Cumulative Deficits Frailty Index Predicts
Outcomes for Solid Organ Transplant Candidates
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Background. Despite comprehensive multidisciplinary candidacy assessments to determine appropriateness for solid
organ transplantation, limitations persist in identifying candidates at risk of adverse outcomes. Frailty measures may help
inform candidacy evaluation. Our main objective was to create a solid organ transplant frailty index (Fl), using the cumula-
tive deficits model, from data routinely collected during candidacy assessments. Secondary objectives included creating a
social vulnerability index (SVI) from assessment data and evaluating associations between the Fl and assessment, waitlist,
and posttransplant outcomes. Methods. In this retrospective cohort study of solid organ transplant candidates from
Toronto General Hospital, cumulative deficits FI and SVI were created from data collected during candidacy evaluations
for consecutive kidney, heart, liver, and lung transplant candidates. Regression modeling measured associations between
the Fl and transplant listing, death or removal from the transplant waitlist, and survival after waitlist placement. Results.
For 794 patients, 40 variable FI and 10 variable SVI were created (258 lung, 222 kidney, 201 liver, and 113 heart transplant
candidates). The FI correlated with assessment outcomes; patients with medical contraindications (mean Fl 0.35 + 0.10)
had higher Fl scores than those listed (0.29 + 0.09), P < 0.001. For listed patients, adjusted for age, sex, transplant type,
and SVI, higher Fl was associated with an increased risk of death (pretransplant or posttransplant) or delisting (hazard ratio
1.08 per 0.01 FlI score, 95% confidence interval, 1.01-1.05, P = 0.01). Conclusions. A cumulative deficits FI can be
derived from routine organ transplant candidacy evaluations and may identify candidates at higher risk of adverse outcomes.
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As organ transplantation experience accrues, access to
transplantation has expanded to include older and
more medically complex patients.! Careful evaluation of
transplant candidates is required to maximize the likely ben-
efit from scarce donor organs* and minimize recipient harm.
Candidates undergo a comprehensive multidisciplinary
assessment to measure disease severity, determine appropriate
transplant timing, optimize comorbidities and socioeconomic
factors, and predict benefit or risks. As the field of transplanta-
tion progresses, evidence-based candidacy decision making is
increasingly necessary. The American and Canadian Societies
of Transplantation have recognized the potential improve-
ment in candidacy evaluation by measuring frailty and noted
that the ideal frailty measure for transplant is undetermined;
many unanswered questions remain.’

Frailty is a multiply determined clinical state of increased
susceptibility to physiologic stressors, leading to adverse med-
ical outcomes.®” It is associated with mortality, institution-
alization, hospitalization, postoperative complications, and
poor quality of life.>*!! Frailty increases postoperative mor-
tality even in low-stress procedures.'? Despite being evaluated
predominantly in elderly people, frailty is seen throughout
adulthood.'!*

Various approaches to defining frailty have been devel-
oped.'>!® The commonly used frailty phenotype (FP) requires
at least 3 of the following characteristics: weakness, weight
loss, exhaustion, slowness, and low physical activity.>!
Phenotypic frailty is associated with early hospital readmis-
sion in kidney transplant recipients,'” waitlist mortality or
delisting in liver and lung transplant candidates,'®" greater
improvement in quality of life after kidney or lung trans-
plant,®*?! and mortality in lung and kidney recipients.?>?
Phenotypically frail lung recipients demonstrated greater
clinical benefit from transplantation than nonfrail recipients,
and many became nonfrail after transplant.?*** However, the
FP’s specific testing (eg, hand dynamometry) would need to be
added to a candidacy assessment while some FP criteria may
be affected by symptoms of advanced organ failure (eg, weight
changes due to fluid shifts in heart, liver, and kidney patients
or dyspnea limiting ambulation in lung or heart patients).

The cumulative deficits model conceptualizes frailty by
counting health deficits (symptoms, laboratory values, disabili-
ties, and comorbidities) to arrive at a continuous frailty index
(FI).»28 This comprehensive approach can encompass the
physical, psychological, and social domains of function. Frailty
increases with deficit accumulation over the lifespan, leading
to many adverse outcomes, including mortality or institution-
alization, and may be understood as biological as opposed to
chronological age.?®33 The cumulative deficits model has defined
frailty across the age spectrum*® and in many chronic conditions,
including HIV patients,* left ventricular assist device recipi-
ents, nonalcoholic steatohepatitis and alcoholic liver disease
patients,’ and lung transplant candidates.’” For organ trans-
plantation, this approach may complement current assessment
procedures. Unlike the FP, which requires specific nonroutine
tests that are unfeasible in critically ill patients, the cumulative
deficits method can be implemented easily as potential deficits
are already collected during candidacy evaluation, providing a
more multifaceted view of frailty in the transplant population.

Typical transplant assessments evaluate social, financial,
and psychological factors that may contribute to waitlist
and posttransplant outcomes. Various scoring systems have
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been used to assess social supports and lifestyle factors such
as substance abuse, adherence, and psychological health.3$4
American transplant programs must include a “nonmedical”
component to evaluation, and consensus recommendations
for cardiothoracic transplant candidates illustrate the impor-
tance of these factors for adherence, survival, and quality of
life.**? Using a deficit accumulation approach, a social vul-
nerability index (SVI) can quantify these factors.**

The main objectives of this pilot study were to create and
evaluate a cumulative deficits FI from the routine multidimen-
sional assessment for solid organ transplant candidates and
examine associations between frailty and transplant assess-
ment outcomes, survival after transplant listing, and discharge
disposition after transplantation. We hypothesized that frailty
would correlate with adverse pretransplant and posttransplant
outcomes. The contributions of social determinants were evalu-
ated by the creation of a SVI; we hypothesized that lower social
vulnerability would be protective against the effects of frailty.

MATERIALS AND METHODS

To create the cumulative deficits FI, we performed a ret-
rospective cohort study of 815 adult patients referred for
heart, kidney, liver, or lung transplant candidacy assessment
at Toronto General Hospital. We included consecutive heart,
liver, and lung candidates assessed between January 1, 2012,
and December 31, 2013; sequential kidney transplant candi-
dates were selected from January 1 to November 30, 2009,
because of their longer transplant wait times.* In our pro-
gram, an initial consultation was performed before starting
the candidacy assessment; patients were excluded if the can-
didacy assessment was not initiated. Patients for multiorgan
transplant evaluation were included with the primary organ
group (ie, the kidney group included kidney-pancreas candi-
dates). Retransplant candidates were also included.

Survival data were collected until January 1, 2016. The
University Health Network Research Ethics Board approved
this project (#15-9161-BE), waiving written consent.

The FI was developed using a standard procedure.”” For
each patient, 76 clinical variables routinely measured during
candidacy evaluations and assessment and waitlist outcomes
were collected from multidisciplinary team clinical transplant
chart (Table S1, SDC, http://links.lww.com/TXD/A300). For
deficit inclusion in the FI, a variable must be associated with
health status and generally increase in prevalence with age
without saturation (reviewed graphically and with correla-
tion coefficients). Deficits included in the FI were chosen to
encompass a range of clinical domains (Table 1).2” Each defi-
cit was scored as 0 (absent/normal) or 1 (present/abnormal);
some deficits included partial scores (Table S1, SDC, http:/
links.Iww.com/TXD/A300). For FI inclusion, we required a
minimum of 85% data completeness for each deficit.

Each candidate’s FI was calculated by totaling the can-
didate’s deficits and dividing by the total available deficits
scored from the patient’s transplant assessment, equally
weighting each deficit. Higher FI scores denote greater frailty.
A patient’s FI was only calculated if a minimum of 80% of
deficits were scored. As some deficits in the FI were associated
with the diseases requiring transplantation (eg, bilirubin in a
liver candidate), a 20-variable FI (FI20) containing only defi-
cits unrelated to any organ transplant indication was created
for comparison as a sensitivity analysis.?”31:4¢
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Final deficits included in the 40 variable frailty index and
social vulnerability index

40 variable frailty index

Comorbidities Laboratory values

Cardiovascular disease Hemoglobin
Respiratory/sleep-disordered breathing White blood cell count
Genitourinary disease Platelet count
Peripheral vascular disease Estimated GFR
Cerebrovascular disease Sodium

Neurologic disease Potassium
Musculoskeletal disease Calcium
Gastrointestinal disease Glucose
Rheumatologic disease Albumin

Hematologic disease
Hepatobiliary disease

Alkaline phosphatase
Hepatitis B surface antigen

Osteoporosis Cytomegalovirus serology

Diabetes ECG rate

Hypertension ECG rhythm

Hyperlipidemia Functional status

Malignancy history Basic activities of daily living

Chronic pain Instrumental activities of daily living

Hearing impairment Use of mobility aid

Visual impairment Weight loss

Psychiatric comorbidity Recent hospital admissions
Body mass index

Social vulnerability index

Smoking history Adherence

Alcohol misuse history Finances

Relocation needs
Distance to transplant center
English interpreter

Recreational drug history
Employment status
Support person

Italicized variables were also used in the 20 variable frailty index (FI20). Bold words designate
categories for the included variables.

We created a SVI using routine candidacy assessment
variables®*-%4 (Table 1 and Table S1, SDC, http://links.lww.
com/TXD/A300). Vulnerability deficit examples include
increased distance to the transplant center, absence of car-
egivers, and recent illicit drug use. Deficits were scored as
0 (advantageous) or 1 (disadvantageous), weighting each
deficit equally. Each patient’s SVI was calculated by adding
their total social vulnerability deficit score and dividing by
total deficits in the SVI, requiring a minimum of 80% of the
candidate’s deficits scored. Higher SVI denotes less favorable
status. The FI, F120, and SVI were calculated only at the time
of candidacy assessment and were not updated during the
waiting period.

Associations between FI and assessment and waitlist out-
comes, patient hospitalization status before transplant, and
discharge disposition posttransplant were measured using
multivariable linear regression and multinomial logistic regres-
sion, adjusting for sex, transplant type, SVI, and age. Similarly,
associations between SVI and assessment outcomes were iden-
tified with multinomial logistic regression, adjusted for sex,
transplant type, and age. Variance inflation factors were used
to rule out multicollinearity, and all were <1.7. Adjusted means
are presented.

A composite endpoint of death on the waitlist or after
transplant and delisting due to medical contraindication was
used to encompass negative outcomes both before and after
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transplant due to the variability in waiting time to transplant
among the different organ groups. Endpoints of waitlist
death/delisting or death after transplant were also analyzed
separately. Kaplan-Meier curves were used to assess all 3 end-
points across frailty groups, using the log-rank test to evaluate
survival distribution differences. Univariable and multivari-
able Cox proportional hazards models were fitted to study
associations between FI and survival, adjusting for age, trans-
plant type, SVI, and posttransplant status (the latter modeled
as a time-dependent covariate). Significant multicollinearity
was not found in any models.

Univariable and multivariable Cox proportional hazards
models for the endpoint of waitlist death or delisting for med-
ical contraindication were repeated using the lung allocation
score (LAS) for lung transplant candidates and model for end-
stage liver disease (MELD) score for liver candidates.

Using the receiver operating characteristic and Youden
method, the area under the curve (AUC) and a FI cutoff for
waitlist death and delisting, waitlist death, posttransplant
death, and the composite endpoint were calculated. Analyses
were repeated with FI20.

FI and SVI were created using SPSS V24. Analysis was
performed using STATA 14 and SPSS V24. For all analyses,
P values of <0.05 were used as the statistical significance
threshold.

RESULTS

From 76 clinical variables, a 40-deficit FI was created
(Table 1). Sufficient assessment data were available to calcu-
late FI scores for 794 patients (Figure 1). Baseline character-
istics, FI and SVI of the 794 included patients are presented
in Tables 2 and 3, and Table S2, SDC, http://links.lww.com/
TXD/A300. The patients’ average age was 53 years (range
18.1-74.0). FI scores ranged from 0.06 to 0.60. Frailty was
not different between sexes. FI scores increased modestly with
age, except in lung candidates (Figure S1, SDC, http://links.
lww.com/TXD/A300). Liver transplant candidates were more
frail than other organ groups (Table 3).

A 10 variable SVI was created (Table 1). SVI scores ranged
from 0 to 0.70. Females had a lower SVI than males (Table 3).
SVI scores differed between organ groups; lung transplant
candidates (mean SVI 0.24 = 0.15) had higher SVI scores
than the other organ groups (liver 0.19 = 0.12 [P < 0.001],
heart 0.14 + 0.13 [P < 0.001], kidney 0.15 = 0.12 [P < 0.001])
(Table 3).

Following assessment, 65.2% of patients were listed for
transplantation, and 45.8% were transplanted (Figure 1).
Assessment outcomes varied by FI scores. Compared with
candidates listed for transplant (mean FI 0.29 = 0.09), the
relative risk ratio (RR) for rejection from waitlisting for
those with medical contraindications (mean FI 0.35 = 0.10)
was 1.08 per 0.01 increase in FI score (95% confidence
interval [CI] 1.05-1.11, P < 0.001) and 1.05 for a 0.01 FI
score rise (95% CI1.02-1.09, P = 0.003) for those that died
during assessment (mean FI 0.35 = 0.09). Likewise, patients
who were too well for transplant listing (mean FI 0.24 =
0.07) had lower FI scores than those listed for transplant
(mean FI 0.29 = 0.09, RR 0.94 per 0.01 FI score decline,
95% CI10.91-0.97, P < 0.001 [Table 4 and Figure S2, SDC,
http://links.lww.com/TXD/A300]). In all organ groups,
patients with medical contraindications were frailer than
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FIGURE 1. Flow diagram summarizing transplant consultation, assessment and listing outcomes, and posttransplant survival. 2Declined
(Other) includes patients declined for transplant because of financial and psychosocial reasons or those that decided to withdraw from transplant
process. PAlternate center/therapy includes patients that have transferred to another transplant center or pursued alternate medical or surgical
therapy. °Delisted (Other) includes patients that were removed from the waitlist because of patient preference, non-adherence, or transferred to

another transplant center.

Baseline characteristics of the study population

Full cohort Heart? Kidney Liver Lung

Subjects 794 113 222 201 258
Mean age 528 +12.6 50.6 +13.1 498 +129 55.7 +10.1 541+129
Male (%) 509 (64) 88 (78) 138 (62) 136 (67) 147 (57)
Listed 506 48 156 140 162
Transplanted 364 32 116 96 120
Died on waitlist 69 4 10 19 36
Died posttransplant 54 5 7 14 28
Retransplants 44 0 30 5 9
Living donor 87 0 64 23 0
Median time between assessment and transplant excluding LD (d) 294 220.5 1231 170 270.5

IQR (135-609) IQR (81.5-397.5) IQR (657-1749) IQR (82-373) QR (153-491)
Median time between assessment and transplant for LD (d) 480 146

IQR (270-832) IQR (98-186)

Median waitlist time (d) 142.0 181.5 400.0 98.5 125.5

IQR (42-464) IQR (67.5-690) IQR (46—-1306.5) IQR (38-265.5) QR (41-261)

aTwenty seven heart transplant candidates had left ventricular assist devices.
IQR, interquartile range; LD, living donor.

those listed for transplantation (Table S3, SDC, http://
links.lww.com/TXD/A300).

The SVI varied between assessment outcomes. Listed can-
didates (mean SVI 0.18 + 0.13) had lower SVI scores than
patients declined for financial and social reasons or due to
patient preference (mean SVI 0.23 = 0.16, RR 1.04 per 0.01
SVI score increase, 95% CI 1.02-1.06, P = 0.001).

The correlation between FI and hospitalization status at
the time of transplant lacked statistical significance (RR 1.03
per 0.01 FI score rise, 95% CI 0.99-1.07, P = 0.10). Of 364
transplanted patients, 306 (84%) were discharged home and
36 (10%) to a rehabilitation facility; 19 patients (5%) died
during their transplant hospitalization. Three patients were
discharged to another hospital with uncertain dispositions.
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Frailty and social vulnerability indices of the study popula-
tion

Patients Meanage MeanFl Mean FI20 Mean SVI

Total 794 528+12.6 0.29+0.10 0.25+0.11 0.18 £ 0.14
Sexé
Male 509 (64%) 53.0 +12.7 0.29+0.10 0.25+0.11 0.20 + 0.14
Female 285 (36%) 52.4 +12.3 029 +0.10 0.26 +0.11 0.17 £ 0.13
Transplant type®
Heart 113 (14%) 50.6 +13.1 0.29 +0.11 0.23+0.10 0.14 +0.13
Kidney 222 (28%) 49.8 +12.9 0.27 +0.09 0.21 +0.11 0.15+0.12
Liver 201 (25%) 55.7 +10.1 0.34 +0.09 0.29 +0.11 0.19 +0.12
Lung 258 (32%) 541 +12.9 0.28 +0.09 0.27 +0.11 0.24 +0.15

Difference in mean SVI by sex is statistically significant (P = 0.001).

"Difference in mean SVI, mean Fl, and mean FI20 by transplant type is statistically significant
(P<0.001).

Fl, 40 deficit frailty index; FI20, 20 deficit frailty index; SVI, social vulnerability index.

Based on FI at assessment, there is a 7% increased risk of
discharge to an inpatient rehabilitation facility with a 0.01 FI
score rise (RR 1.07, 95% CI 1.02-1.12, P = 0.01) (Table S4,
SDC, http:/links.lww.com/TXD/A300).

Using FI20 instead of the 40-item FI, similar results for
the above analyses were obtained (Table 3, Tables S3 and S4,
SDC, http:/links.lww.com/TXD/A300). With fewer deficits,
the entire cohort had lower frailty scores with FI20 than FL
Regardless, frailty did not differ by sex; the liver (mean FI20
0.29 = 0.11) and lung (0.27 = 0.11) groups were frailer than
the heart and kidney candidate groups (Table 3). Compared
with listed candidates (mean FI20 0.24 + 0.11), those with a
medical contraindication (0.30 = 0.13) had a 5% greater risk
of rejection from waitlisting for each 0.01 increase in FI20
(RR 1.05,95% CI 1.02-1.07, P < 0.001) (Table 4 and Table
$3, SDC, http://links.lww.com/TXD/A300).

Kaplan-Meier analysis (Figure 2A) illustrated that greater
frailty was associated with a higher risk of delisting for a
medical contraindication and dying on the transplant wait-
list or after transplant (the composite endpoint). The degree
of frailty also separately correlated with death/delisting on
the transplant waitlist and death after transplant (Figure 2B
and C).
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Univariable Cox proportional hazards models demon-
strated that FI scores and age were associated with both
an increased risk of the composite endpoint and the indi-
vidual component outcomes of death/delisting from trans-
plant waitlist and death after transplant (Table §). Higher
SVI scores correlated with greater risk for the composite
endpoint (hazard ratio [HR] 1.02 per 0.01 SVI score rise,
95% CI 1.01-1.03, P = 0.01) and death after transplant
(HR 1.03 per 0.01 unit SVI increase, 95% CI 1.01-1.05,
P = 0.003).

In the multivariable analysis, higher FI scores were asso-
ciated with an increased risk of the composite endpoint
(HR 1.03 per 0.01 unit increase in FI, 95% CI 1.01-1.05,
P = 0.01) and death/delisting from medical contraindication
on transplant waitlist (HR 1.05 per 0.01 FI score increase,
95% CI 1.02-1.07, P = 0.001), adjusted for age, sex, trans-
plant type, SVI, and posttransplant status (for composite end-
point) (Table 5). For illustration, the relative hazard of the
composite endpoint is 3-fold greater for a person with an FI
score of 0.50 compared to the mean FI of 0.12 in the 10%
least frail waitlisted candidates.

The AUC using the receiver operating characteristic for the
composite endpoint (waitlist death/delisting and posttrans-
plant death) was 0.64. A FI score cutoff of 0.27 was calcu-
lated, based on risk of the composite endpoint; however, the
FI score cutoff of 0.36 for waitlist death/delisting had better
specificity of 82% (Table S5, SDC, http://links.lww.com/TXD/
A300). FI and FI20 had similar AUC for waitlist death and
composite outcomes (Table S5, SDC, http://links.lww.com/
TXD/A300).

In univariable analysis, higher LAS in lung candidates
were associated with an increased risk of the waitlist death
or delisting (HR 1.15 per 1 unit increase in LAS, 95% CI
1.09-1.21, P < 0.001); the FI functioned similarly (HR 1.12
per 0.01 unit increase in FI, 95% CI 1.06-1.21, P < 0.001).
After adjusting for the LAS, the association between FI
and waitlist death/delisting remained significant (Table S6,
SDC, http://links.lww.com/TXD/A300). Contrastingly, FI
and MELD scores did not correlate with higher risk of the
waitlist death/delisting in the univariable and multivari-
able analysis (Table S6, SDC, http://links.Ilww.com/TXD/
A300).

Comparison of the effect of frailty on assessment and listing outcomes

FIe

FI20° sV

Relative risk ratio (95% Cl) P

Relative risk ratio (95% Cl) P Relative risk ratio (95% Cl) P

Assessment outcomes
Listed Ref
Too well 0.94 (0.91-0.97) <0.001
Medical contraindication 1.08 (1.05-1.11) <0.001
Dead 1.05 (1.02-1.09) 0.003
Listing outcomes
Transplanted Ref
Delisted-improved 0.97 (0.90-1.04) 0.43
On waitlist 1.00 (0.96-1.05) 0.98
Delisted-medical contraindication ~ 0.99 (0.94-1.05) 0.79
Died on waitlist 1.08 (1.05-1.12) <0.001

Ref Ref
0.96 (0.93-0.98) 0.002  1.01(0.99-1.02) 0.60
1.05 (1.02-1.07) <0.001  1.02 (1.00-1.04) 0.04
1.04 (1.01-1.07) 0.003  1.03(1.01-1.06) 0.005
Ref Ref
0.99 (0.93-1.05) 0.69 1.01 (0.95-1.07) 0.85
1.01(0.97-1.05) 0.59 1.01 (0.98-1.05) 0.41
1.00 (0.95-1.04) 0.87 1.01(0.97-1.05) 0.57
1.05 (1.02-1.08) 0.001  0.99(0.97-1.01) 0.33

These analyses were adjusted for age, sex, transplant type, and SVI.
"This analysis was adjusted for age, sex, and transplant type.
Fl, 40 variable frailty index; FI20, 20 variable frailty index; SVI, social vulnerability index.
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0.50[ Fl 0.326-0.550
——— F10.251-0.325
0.404| —— Fl <=0.25
0.30

0.20

0.104

0.004

Log Rank p=0.036

Cumulative probability of death after transplant

Number at risk

F10.326-0.550 102 928
F10.251-0.325 120 15
Fl<=0.25 142 138

FIGURE 2. Kaplan-Meier curves of frailty effect on death or
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delisting from the transplant waitlist, death after transplant, and a composite

combined endpoint. A, Kaplan-Meier curve of the composite endpoint of death after transplant or on waitlist and delisting for medical
contraindication, showing increased frailty is associated with increased probability of death or delisting. B, Kaplan-Meier curve of transplant
waitlist death or delisting due to medical contraindication. Patients censored at date of death, delisting, transplant, or censor date. With
increased frailty, increased likelihood of being removed from transplant waitlist. C, Kaplan-Meier curve of death after transplantation. Two higher

frailty groups have decreased survival.
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Univariable and multivariable Cox proportional hazard models for transplant waitlist death/delisting, posttransplant
death, and the composite endpoint, respectively
Composite endpoint: death/delisting on Endpoint: death and delisting due to medical
transplant waitlist and death posttransplant contraindication while on transplant waitlist Endpoint: death after transplant
Univariable Multivariable Univariable Multivariable Univariable Multivariable
Hazard ratio Hazard ratio Hazard ratio Hazard ratio Hazard ratio Hazard ratio
(95% CI) P (95% Cl) P (95% CI) P (95% CI) P (95% CI) P (95% Cl) P
Risk factors
Fl 1.05 (1.03-1.07) <0.001 1.03 (1.01-1.05) 0.01 1.07 (1.04-1.09) <0.001 1.05 (1.02-1.07) 0.001 1.03 (1.00-1.06) 0.04 1.03 (1.00-1.06) 0.09
Age 1.03 (1.02-1.05) <0.001 1.01 (1.00-1.03) 0.08 1.03(1.01-1.05) 0.002 1.01 (1.00-1.03) 0.32 1.03(1.01-1.06) 0.01 1.02(0.99-1.04) 0.13
SvI 1.02(1.01-1.03) 0.01 1.00(0.99-1.02) 0.57 1.01(0.99-1.03) 0.26 0.99(0.98-1.01) 0.27 1.03(1.01-1.05) 0.003 1.01 (0.99-1.03) 0.31
Sex (female vs 1.10 (0.79-1.54) 0.56 1.06 (0.75-1.50) 0.73 1.35(0.89-2.05) 0.16 1.30(0.84-2.03) 0.27 0.76(0.42-1.36) 0.35 0.62(0.34-1.14) 0.12
male)
Transplant type
Livervs lung  0.80 (0.55-1.16) 0.24 0.51(0.35-0.76) 0.001 1.16 (0.73-1.84) 0.52 0.85(0.51-1.43) 0.54 0.52(0.27-0.99) 0.05 0.41(0.20-0.83) 0.01
Heartvs lung  0.56 (0.30-1.07) 0.08 0.46 0.02 0.51(0.22-1.21) 0.13 0.53(0.21-1.32) 0.18 0.75(0.29-1.96) 0.56 0.83(0.29-2.36) 0.72

( ) ( )

( ) (0.23-0.90)
Kidney vs lung 0.08 (0.04-0.16) <0.001 0.04 (0.02-0.10)
Transplant 0.15(0.11-0.21) <0.001 0.09 (0.07-0.14) <0.001
(ves vs no)

<0.001 0.04 (0.02-0.12) <0.001 0.05 (0.02-0.12) <0.001 0.04 (0.01-0.16) <0.001 0.04 (0.01-0.18) <0.001

Cl, confidence interval; Fl, 40 variable frailty index; SVI, social vulnerability index.

DISCUSSION

In this pilot study, we have developed the first cumula-
tive deficits FI for solid organ transplant candidates using
only elements from the comprehensive transplant candidacy
evaluation. This exploratory study illustrates that the degree
of frailty is measurable from a routine transplant assessment
without additional testing and that frailty is a predictor of
pretransplant and posttransplant outcomes.

Considering that disease progression affects physical con-
ditioning, performance of activities of daily living, and func-
tion of other organ systems, transplant candidates should
be frailer than the average person. We found that transplant
candidates are strikingly more frail than the typical Canadian
population.' Our Canadian transplant population’s mean FI
of 0.29 is similar to the mean FI of people aged 85-90 years
in the Canadian National Population Health Survey despite
our patients’ mean age of 53.!° Nonetheless, this study dem-
onstrates a range of frailty in transplant candidates with only
1/3 of patients having frailty indices <0.25.

In this introductory work, the FI correlated with adverse
outcomes even before transplantation. Patients with a higher
FI were more likely to have medical contraindications or to die
during the assessment period compared to candidates accepted
for listing. This ability to quantify the degree of frailty from
routinely collected data lends rigor to the currently more sub-
jective determination of frailty during candidacy assessment.
The high degree of frailty observed in our cohort suggests
that the “eye-ball” test does not exclude all frail patients from
transplant listing. Current practices of using disease-specific
risk prediction factors with age-based clinical impressions of
robustness may exclude patients with potential transplant ben-
efit or fail to identify patients with imminent death risk; the FI
may help recognize these specific patient groups. Based on the
modest AUC for prediction of adverse outcomes, the FI alone
is inadequate to exclude candidates from transplant listing.

Without measuring frailty explicitly, candidacy assessment
methods may miss opportunities to identify and intervene on

frail patients. The cumulative deficits approach mimics the
stereotypical evaluation as a large amount of data, including
medical history, investigations, and functional assessments,
are assessed to determine candidacy; however, the FI inte-
grates this subjective process into an objective frailty meas-
urement. As patients with higher FI scores were more likely
to die on the waitlist or to require rehabilitation admission
after transplant, identification of frailty during assessment
could improve transplant outcomes if frailty can be effectively
alleviated. Mitigation of frailty is an active area of inquiry on
several fronts.*#

Chronologic age remains a relative contraindication to
transplantation in many programs. Frailty is a powerful pre-
dictor of transplant outcomes independent of age. In our
multivariable model, every 0.01 increase in FI is associated
with a 3% higher risk of delisting or death in the follow-up
period; age did not independently predict mortality. At any
age, a range of FI scores was observed, illustrating that age
itself is neither a sensitive nor a specific marker of risk in the
transplant population.

Literature using the cumulative deficits frailty approach
in transplant and end-stage organ dysfunction is growing.
A deficit accumulation index showed a mean frailty score of
0.27 for stage 5 chronic kidney disease.*® The cumulative defi-
cits FI measuring frailty before left ventricular assist device
insertion for destination therapy noted the same mean frailty
score (0.29) as our study; typically, destination therapy is
considered for heart failure patients with contraindications
to heart transplantation.’* Using adaptations of Rockwood’s
2005 FI, frail patients with nonalcoholic hepatosteatosis
had an increased risk of delisting, whereas frailty before
lung transplant was associated with decreased survival after
transplant.®®%” These studies support our cumulative deficits
approach although refinement with serial measurements and
careful outcome measurement are needed.

Although frailty measures specific to individual organ
groups may be informative, the transplant frailty literature
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predominantly uses the FP to define frailty in all organ groups.
Other models, such as sarcopenia and short physical perfor-
mance battery, have also been used.!®!*17 Our study’s FI for
transplant candidates demonstrates similar findings to studies
using other frailty models in the transplant population. In this
study’s deficit accumulation model, higher frailty is associ-
ated with increased risk of waitlist death/delisting and post-
transplant death. Likewise, phenotypic frailty in heart, kidney,
liver, and lung transplant candidates correlates with waitlist
mortality'$!1*35¢ and with mortality after transplant in kidney
and lung transplant recipients.?>?* In kidney, liver, and lung
candidates, the short physical performance battery also cor-
relates with waitlist delisting/death and posttransplant mor-
tality.!?2255-5% By encompassing additional domains important
for candidacy assessment, deficit accumulation may provide a
more holistic frailty measure for transplant than other meas-
ures while eliminating the need for specialized testing to meas-
ure frailty.

The creation of the FI in this exploratory study was con-
strained by the differences between the transplant assessments
for each organ group; more liver disease associated deficits
(eg, alkaline phosphatase) were common to all organ groups
and, therefore, included in the final index. As a sensitivity
analysis, we created a “clean” 20-deficit FI, removing deficits
associated with heart, kidney, liver, and lung disease sever-
ity. FI20 outcomes were similar to FI; liver transplant candi-
dates were frailer than the others in both indices, supporting
40-item FI validity. Cumulative deficit frailty indices better
characterize frailty when they include at least 30-40 potential
deficits.?”*14¢ More deficits make smaller incremental change
to frailty, whereas fewer deficits create instability in the FI.

Social vulnerability was associated with assessment out-
comes. The SVI variables can heavily weigh into transplant
candidacy. Some transplant centers exclude patients due to
the absence of a support person, whereas patients may decline
transplantation due to financial constraints and relocation
requirements. Although higher SVI was a mortality risk factor
in the univariable analysis, SVI did not correlate significantly
with survival in the multivariable analysis and may not be
as important a determinant of transplant outcome as frailty.
The SVI may have greater importance in other populations as
the Canadian healthcare system may partially mitigate some
challenging social determinants of health. Future comparison
of SVI with validated transplant psychosocial measures, serial
measurements, and in larger cohorts is required.

This pilot study has some limitations. In this study, the defi-
cits were assessed retrospectively; some potential deficits, such
as hypercholesterolemia, were excluded from this FI if they
were frequently undocumented. Prospective collection of defi-
cits may improve the FI’s predictive validity. This study also
included a few multiorgan transplant candidates who may
be frailer due to multisystem disease. The limited number of
patients and deaths in each organ-specific group reduced our
power to identify organ-specific associations. There may be
referral bias due to nonreferral of potential transplant patients
perceived as frail. Our study cohort did not include referred
patients that were not formally assessed for candidacy, exclud-
ing patients deemed too fit or too frail for transplant consider-
ation. We also were only able to evaluate frailty at the time of
candidacy assessment and not immediately before transplant.

Extrapolating from other populations, '3 frailer patients
at transplant assessment have greater risk of developing
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more deficits while waiting for transplant, leading to worse
outcomes. Serial FI measurements may describe how frailty
changes from assessment to listing to receiving the trans-
plant and whether transplantation itself changes frailty and
may help identify the influence of waitlist and posttransplant
interventions, such as nutrition and physical rehabilitation, in
improving frailty or attenuating negative outcomes associated
with frailty.®¢* Although the physical frailty by FP is better
defined in the transplant literature, the FI potentially provides
a better multidimensional view of frailty. Comparisons of FI
to other frailty measures, such as the FP, Clinical Frailty Scale,
and Liver FI, are required to help determine the optimal role
for each measure.?”-65¢7

Validation of our findings in larger single and multior-
gan transplant cohorts and at different centers is underway.
Although we anticipate that this study’s findings are gener-
alizable, a predominantly male Canadian population was
used; transplant candidacy eligibility criteria, such as age,
and recipient and donor management may have changed
since our cohort as well. Social determinants of health may
affect populations with other healthcare systems differently,
altering the importance of the SVI and possibly even FI. Also,
studying this FI’s predictive value for posttransplant survival
with organ-specific disease severity measures may define the
role of the FI in evaluating transplant candidates and recipi-
ents. With validation cohorts, the frailty and quality of life
relationship should be investigated, especially because trans-
plantation’s dual aim is to improve quality of life and life
expectancy.

The cumulative deficits FI from this pilot study is a novel
method to measure frailty in the solid organ transplant pop-
ulation, using data typically collected during the candidacy
assessment. The FI’s associations with assessment and list-
ing outcomes as well as posttransplant and waitlist mortality
reveal its potential utility in determining transplant candidacy,
organ allocation priority, and interventions to improve trans-
plant outcomes.

ACKNOWLEDGMENTS

Special thanks to Dr. Angela Koutsokera for her assistance
with data collection.

REFERENCES

1. Knoll GA. Kidney transplantation in the older adult. Am J Kidney Dis.
20183;61:790-797.

2. Abecassis M, Bridges ND, Clancy CJ, et al. Solid-organ trans-
plantation in older adults: current status and future research. Am J
Transplant. 2012;12:2608-2622.

3. Kniepeiss D, Wagner D, Pienaar S, et al. Solid organ transplantation:
technical progress meets human dignity: a review of the literature con-
sidering elderly patients’ health related quality of life following trans-
plantation. Ageing Res Rev. 2012;11:181-187.

4. Branger P, Samuel U, eds. Annual Report 2016 Eurotransplant
International Foundation. Eurotransplant Foundation; 2017.

5. Kobashigawa J, Dadhania D, Bhorade S, et al. Report from the
American Society of Transplantation on frailty in solid organ transplan-
tation. Am J Transplant. 2019;19:984-994.

6. Fried LP, Tangen CM, Walston J, et al; Cardiovascular Health Study
Collaborative Research Group. Frailty in older adults: evidence for a
phenotype. J Gerontol A Biol Sci Med Sci. 2001;56:M146-M156.

7. Gobbens RJ, van Assen MA, Luijkx KG, et al. Determinants of frailty. J
Am Med Dir Assoc. 2010;11:356-364.

8. Masel MC, Ostir GV, Ottenbacher KJ. Frailty, mortality, and health-
related quality of life in older Mexican Americans. J Am Geriatr Soc.
2010;58:2149-2153.



© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Makary MA, Segev DL, Pronovost PJ, et al. Frailty as a predictor of sur-

gical outcomes in older patients. J Am Coll Surg. 2010;210:901-908.
Guralnik JM, Ferrucci L, Simonsick EM, et al. Lower-extremity function
in persons over the age of 70 years as a predictor of subsequent dis-
ability. N Engl J Med. 1995;332:556-561.

Chang YW, Chen WL, Lin FG, et al. Frailty and its impact on health-
related quality of life: a cross-sectional study on elder community-
dwelling preventive health service users. PLoS One. 2012;7:€38079.
Shinall MC, Arya S, Youk A, et al. Association of preoperative patient
frailty and operative stress with postoperative mortality. JAMA Surg.
2019;155:6194620.

Rockwood K, Song X, Mitnitski A. Changes in relative fitness and
frailty across the adult lifespan: evidence from the Canadian National
Population Health Survey. CMAJ. 2011;183:E487-E494.

Rockwood K, Blodgett JM, Theou O, et al. A frailty index based on
deficit accumulation quantifies mortality risk in humans and in mice.
Sci Rep. 2017;7:43068.

Theou O, Brothers TD, Mitnitski A, et al. Operationalization of frailty
using eight commonly used scales and comparison of their ability to
predict all-cause mortality. J Am Geriatr Soc. 2013;61:15637-1551.
Buta BJ, Walston JD, Godino JG, et al. Frailty assessment instru-
ments: systematic characterization of the uses and contexts of highly-
cited instruments. Ageing Res Rev. 2016;26:53-61.
McAdams-DeMarco MA, Law A, Salter ML, et al. Frailty and early
hospital readmission after kidney transplantation. Am J Transplant.
2013;13:2091-2095.

Lai JC, Feng S, Terrault NA, et al. Frailty predicts waitlist mortality in
liver transplant candidates. Am J Transplant. 2014;14:1870-1879.
Singer JP, Diamond JM, Gries CJ, et al. Frailty phenotypes, disabil-
ity, and outcomes in adult candidates for lung transplantation. Am J
Respir Crit Care Med. 2015;192:1325-1334.

Rozenberg D, Mathur S, Wickerson L, et al. Frailty and clini-
cal benefits with lung transplantation. J Heart Lung Transplant.
2018;37:1245-12583.

McAdams-DeMarco MA, Olorundare 10, Ying H, et al. Frailty and
postkidney transplant health-related quality of life. Transplantation.
2018;102:291-299.

Singer JP, Diamond JM, Anderson MR, et al. Frailty phenotypes and
mortality after lung transplantation: a prospective cohort study. Am J
Transplant. 2018;18:1995-2004.

McAdams-DeMarco MA, Law A, King E, et al. Frailty and mortality in
kidney transplant recipients. Am J Transplant. 2015;15:149-154.
Venado A, McCulloch C, Greenland JR, et al. Frailty trajectories in
adult lung transplantation: a cohort study. J Heart Lung Transplant.
2019;38:699-707.

Rockwood K, Mitnitski A. Frailty in relation to the accumulation of defi-
cits. J Gerontol A Biol Sci Med Sci. 2007;62:722-727.

Rockwood K, Mitnitski A. Frailty defined by deficit accumulation and
geriatric medicine defined by frailty. Clin Geriatr Med. 2011;27:17-26.
Searle SD, Mitnitski A, Gahbauer EA, et al. A standard procedure for
creating a frailty index. BMC Geriatr. 2008;8:24.

Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation of deficits as a
proxy measure of aging. Scientificworldjournal. 2001;1:323-336.
Rockwood K, Mitnitski AB, MacKnight C. Some mathematical
models of frailty and their clinical implications. Rev Clin Gerontol.
2002;12:109-117.

Mitnitski A, Bao L, Rockwood K. Going from bad to worse: a stochas-
tic model of transitions in deficit accumulation, in relation to mortality.
Mech Ageing Dev. 2006;127:490-493.

Mitnitski A, Song X, Skoog |, et al. Relative fitness and frailty of elderly
men and women in developed countries and their relationship with
mortality. J Am Geriatr Soc. 2005;53:2184-2189.

Mitnitski AB, Song X, Rockwood K. The estimation of relative fitness
and frailty in community-dwelling older adults using self-report data. J
Gerontol A Biol Sci Med Sci. 2004;59:M627-M632.

Mitnitski AB, Rutenberg AD, Farrell S, et al. Aging, frailty and complex
networks. Biogerontology. 2017;18:433-446.

Guaraldi G, Brothers TD, Zona S, et al. A frailty index predicts survival
and incident multimorbidity independent of markers of HIV disease
severity. AIDS. 2015;29:1633-1641.

Dunlay SM, Park SJ, Joyce LD, et al. Frailty and outcomes after
implantation of left ventricular assist device as destination therapy. J
Heart Lung Transplant. 2014;33:359-365.

Bhaniji RA, Narayanan P, Moynagh MR, et al. Differing impact of sar-
copenia and frailty in nonalcoholic steatohepatitis and alcoholic liver
disease. Liver Transpl. 2019;25:14-24.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

'y

52.

53.

54.

55.

56.

57.

58.

Varughese et al 9

Wilson ME, Vakil AP, Kandel P, et al. Pretransplant frailty is associ-
ated with decreased survival after lung transplantation. J Heart Lung
Transplant. 2016;35:173-178.

Twillman RK, Manetto C, Wellisch DK, et al. The transplant evalu-
ation rating scale. A revision of the psychosocial levels system
for evaluating organ transplant candidates. Psychosomatics.
1993;34:144-158.

Olbrisch ME, Levenson JL, Hamer R. The PACT: a rating scale for the
study of clinical decision-making in psychosocial screening of organ
transplant candidates. Clin Transplant. 1989;3:164-169.

Maldonado JR, Dubois HC, David EE, et al. The Stanford Integrated
Psychosocial Assessment for Transplantation (SIPAT): a new tool
for the psychosocial evaluation of pre-transplant candidates.
Psychosomatics. 2012;53:123-132.

Organ Procurement and Transplantation Network. General considera-
tions in assessment for transplant candidacy. Department of Health
and Human Services. 2015. Available at https://optn.transplant.hrsa.
gov/resources/ethics/general-considerations-in-assessment-for-
transplant-candidacy/. Accessed October 5, 2018.

Dew MA, DiMartini AF, Dobbels F, et al. The 2018 ISHLT/APM/AST/
ICCAC/STSW recommendations for the psychosocial evaluation
of adult cardiothoracic transplant candidates and candidates for
long-term mechanical circulatory support. J Heart Lung Transplant.
2018;37:803-823.

Andrew MK, Mitnitski AB, Rockwood K. Social vulnerability, frailty and
mortality in elderly people. PLoS One. 2008;3:2232.

Andrew MK, Mitnitski A, Kirkland SA, et al. The impact of social
vulnerability on the survival of the fittest older adults. Age Ageing.
2012;41:161-165.

Organ Procurement and Transplantation Network. Organ Procurement
and Transplantation Network (OPTN) Data. Department of Health and
Human Services. Available at https://optn.transplant.hrsa.gov/data/.
Accessed April 3, 2018.

Ferrucci L, Guralnik JM, Studenski S, et al; Interventions on Frailty
Working Group. Designing randomized, controlled trials aimed at pre-
venting or delaying functional decline and disability in frail, older per-
sons: a consensus report. J Am Geriatr Soc. 2004;52:625-634.
Theou O, Park GH, Garm A, et al. Reversing frailty levels in primary
care using the CARES model. Can Geriatr J. 2017;20:105-111.
Tompkins BA, DiFede DL, Khan A, et al. Allogeneic mesenchymal
stem cells ameliorate aging frailty: a phase Il randomized, double-
blind, placebo-controlled clinical trial. J Gerontol A Biol Sci Med Sci.
2017;72:1513-1522.

Marzetti E, Cesari M, Calvani R, et al; SPRINTT Consortium. The
“Sarcopenia and Physical fRailty IN older people: multi-componenT
Treatment strategies” (SPRINTT) randomized controlled trial: case
finding, screening and characteristics of eligible participants. Exp
Gerontol. 2018;113:48-57.

Hubbard RE, Peel NM, Smith M, et al. Feasibility and construct validity
of a frailty index for patients with chronic kidney disease. Australas J
Ageing. 2015;34:E9-12.

. Englesbe MJ, Patel SP, He K| et al. Sarcopenia and mortality after liver

transplantation. J Am Coll Surg. 2010;211:271-278.

Rozenberg D, Mathur S, Herridge M, et al. Thoracic muscle cross-
sectional area is associated with hospital length of stay post
lung transplantation: a retrospective cohort study. Transpl Int.
2017;30:713-724.

Jha SR, Hannu MK, Chang S, et al. The prevalence and prognostic
significance of frailty in patients with advanced heart failure referred for
heart transplantation. Transplantation. 2016;100:429-436.
McAdams-DeMarco MA, Ying H, Olorundare |, et al. Individual
frailty components and mortality in kidney transplant recipients.
Transplantation. 2017;101:2126-2132.

Nastasi AJ, McAdams-DeMarco MA, Schrack J, et al. Pre-kidney
transplant lower extremity impairment and post-kidney transplant
mortality. Am J Transplant. 2018;18:189-196.

McAdams-DeMarco MA, Ying H, Thomas AG, et al. Frailty, inflam-
matory markers, and waitlist mortality among patients with end-
stage renal disease in a prospective cohort study. Transplantation.
2018;102:1740-1746.

Kelm DJ, Bonnes SL, Jensen MD, et al. Pre-transplant wasting (as
measured by muscle index) is a novel prognostic indicator in lung
transplantation. Clin Transplant. 2016;30:247-255.

Wang CW, Covinsky KE, Feng S, et al. Functional impairment in older
liver transplantation candidates: from the functional assessment in
liver transplantation study. Liver Transpl. 2015;21:1465-1470.


https://optn.transplant.hrsa.gov/resources/ethics/general-considerations-in-assessment-for-transplant-candidacy/
https://optn.transplant.hrsa.gov/resources/ethics/general-considerations-in-assessment-for-transplant-candidacy/
https://optn.transplant.hrsa.gov/resources/ethics/general-considerations-in-assessment-for-transplant-candidacy/
https://optn.transplant.hrsa.gov/data/

10

59.

60.

61.

62.

63.

Transplantation DIRECT m 2021

Armstrong JJ, Godin J, Launer LJ, et al. Changes in frailty predict
changes in cognition in older men: the Honolulu-Asia aging study. J
Alzheimers Dis. 2016;53:1003-1013.

Luger E, Dorner TE, Haider S, et al. Effects of a home-based and vol-
unteer-administered physical training, nutritional, and social support
program on malnutrition and frailty in older persons: a randomized
controlled trial. J Am Med Dir Assoc. 2016;17:671.e9-671.e16.
Bernabei R, Landi F, Gambassi G, et al. Randomised trial of impact of
model of integrated care and case management for older people living
in the community. BMJ. 1998;316:1348-1351.

Ng TR, Feng L, Nyunt MS, et al. Nutritional, physical, cognitive, and
combination interventions and frailty reversal among older adults: a
randomized controlled trial. Am J Med. 2015;128:1225-1236.e1.
Wickerson L, Rozenberg D, Janaudis-Ferreira T, et al. Physical
rehabilitation for lung transplant candidates and recipients:

64.

65.

66.

67.

www.transplantationdirect.com

an evidence-informed clinical approach. World J Transplant.
2016;6:517-531.

Anderson L, Nguyen TT, Dall CH, et al. Exercise-based cardiac reha-
bilitation in heart transplant recipients. Cochrane Database Syst Rev.
2017;14:CD012264.

Rockwood K, Song X, MacKnight C, et al. A global clinical meas-
ure of fitness and frailty in elderly people. CMAJ. 2005;173:489—
495,

Guralnik JM, Simonsick EM, Ferrucci L, et al. A short physical perfor-
mance battery assessing lower extremity function: association with
self-reported disability and prediction of mortality and nursing home
admission. J Gerontol. 1994;49:M85-M94.

Lai JC, Covinsky KE, Dodge JL, et al. Development of a novel frailty
index to predict mortality in patients with end-stage liver disease.
Hepatology. 2017;66:564-574.



