports
the recently identified non-linear association between visceral
adiposity and frailty.*! Both very low and very high amounts of
adiposity measured by bioelectrical impedance were associated
with increased odds of frailty.”' Despite the limitations of using
BMI as a measure of body composition, our findings advance
this association by establishing a temporal relationship. Whether
the development of true sarcopenia (low muscle mass and func-
tion), adiposity or both in combination (sarcopenic obesity)
causes frailty after transplant still needs to be demonstrated, yet
our findings support this hypothesis.

Similar to studies of community dwelling older individuals, we
found that malnutrition (defined as an albumin <3.5 g/dL) was
associated with frailty after transplant.”*>* A recent systematic
review identified that low micronutrient intake was associated
with increased risk of frailty, whereas higher protein intake,
higher quality of diet and diets higher in antioxidants were asso-
ciated with lower risk of frailty in older adults.” Taken together,

these data suggest that evaluation of nutritional status and inter-
ventions to optimise it may prove effective in preventing or
resolving transplant-related frailty.

The association between renal dysfunction and frailty after
lung transplantation parallels findings in the general population,
where decreases in eGFR and advanced CKD stages are associ-
ated with increased risk of frailty.”> CKD is common after trans-
plant and our findings highlight one potential novel pathway by
which development of CKD after lung transplantation is asso-
ciated with mortality.’® While the mechanisms by which CKD
leads to frailty remain to be elucidated, preventing kidney injury
after transplant by considering alternative immunosuppression
regimens and heightened attention to management of comorbid-
ities may improve long-term outcomes.’’

The lack of association between age and frailty may be driven
by a high frailty prevalence in younger patients with advanced
lung disease and careful screening and selection of older patients
deemed healthy enough to undergo lung transplant. This finding
may not be generalisable to all patients referred for transplant
evaluation. More broadly, our inability to predict frailty after
transplant based on routinely collected clinical preoperative
variables underscores the need to develop more refined prog-
nostic tools including advanced measures of body composition
and biomarkers.

Clinically, our findings support a strategy of frailty surveil-
lance which may identify those at risk for poor HRQL or death,
independent of allograft function. Small decrements in measures
of frailty—even above traditional frailty thresholds—could iden-
tify at-risk patients who might benefit from heightened attention
and, possibly, nutritional or exercise-based interventions.*® 357

Further research is needed to confirm our findings and identify
the most robust clinical determinants and biochemical markers
of transplant-related frailty. Interventions to prevent and resolve
frailty throughout the life span of lung recipients, such as opti-
misation of nutrition, physical conditioning and minimising
exposure to nephrotoxic agents, are needed.*! *°° Further,
heightened attention through rigorous control of comorbidities
associated with renal dysfunction such as diabetes, hypertension
and hypercholesterolemia may be of benefit.

Our study has limitations. Our findings were derived from a
single centre with approaches to candidate selection and post-
operative management that differ from other centres potentially
limiting their generalisability. Additional studies are needed to
determine if persistent and emergent frailty are similar in other
centres and countries with different organ allocation systems.
Our results might have differed had other measures of frailty
been employed. Importantly, we reported summary scores for
our measures of HRQL; frailty may have a differential impact on
subdomains of HRQL (eg, physical functioning vs pain). We also
did not assess some domains in HRQL, such as cognitive function
and depression, that are important to lung recipients and poten-
tially impacted by frailty. Our study was not originally designed
to identify the spectrum of causes of frailty after lung transplant.
The majority of transplant candidates were referred from outside
institutions; thus, we lack accurate information about any immu-
nosuppression received before transplant. Most notably, since
all patients in our cohort received CNI and corticosteroids, we
were unable to optimally design an analysis approach that would
allow us to determine the effect of specific immunosuppressive
agents on transplant-related frailty. While it is possible that CNI
and corticosteroids do not directly cause frailty, their threshold
exposure sufficient to induce pathological changes that lead to
frailty is unknown. Therefore, the lack of association between
tacrolimus trough levels and prednisone administration with
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frailty in our study suggests the possibility that the doses admin-
istered after transplant exceed the minimum threshold needed
to cause frailty in vulnerable individuals. Studies comparing
different immunosuppressive regimens are needed to answer this
unresolved question. Also, studies evaluating more accurate and
precise measures of sarcopenia, body composition, nutrition and
other potential causes of frailty may improve our understanding
of how it develops after transplant. For example, albumin was
used as a surrogate for malnutrition. There are other factors in
transplant recipients which can impact serum albumin, including
critical illness, systemic inflammation, and hepatic and renal
disease. Additionally, albumin is not a robust measure of malnu-
trition and so these analyses should be interpreted with caution.
In our centre, the practice of prescribing exercise in the imme-
diate post-transplant period is based on clinical need—including
discharge to acute rehabilitation facilities, hospital-based pulmo-
nary rehabilitation or home visits by physical therapists, and
advising patients during clinic visits. Therefore, we were unable
to evaluate the efficacy of exercise interventions to prevent or
resolve frailty in this observational study.

Despite these limitations, our study has several strengths. We
studied a relatively large and diverse cohort of lung recipients
with repeated measures of frailty, lung function and HRQL over
several years. While we did have a modest amount of missing
data, the majority of missing data were deemed missing at
random and, as a result not likely to be a source of systematic
bias. Further, our use of mixed effects models provide valid esti-
mates for missing values.®! We leveraged the prospective collec-
tion of repeated measures by using mixed effects models and
lagged analyses to identify novel findings. These early and, in
many cases, substantial associations argue that a more rigorous
and thorough investigation of how transplantation may induce
frailty is needed. To our knowledge, this is the first study to assess
the association between frailty after transplantation and key
patient-centred outcomes and to identify potential transplant-
related causes of frailty. Future studies with increased frequency
of frailty and potential causal factor measurements over time
would help answer some of the remaining questions—including
causality—that our study could not address. In some ways, lung
transplant practice with frequent follow-up visits, little to no lost
to follow-up, and high event rates provides a unique ‘human
model’ to study the pathogenesis of frailty.

In sum, we found that persistent and emergent frailty after
lung transplantation is associated with lower HRQL and
mortality, independent of lung allograft function. Sarcopenia,
underweight, obesity, malnutrition and renal dysfunction are
associated with the development of frailty after lung transplan-
tation. Efforts to define frailty-specific interventions both before
and after lung transplantation may help to maximise patient
well-being and transplant success.
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