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Abstract

Background: Currently, there are no standardized guidelines for graft allocation in heart transplants (HTxs), particularly when con-
sidering organs from marginal donors and donors after cardiocirculatory arrest. This complexity highlights the need for an effective
risk analysis tool for primary graft dysfunction (PGD), a severe complication in HTx. Existing score systems for predicting PGD lack
superior predictive capability and are often too complex for routine clinical use. This study sought to develop a user-friendly score
integrating variables from these systems to enhance the efficacy of the organ allocation process. Methods: Severe PGD was defined
as the need for mechanical circulatory support and/or death from an unknown etiology within the first 24 hours following HTx. We
used a meta-analytical approach to create a derivation cohort to identify risk factors. We then applied a logistic regression analysis to
generate an equation predicting severe PGD risk. We used our previous experience in HTx to create a validation cohort. Subsequently,
we implemented the formula in a smartphone application. Results: The meta-analysis comprising six studies revealed a 10.5% ( 95%
confidence interval (CI): 5.3—12.4) incidence rate of severe PGD and related 30-day mortality of 38.6%. Eleven risk factors were identi-
fied: female donors, female donor to male recipient, undersized donor, donor age, recipient on ventricular assist device support, recipient
on amiodarone treatment, recipient with diabetes and renal dysfunction, re-sternotomy, graft ischemic time, and bypass time. An equa-
tion to predict the risk, including the 11 parameters (GREF-11), was created using logistic regression models and validated based on
our experience involving 116 patients. In our series, 29 recipients (25%) required extracorporeal membrane oxygenation support within
24 hours post-HTx. The overall 30-day mortality was 4.3%, 3.4%, and 6.8% in the non-PGD and severe PGD groups, respectively.
The area under the receiver operating characteristic (AU-ROC) curve of the model in the validation cohort was 0.804. Conclusions:
The GREF-11 application should offer HTx teams several benefits, including standardized risk assessment and bedside clinical decision
support, thereby helping minimize the risk of severe PGD post-HTx.

Keywords: heart transplant; heart transplantation; primary graft dysfunction; primary graft failure; temporary circulatory support;
ECMO; risk prediction score

1. Introduction rejection, severe pulmonary hypertension, or recognized in-
traoperative complications [2]. PGD accounts for at least
two-thirds of early graft dysfunctions, with the diagnosis
usually made within 24 hours (h) post-transplantation [3,4].

In the literature, the incidence of this devastating com-
plication varies from 2% to 28%. Thus, attention must be
paid to the organ allocation process to prevent PGD, al-
though its etiology remains unclear [5-9]. PGD occurrence
is associated with specific parameters of donor, recipient,
and surgical procedures that are both heterogeneous and dif-
ficult to weigh up during organ allocation.

Existing scoring systems are complex and challeng-

Heart transplantation (HTx) remains the therapeutic
modality closest to a cure for eligible patients with end-
stage heart failure despite the recent progress made re-
garding long-term mechanical circulatory support therapies
[1,2]. Despite the increased medical complexity of trans-
plant recipients, long-term HTx results have significantly
improved over the last 20 years, with the 5-year mortality
rate reduced by half [1]. Yet, at the same time, the 30-day
mortality rate after HTx remains unchanged, ranging from
5% to 10% [2].

Excepting rare surgery-related complications and ful-
minant infections, the inability of the transplanted heart to
generate adequate cardiac output in the early post-surgery
phase is the primary determinant of early post-transplant
mortality. Primary graft dysfunction (PGD) comprises all
dysfunctions of unknown origin, after excluding hyperacute

ing to use in routine practice. Furthermore, these systems
also vary in parameters, leading to inconsistent risk assess-
ments, and often do not account for recent technological
advancements, limiting their relevance in current practices.
Therefore, there is a need for a more straightforward and ef-
fective tool. Our study sought to fill this gap by developing
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Table 1. Variables were considered to identify independent risk factors for PGD.

Donor

Recipient Surgical procedure

Variables  Age
Gender
Gender mismatch
LV mass mismatch
Blood group
Cause of death
Left ventricular hypertrophy

Inotropic requirement

Preoperative circulatory support

Graft ischemic time

Age CPB time
Gender Blood transfusions
Blood group
Anemia
Diabetes

Re-sternotomy

Amiodarone treatment

Pulmonary artery resistance

CPB, cardiopulmonary bypass; LV, left ventricle; PGD, primary graft dysfunction.

and validating a more comprehensive scoring system. We
conducted a meta-analysis to identify key risk factors and
integrated them into a user-friendly model. We hypothe-
sized that our scoring system would provide better predic-
tive accuracy and ease of use, improving decision-making
in HTxs.

2. Materials and Methods
2.1 Study Primary Endpoint

The study primarily sought to identify risk factors,
also identified as variables, for severe PGD within the first
24 h following HTX, thus requiring prolonged mechanical
circulatory support or causing the patient’s death. The vari-
ables were related to the donor, recipient, and surgical pro-
cedure.

2.2 Data Sources and Searches

PGD risk prediction equation development started
with the derivation cohort construction based on a meta-
analysis of literature data. To identify relevant studies that
have investigated risk factors associated with PGD after
HTx, we systematically searched MEDLINE, EMBASE,
and Cochrane databases of systematic reviews using the
following keywords: “heart transplant”, “heart transplanta-
tion”, “primary graft dysfunction”, “primary graft failure”,
“temporary circulatory support”, and “extracorporeal mem-
brane oxygenation (ECMO)”.

2.3 Study Eligibility Criteria

We included studies that enrolled adult HTx recipi-
ents, evaluated any factor associated with PGD using mul-
tivariable analysis (Cox proportional hazards models, lo-
gistic regression models), and reported at least 10 severe
PGDs. To focus on the contemporary definition of PGD,
we excluded studies published before 2010 and considered
those published until October 2022. We did not restrict
study selection by design or publication type if they pro-
vided sufficient information to generate effect estimates for
any predictor. If two studies assessed the same popula-
tion and predictors, we included the study with the largest
sample size. Two reviewers independently screened all ti-

tles and abstracts using a standardized study eligibility form
(see Supplementary A in the Supplementary Material).
For studies deemed potentially eligible, either of the re-
viewers evaluated the full text and then agreed on their in-
clusion.

2.4 Data Extraction and Quality Assessment

Three reviewers extracted data from eligible studies
using a standardized form (see Supplementary B in the
Supplementary Material). We collected data related to
population characteristics, including donor and recipient
age and sex, sex mismatch, predicted heart mass, graft total
ischemic time and cardiopulmonary bypass time (Table 1),
postoperative ECMO use, and 30-day survival. Reviewers
also extracted data relevant to the definition of predictors,
effect estimates, confidence intervals (CIs), and the defini-
tion of outcomes.

Study quality and risk of bias were assessed based on
the Quality Prognostic Studies (QUIPS) [10] tool. This
instrument considers study participant selection, loss to
follow-up, prognostic factors, outcome measurements, con-
founding factors, and statistical analysis and reporting. If
five or more domains presented a low risk of bias, the over-
all risk was low; otherwise, the risk of bias was deemed
high [11].

2.5 Data Synthesis and Statistical Analysis

The research findings presented point estimates along
with their corresponding 95% Cls using hazard ratio (HR),
odds ratio (OR), or relative risk (RR). In studies with strat-
ified groups showing a linear association between the pre-
dictor and the outcome, we averaged the beta coefficients
across categories to obtain the effect estimate associated
with a unit change for the meta-analysis. We performed
a meta-analysis to combine the effect sizes from individual
studies using the random-effects model and calculated the
summary effect sizes and their corresponding Cls for each
predictor variable. The meta-analysis was performed ac-
cording to the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA 2020) statement [12].
Categorical data were expressed as absolute values and rel-
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Records identified from the
database (n=1763)

Identification

Records excluded (n=507)

Reports excluded:
Other outcomes (n=12)
No/wrong PGD definition (n= 12)

Fig. 1. Flowchart of study identification, inclusion, and exclusion.

ative frequencies (%), and continuous variables were ex-
pressed as the mean and standard deviation (SD). Dichoto-
mous variables were expressed as percentages. Baseline
characteristics were compared using the Student’s ¢-test for
continuous variables and the chi-square test for categorical
variables. Non-normally distributed continuous variables
were compared using non-parametric methods (Wilcoxon’s
rank sum test). A value of p < 0.05 was considered statis-
tically significant.

We identified the parameters in each study that were
statistically significant in predicting PGD. More specifi-
cally, during data extraction, we first conducted an unad-
justed analysis to assess the relevance of each variable.
Variables that reached a p-value < 0.05 in this prelimi-
nary analysis were included in the subsequent multivariable
analysis.

2.6 Logistic Regression Modelling

Python with scikit-learn was the software (version
3.10.6, 2022, located at https://python-fiddle.com/exampl
es/sklearn) used for statistical analysis. Based on the meta-
analysis results, we selected predictor variables that showed
statistically significant associations with the outcome (p <
0.05). We fitted the logistic regression model using the
prepared dataset, with severe PGD as the binary outcome
variable and the selected predictor variables as independent
variables. A Cox proportional hazards regression model
was used to analyze the contributions of variables to the
outcomes. For each variable, we considered the highest re-
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PGD, primary graft dysfunction.

gression coefficient (RC) related to PGD and used it in the
equation. Throughout the analysis, missing data were not
imputed. Instead, we performed the study on a complete-
case basis, meaning only cases with no missing data were
included in the regression model [13]. This approach was
chosen to ensure the accuracy and integrity of our findings
by relying solely on fully available data. While this method
reduces potential biases from imputation, it may limit sam-
ple size, which was acknowledged as a limitation in our
study. The decision to use a complete-case analysis was
based on the extent and nature of missing data, which we
have deemed necessary to maintain the robustness of our
results.

We calculated the intercept value and estimated the
coefficients of the selected parameters based on a method
called maximum likelihood estimation with iterative opti-
mization techniques.

The formula for the score calculation was as follows:

intercept + (parameter 1 x coefficient parameter 1) +
(parameter 2 x coefficient parameter 2) +.... =y

sigmoid(y) = 1/(1 + exp(-y))
we then expressed this value as a percentage, representing
the estimation of the outcome risk in a given patient.

2.7 Model Validation

To determine the stratification method with the best
discriminatory ability for PGD occurrence, we analyzed the
area under the receiver operating characteristic (AU-ROC)
curve or statistical C. This data analysis is considered a reli-
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Table 2. Demographics of considered studies for the derivation cohort.

Author . Donor data Recipient data o PGD-related
Recruitment Cohort of Ischemic time  Severe

Reference  Year Study type time frame  patients o f % sex ) o di 0 minutes PGD mortality
number o female age mismatch* % female age % diabetes % VAD 95% CI
Buchan TA 2021  Meta-analysis 1990-2020 8503 - 36 (23-50) 1870 (22%) 23 52 (30-69) - 23% 186 (86-273) 654 255

etal. [9] 7.7%  39% (26%—-53%)
Benck L 2021  Retrospective 2012-2018 734 242 34 (24-45) 84 (11.5%) 23 58 (50-66) 243 (33%) 18% 167 44 12

etal. [8] single center 32.9% 5.9%  28% (35%—65%)
King PM 2020  Retrospective 1992-2017 141 50 25 (20-32) 26 (18.4) 22 58 (51-63)  82(14.4) 100% 143 (125-171) 32 6

etal. [19] single center 35.4% 22.6% 18.7%
Truby LK 2018  Retrospective 2009-2017 263 48 343 (21-60) 74 (28.1) 20 53.1 54 (20.5%)  100% 185 (106-201) 46 10

etal. [18] single center 18.2% 17.5% 21.7%
Nicoara A 2018  Retrospective 2009-2014 317 45 36 (26-46) 68 (21.4) 26 58 (48-63) 104 (32.8%) 33 180 (150-210) 20 -

etal. [2] single center 14.2% 9.8% 6.3%

Rhee Y 2021  Retrospective 1992-2017 570 119 33.8 £ 11 50 (8.8) 28.9 46.7 82 (14.4%) 52 151.1 £ 59.5 29 1

etal. [17] single center 20.9% 9.1% 5.1% 34

o)

2,

(i

4

Ss3id NI

*female donor to male recipient. PGD, primary graft dysfunction; VAD, ventricular assist device.
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Table 3. Derivation cohort donor and recipient profiles.

Recipient p-value

Variable Donor Overall Severe PGD  Donor vs.  Overall vs.

(n=10,528) (n=1732) Recipient PGD
Age (years) 38.6 £ 12.1 53 +16.2 60 + 6.2 0.001 0.005
Female gender 3474 33% 3263 31% 202 28% 0.002 0.054
Gender mismatch - 3127 29.7% 191 26.1% - 0.038
Estimated LV mass mismatch (%) - 4.13 £22.1 3.84+229 - 0.031
Diabetes 237922.6% 330531.4%  28739.2% <0.001 0.001
Anemia - 2210 21% 234 32% - <0.001
Decreased renal function 1326 12.6% 4000 38% 384 52.5% <0.001 <0.001
Amiodarone - 4453 42.3% 561 76.6% - <0.001
B-blocker - 9212 87.5% 644 88% - 0.705
VAD pre-HT - 1558 14.8% 285 39% - 0.001
Pulmonary hypertension (>40 mmHg) - 2379 22.6% 189 25.8% - 0.044
Mean total graft ischemic time (min) - 182 £ 24 213 £ 62 - <0.001
Mean bypass time (min) - 125 +£29 187 £ 79 - 0.004

PGD, primary graft dysfunction; LV, left ventricle; VAD, ventricular assist device; HT, heart transplant.

able method to distinguish patients evolving to severe PGD
from those not changing when the AU-ROC curve is above
0.7 (1 corresponds to a method that can perfectly discrimi-
nate between PGD or not) [14].

2.8 Validation Cohort

Upon receiving ethical clearance from the Swiss Ethic
Authority for Human Research, CER-VD 2022-00562, on
September 6, 2022, we retrospectively collected data con-
cerning all consecutive adult patients (>18 years old) who
underwent isolated orthotopic HTx in our institution be-
tween January 2013 and January 2022 to establish the
validation cohort. Patients with combined organ trans-
plants, donors after circulatory death (DCD), and patients
for which it was not possible to retrieve all the information
were excluded. In addition to the parameters illustrated in
Table 1, we collected data on ECMO (venous—arterial) im-
planted within the first 24 hours after the transplant.

To estimate the left ventricle (LV) mass, we used the
following equation, which has been published and validated
in the literature [15].

Predicted LVmass (g) = a x height ®°* x weight *-5!

where o = 6.82 for women and 8.25 for men.

An independent correlation between each parameter
and ECMO use in recipients was investigated. To deter-
mine whether there was a statistically significant difference
between ECMO and non-ECMO groups for each parame-
ter, we performed two-sample ¢-tests.

We used Harrell’s C statistic equivalent to the AU-
ROC curve for dichotomous outcomes to validate the risk
prediction equation. AU-ROC curve values of 0.7 to 0.8
were considered acceptable, as defined by Hosmer and
Lemeshow [16].

&% IMR Press

The procedure respected TRIPOD guidelines for mul-
tivariate prediction models.

3. Results
3.1 Study Selection and Characteristics

After screening 1256 publications, six studies were el-
igible for use to create the derivation cohort with adequate
study sampling, statistical analysis, and reporting (Fig. 1).

Table 2 (Ref. [2,8,9,17-19]) illustrates the demo-
graphics of studies considered for the derivation cohort.
The cumulative number of patients considered was 10,528.
The overall severe PGD incidence was 10.5% (95% CI:
5.3-12.4), and that of the severe PGD-related 30-day mor-
tality was 38.6% (95% CI: 19.3-47.2). Supplementary C
summarizes the quality assessment of individual studies.

Table 3 summarizes the main characteristics of the
derivation cohort.

Variables with a p-value < 0.05 in the unadjusted anal-
ysis were included in the multivariable analysis. Supple-
mentary D reports the subgroup outcome analyses.

3.2 Formula Predicting the Risk of PGD after HTx

Continuous data were stratified into categorical vari-
ables with reference categories. Eleven variables were
identified in the multivariable analysis as significant PGD
predictors. These variables and their odds ratios and regres-
sion coefficients are illustrated in Fig. 2.

We calculated the intercept and extracted the coeffi-
cients of each parameter from our logistic regression model
(Supplementary Material), which provided the weight of
each parameter in the model and allowed us to set the for-
mula predicting severe PGD occurrence in the recipient.
The intercept value was —2.98.
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Predictor Definition Odds ratio (95% Cl)
Donor female gender Yes/no —— 2.07 (1.21, 3.25)
<) Gender miss match female donor to man recipient —— 2.43(1.10,5.38)
c
8 Undersized donor by>30% difference in predicted heart mass —_—— 3.33(1.61,6.67)
Donor age > 40 years old —— 1.65 (0.80, 3.40)
- Pre op. VAD Yes/no — 2.40 (1.02, 5.64)
i_, Amiodarone treatment Yes/no 2.14(1.39, 3.29)
o . ¢
£ Diabetes Yes/no 3.04 (1.39, 3.29)
Q Renal function impairment Creatinine > 2.5 mg/dL
o S G— 3.66 (2.08, 6.51)
T“,’ Previous sternotomy Yes/no __._ 3.21(1.32, 7.80)
) —4 2.15(1.81,2.68
5 Graft ischemic time Over 180 min ( ! )
(%)
Bypass time Over 120 min + 253 (2.0,3.89)
1 23 57

Fig. 2. Odds ratios of primary graft dysfunction predictors. VAD, ventricular assist device.

We defined a bench value for each continuous param-
eter to assign 0 or | in the formula if the parameter was
below or above it, respectively (Table 4).

Table 4. Continuous parameter values were used in the risk
calculation formula.

Variable Values
Value to enter in the formula 0/NO 1/YES
Donor’s age (years) 0to 40 411070

Renal function (creatinine mg/dL) 50 to 249 >250
Graft ischemic time (min) <180 >181
Bypass time (min) <120 >121

After several attempts, the best predictive receiver op-
erating characteristic (ROC) curve analysis (Fig. 3), cor-
responding to an accuracy of 0.821, included 11 param-
eters and was obtained via the formula as follows: for
the binomial parameters, the coefficient was multiplied by
1 or 0 whether the medical condition was present in the
donor/receiver or not. Regarding the sex of the donor, the
coefficient was multiplied by 1 if the donor was male and
by 0 if the donor was female.

3.3 Validation Cohort Characteristics.

Between 2013 and 2022, 150 patients underwent
HTxs at our institution, of which 116 met the inclusion cri-
teria. The median age at HTx was 52.3 years, and the male
gender was predominant 80 (69%). Major risk factors were
smoking in 73 (62.9%), chronic obstructive pulmonary dis-
ease (COPD) in 11 (9.4%), and hypertension in 57 (49.1%).
Heart failure etiology was ischemic disease in 54 (46.5%),

hypertrophic in 8 (6.8%), dilated in 24 (20.6%), toxicity in
4 (3.4%), and other in 26 (22.4%) [20,21]. The main donor,
recipient, and procedural predictive variables are illustrated
in Table 5. Overall, 29 recipients (25%) needed venous—
arterial ECMO support within 24 hours post-HTx. Over-
all, 75% of the donors of recipients who needed ECMO
were above 40 years old. The overall 30-day mortality was
4.3%, and 3.4% and 6.8% in the non-PGD and severe PGD
groups, respectively.

The model was applied to the validation cohort, and
the ROC curve is reported in Fig. 2. The C statistic for the
validation cohort was 0.804.

4. Discussion

Graft allocation has become a very complex process
that HTx clinicians must experience. Despite the advances
in scientific knowledge, there are still no international
guidelines to help clinicians decide whether to accept or
refuse the heart offered for a specific recipient. To address
donor shortages, we have witnessed an expansion in the cri-
teria for organ allocation, accepting transplants from older
donors, diabetics, or those with transmissible diseases [22].
With the current demographic shift towards an increasingly
older population and due to the advances in heart failure
management, recipients are now more frail than before and
receive complex medical treatments.

Sometimes, the situation is so complex that the
decision-making process can be as challenging as the
surgery. Indeed, clinicians have limited time to analyze a
considerable amount of information and data, which is nev-
ertheless necessary to estimate the impact their choice will
likely have on the outcome of the recipient.
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Fig. 3. Predictive performance of the GREF-11 formula evaluated using the C statistic, a term equivalent to the area under

receiver operating characteristic (AU-ROC) curve. The C statistic for the model constructed using the derivation cohort was 0.821
(continuous line), while the C statistic for the validation cohort was 0.804 (dotted line). GREF-11, graft dysfunction risk estimation

formula; AUC, area under courbe.

Inaccurate organ allocation could trigger PGD devel-
opment. PGD has recently been classified according to a
three-level grading system, mild, moderate, and severe, for
a better comprehension of its pathophysiology and to pro-
vide a more systematic method for assessing treatment effi-
cacy. The definition of mild and moderate categories relies
on the requirement of inotropic support with a composite
score, as described by Singh et al. [23]. The presence of
severe myocardial dysfunction in the graft associated with
severe hemodynamic impairment requiring extracorporeal
short-term mechanical circulatory support in the form of
ECMO, VADs, or causing the patient’s death allows diagno-
sis of severe PGD [3]. Notably, PGD usually occurs in the
operating room after cardiopulmonary bypass (CPB) wean-
ing fails.

In this study, we focused on severe PGD, as provid-
ing ECMO after HTx represents information that is clearly
retrievable and not questionable in clinical studies, with se-
vere PGD being an independent predictor of early death af-
ter HTx [23,24]. In contrast, mild and moderate PGD were
previously shown to have limited clinical impact on mor-
tality [23-25].

For practical reasons, we favored a PGD definition on
clinical grounds, regardless of the ventricle involved. We
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believe both left ventricle PGD and right ventricle PGD
share similar risk factors, although the latter is not neces-
sarily the consequence of severe pulmonary hypertension
[26].

In the derivation cohort, we retrieved a pooled esti-
mated incidence of severe PGD of 7.1%, with a related 30-
day mortality of 38.6%.

Several authors have proposed a scoring system to
identify patients most at risk of experiencing PGD [9,10].
The risk score is a statistical tool based on multiple logistic
regression models that use variables, or risk factors, to cal-
culate an individual’s score and reflect the risk of a specific
event. Existing scoring systems assign points to different
risk factors based on their observed associations with the
outcome. However, they may not capture complex interac-
tions among variables as effectively as logistic regression.
An essential issue in building a risk prediction model is the
number of predictors that can be considered in the model-
building process; a widely accepted recommendation sug-
gests that at least 10 predictors should be considered per
outcome event [17].

Three scoring systems have been validated to predict
PGD after HTx: the RADIAL, PREDICTA, and ABCE,
whereby the latter is the most recently validated [8]. The
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Table 5. Donor, recipient, and operative baseline characteristics in the validation cohort.

All No-PGD Severe PGD
p-value
(n=116) (n=87-75%) (n=29-25%)
Gender mismatch 28 (24.1%) 12 (13.7%) 16 (55.1%) <0.001
Donor age (years) 46 + 14.4 39+8 49+ 8 <0.001
Donor female gender 52 (44.8%) 32 (36.7%) 20 (68.9%) 0.003
Undersized donor 29 (25%) 8 (9.2%) 21 (72.4%) <0.001
VAD support 32 (27.5%) 28 (32.1%) 4 (13.7%) 0.055
Amiodarone treatment 51 (43.9%) 26 (29.8%) 25 (86.2%) <0.001
Diabetes 26 (22.4%) 23 (26.4%) 3 (10.3%) 0.072
Renal function impairment 40 (34.4%) 22 (25.2%) 18 (62%) <0.001
Pre-transplant anemia 44 (37.9%) 31 (35.6%) 13 (44.8%) 0.377
Pulmonary hypertension 39 (33.6%) 18 (20.6%) 21 (72.4%) <0.001
Re-sternotomy 46 (39.6%) 29 (33.3%) 17 (58.6%) 0.016
. . 118 £29 102 + 19 218 +32
Bypass time (min) <0.001
75-216 75-191 130-275
. L. . 123 +22 108 + 29 203 £ 22
Graft total ischemic time (min) <0.001
54-163 54-190 137-248
Mortality at 30 days 5(4.3%) 3(3.4%) 2 (6.8%) 0.792

VAD, ventricular assistance device; PGD, primary graft dysfunction.

RADIAL score was developed by Segovia et al. [27] and
consists of six risk factors derived from a multivariable
analysis of 621 HTxs between 1984 and 2006, displaying
a PGD incidence of 9%. The authors noted that an in-
creased right atrial pressure exceeding 10 mmHg, recipient
age over 60 years, recipient with diabetes mellitus, recipient
with inotrope dependence, donor age over 30 years, and is-
chemic time length superior to 240 minutes were significant
PGD risk factors. However, several authors did not find the
RADIAL score predictive of PGD, particularly when con-
sidering severe PGD [2].

To improve the discriminatory value of the RADIAL
score, Avtaar Singh et al. [28] proposed the PREDICTA
score in 2019, in which bypass time and preoperative me-
chanical circulatory support replaced the central venous
pressure and recipient with inotrope dependence parame-
ters.

Recently, Benck et al. [8] proposed a risk score
more focused on recipient and surgical parameters. In
their multivariable analysis, these authors considered the
following pharmacological treatments: Recipient treated
with an angiotensin-converting enzyme inhibitor (ACEI),
angiotensin receptor blocker (ARB), angiotensin receptor-
neprilysin inhibitor (ARNI) plus mineralocorticoid recep-
tor antagonist (MRA), amiodarone beta-blocker, as well
as amiodarone (AMIO) treatment plus beta-blocker (BB).
In addition, these authors identified four surgical factors,
namely previous cardiac surgery, longer ischemic time,
more red blood cell transfusions, and more platelet transfu-
sions, which were shown to be associated with severe PGD
[8]-

Interestingly, the existing scoring systems, RADIAL,
PREDICTA, and ABCE, only share one common parame-

ter: graft total ischemic time. While diabetes and donor age
appear in two of the three scores, most of the other risk fac-
tors are unique to each system. Each of these factors is sup-
ported by pathophysiological and statistical evidence, and
while they hold predictive value, no single existing score
integrates all these factors comprehensively. This fragmen-
tation limits their applicability and can lead to inconsistent
risk assessments. However, our approach was to consol-
idate the most predictive risk factors identified through a
meta-analysis into a single robust logistic regression model.
By doing so, we captured the complex interactions between
variables, ensuring greater flexibility and interpretability.
While scoring systems typically assign fixed points to in-
dividual risk factors, a risk calculator, such as the one we
developed, uses a logistic regression model to dynamically
assess the combined impact of multiple variables, provid-
ing a more nuanced and personalized risk prediction. This
method allows us to maintain accuracy without the labori-
ous calculations that typically make existing scoring sys-
tems impractical for routine clinical use. Therefore, our
model was designed to provide a comprehensive and user-
friendly tool that effectively predicts PGD risk, enhancing
its clinical utility.

The model’s sensitivity (ability to predict true posi-
tives) and specificity (ability to predict true negatives) also
depend on the number of variables considered. Therefore,
the higher the number of variables included in the model,
the higher the model’s specificity and accuracy. Our se-
lected approach was to systematically analyze each organ
allocation process step to identify as many predictors of
severe PGD as possible and their weight in predicting the
event to create a formula for risk prediction with the high-
est discriminatory value. Our formula considered 11 vari-
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ables obtained by analyzing the largest presently available
patient cohort and only considered routinely available or
easily quantified parameters to avoid missing data and po-
tential inaccuracies in scoring system predictions.

Incorporating the GREF-11 into clinical practice
would offer a dual approach to improving the outcomes
of high-risk patients. Firstly, it would allow clinicians to
identify cases where the predicted PGD risk is particularly
high. In such scenarios, it may be advisable to reconsider
the transplant or to seek alternative donor organs to avoid
proceeding with a transplant under unfavorable conditions.
Secondly, for patients identified as high-risk who proceed
with the transplant, it would enable proactive planning for
postoperative management. More specifically, early im-
plantation of ECMO can be considered to mitigate PGD
impact and support the graft during the critical early post-
operative period.

The drawback of our approach is that much data must
be considered and that risk computation results in a complex
and time-consuming calculation, potentially discouraging
its clinical use. Therefore, we developed a user-friendly
smartphone application to overcome this potential limita-
tion and render the risk calculation adapted to physicians.

4.1 Donor Factors
4.1.1 Undersized Donor

Undersized donors, defined as >30% difference in
donor and recipient predicted heart mass, were associated
with a 3.3-fold increase in odds ratio. Several authors
agreed with the observation that this is an independent and
strong predictor of severe PGD. This finding is consistent
with the hypothesis that a heart that is too small cannot sat-
isfy the recipient’s hemodynamic requirements [9,29]. This
parameter was likely more accurate with respect to size and
weight mismatch, as it serves as an indicator of anatomical
and functional compatibility.

However, some studies have questioned the role of this
risk factor in predicting severe PGD [10,28], probably be-
cause the correlation between mismatch in predicted heart
mass index and PGD is logarithmic rather than linear. This
means that this parameter has no predicting value when a
difference is within 30%, whereas above 30%, the param-
eter becomes a strong predictor of severe PGD. It is worth
noting that we have considered this aspect when preparing
the risk calculator.

4.1.2 Donor Gender and Gender Mismatch

Female donor and female donor to male receiver gen-
der mismatch are risk factors for PGD, both with a 2.4-fold
increase in odds ratio. However, the exact mechanism is
poorly understood, as it persisted despite appropriate organ
matching.
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4.1.3 Donor Age

Older age (>40 or >50 years old, depending on the
study) was shown to be associated with a decrease in re-
cipient survival [24,30]. This may be due to poorer toler-
ance for longer ischemic times in hearts from older donors,
as previously reported [24,26,30]. However, the weight of
this variable differs in the existing score risks, given that
some authors stratified donor age into four age classes of
10 years, assuming that each decade increment in donor age
increases PGD odds by 20% [31]. Others defined a limited
age to associate odds [27]. Our statistical analysis defined
40 years of age as the cut-off value, as donors older than 40
displayed a 1.6-fold PGD risk. Once again, we could spec-
ulate that the correlation between different ages and PGD is
logarithmic rather than linear, meaning that this parameter
has no predicting value when the age is below 40 years.

4.2 Recipient Factors
4.2.1 Preoperative Mechanical Circulatory Support

Several studies identified the preoperative
ECMO/VAD support in HTx recipients as a risk fac-
tor for PGD [24,31-34]. Truby et al. [18] reported a
significant association in patients on Continuous Flow
Left Ventricular Assist Device (CF-LVAD) support for
more than a year. Short-term ECMO and long-term VAD
circulatory support have been identified as independent
risk factors for PGD, both resulting in a 2.4-fold increase in
risk. The pathogenesis remains unclear, given that patients
requiring mechanical circulatory support usually exhibit
other factors that could play a role in PGD occurrence,
such as exposure to amiodarone, displaying high creatinine
levels, and spending longer on waiting lists [35].

Our multivariate analysis suggested that LVAD sup-
port was independently associated with PGD following
HTx, with a 2.4-fold increase in odds.

4.2.2 Diabetes Mellitus

Diabetes mellitus in recipients plays a role in PGD,
as extensively outlined by several clinical studies [2,27].
However, the exact mechanism is not well understood.
Possible reasons for such associations include changes in
endothelial permeability, excessive vascular protein de-
position, altered blood flow in diabetic recipients sec-
ondary to direct glucose-mediated endothelial damage, ox-
idative stress from superoxide overproduction, and produc-
tion of advanced glycation end-products [36]. In our meta-
analysis, recipient diabetes was associated with a 3-fold in-
creased risk of severe PGD [5].

4.2.3 Re-Sternotomy

Recipient re-sternotomy was associated with an al-
most 3-fold increased PGD risk in one cohort [37], which
was confirmed by our analysis. One possible explanation
for this observation is the increased technical difficulty of
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such procedures; hence, the associated longer cardiopul-
monary bypass and ischemic times, higher bleeding rates,
re-exploration, and blood transfusion.

4.2.4 Preoperative Amiodarone Therapy

Some authors have indicated a dose- or duration-
dependent association between amiodarone use and PGD,
even though the underlying pathophysiological mechanism
remains unknown [38]. One hypothesis suggests that amio-
darone can enter the graft, potentially exerting negative
chronotropic and inotropic effects via calcium channel inhi-
bition and -receptor blockade [39]. In our meta-analysis,
we have not stratified the results according to treatment
dose and length, whereas amiodarone exerted a low impact
on PGD, increasing its risk by only 1.04 times. Neverthe-
less, we included the drug in our risk prediction equation to
improve accuracy.

4.2.5 High Creatinine Levels

Preoperative renal function impairment has been asso-
ciated with PGD [9], and our results reasonably confirmed
this association. Buchan ef al. [9] found that a 1 mg/dL
increase in recipient creatinine levels was associated with
a 3.6-fold increase in odds ratio. However, the authors
were unable to explain the pathophysiological background
of their findings. We could not perform a similar detailed
analysis using data from the derivation cohort. More specif-
ically, we found that a creatinine level above twice the nor-
mal values was associated with a 3.66-fold increase in PGD
risk.

4.3 Procedural Factors
4.3.1 Total Ischemic Time

Several studies reported that prolonged ischemic time
increased PGD risk and 30-day mortality post-HTx [15,24,
25]. In contrast, the 4-hour cut-off value on which there is
a clear consensus, as reported in the RADIAL score, is of
poor help in stratifying the PGD risk because almost all or-
gan allocations respect this criterion. In particular, warm
ischemic time exceeding 80 minutes is considered an inde-
pendent risk factor for 30-day mortality [40,41].

However, ischemic time is also closely related to
donor characteristics, as older donors with LV hypertrophy
and hypertension are more susceptible to ischemic injury
[31,42]. In our analysis, we could not stratify the risk ac-
cording to warm or cold ischemic time and donor age due to
missing data. In contrast, we attained good predicting value
when the total ischemic time exceeded 180 minutes, with a
2.15-fold increase in severe PGD risk. Therefore, when en-
tering data in the formula, one should check if the expected
total ischemic time will significantly exceed 180 minutes.

4.3.2 CPB Time

Several studies have reported potential associations
between cardiopulmonary bypass times and PGD develop-
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ment [28,43]. While the exact mechanism remains unclear,
according to one hypothesis, this association relies on the
initiation of a systemic inflammatory response through the
contact of blood with foreign surfaces in the CPB circuit,
leading to inflammatory pathway activation, cytokine re-
lease, generation of oxygen-free radicals, and eventually
vasoplegia with decreased systemic vascular resistances
[43]. CPB time prolongations are also associated with in-
creased blood transfusion use, secondary to coagulopathy
and hemolysis, which are associated with infection, is-
chemic postoperative morbidity, as well as increased early
and late mortality [44].

We found a 2.53-fold increase in severe PGD when the
CPB time exceeded 120 minutes. Therefore, when entering
data in the formula, one should check if the expected CPB
time will significantly exceed 120 minutes.

Three more variables are considered to impact severe
PGD, yet no predictive value is displayed in our analysis:
blood transfusion, recipient age, and pulmonary hyperten-
sion. Moreover, we could not consider biological parame-
ters such as those included in the ABCE score due to a lack
of data in our derivation cohort.

The identified parameters were integrated into an 11-
variable formula called the graft risk estimation formula or
GREF-11. To our knowledge, this is the most comprehen-
sive formula for predicting severe PGD after HTx. The
weight of each variable introduced into the GREF-11 was
determined using multivariate analysis of the validation co-
hort data. Moreover, one unique feature of our model is
that the intercept (80) of the equation had a negative value
of —2.98—the intercept represents where the logistic curve
crosses the ordinate axis when all independent variables
equal zero. In the context of predicting a negative event,
such as PGD, a negative intercept value might suggest a
prediction of a negative outcome even in the absence of all
risk factors. This is why our model predicts a 4.8% risk of
severe PGD, even when all parameters point to a smooth
outcome.

The ability of the model to identify patients most at
risk of developing severe PGD is expressed by the AU-ROC
curve. Indeed, the AU-ROC value of 0.89 indicates that our
score predicts severe PGD more accurately than any previ-
ously reported scoring system. In a comparative study by
Singh et al. [23], the PREDICTA score could accurately
predict PGD with a better predictive function than the RA-
DIAL score and a better discriminatory value (AU-ROC:
0.740 vs. 0.547).

4.4 Cohort Comparisons

We used our past clinical experience as the validation
cohort for the model. To ensure data applicability, the de-
mographic data of both cohorts were compared, and no sta-
tistically significant differences regarding demographic and
comorbidity variables were observed between the patient
derivation and validation cohorts. However, severe PGD
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GREF-11

Heart Transplant - Graft Dysfunction Risk Estimation Formula

Donor female sex
Gender miss match
female donor to man recipient

Undersized donor by>30% difference in
predicted heart mass

Donor age > 40 years old

Pre op. VAD

Amiodarone treatment
Diabetes

Creatinine > 250 mg/dl

Previous sternotomy

Graft ischemic time over 180 min

By-pass time over 120 min

Yes O
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Yes O . .
Risk of severe primary

graft dysfunction after
Heart tranplant

a
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The GREF-11 helps transplant teams to make informed decisions about donor-recipient matching and organ acceptance.
However, it’s care deliver responsibility to guarantee that clinical judgment and patient context are not overlooked.

Fig. 4. Layout of the mobile application. GREF-11, graft dysfunction risk estimation formula; VAD, ventricular assistance device.

and mortality incidence were significantly different, given
that the PGD incidence in the derivation cohort was 10.5%
versus 25% in the validation cohort, with 30-day mortal-
ity of 38.6% and 6.8%, respectively. This apparent contra-
diction can be accounted for by the more aggressive strat-
egy we adopted to treat graft dysfunction in the operative
phase compared with that commonly reported in the liter-
ature. Due to organ shortages, we tended to accept grafts
from likely marginal donors, thereby increasing the risk of
including dysfunctional hearts. We were more prone to use
short-term mechanical circulatory support in patients with
the pharmacological backing rapidly and progressively in-
creased to very high doses. We believe that high doses
of inotropic drugs and vasoconstrictor agents challenge the
cardiocirculatory system and that these drugs could exhibit
deleterious effects on graft dysfunction recovery, whereas
ECMO provides better conditions for graft recovery.
While some parameters (e.g., donor female gender,
gender mismatch, amiodarone treatment, undersized donor,
donor age, and renal function impairment) were statistically
significant in the derivation cohort but not in the valida-
tion cohort, this is a common outcome in model valida-
tion. Differences in patient characteristics and statistical
power between the cohorts can lead to variability in sig-
nificance. Importantly, these parameters remain clinically
relevant and were included in the final model based on their
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demonstrated value in the derivation cohort and alignment
with clinical knowledge. The primary role of the validation
cohort is to confirm the overall robustness and predictive
accuracy of the model rather than ensure every parameter
retains significance across both cohorts.

The 30-day mortality rate in the validation cohort was
5-fold lower than in the derivation cohort, thereby sup-
porting the hypothesis that aggressively used ECMO was
likely effective in facilitating graft recovery in severe PGD,
thereby minimizing its effects on early mortality. Although
this was not the aim of this study, we can speculate that
early ECMO use could improve the clinical outcome of pa-
tients with PGD post-HTx in a superior manner to isolated
pharmacological treatments.

Although the validation cohort was small, limiting sta-
tistical power to detect significant differences in mortality,
including a broad range of parameters, enhances the over-
all predictive accuracy of the model by accounting for the
complex factors contributing to PGD. We acknowledge that
this may seem complex, but the score has been designed to
remain clinically practical and applicable without causing
confusion.

As mentioned before, managing huge amounts of data
is time-consuming and laborious unless there is consistent
help from technologies such as mobile applications. Mobile
applications are being increasingly utilized in healthcare,
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many of which focus on patient education, health behaviors,
and disease management. This free application can be used
on smartphones and tablets (Fig. 4), is available for Apple
and Android devices, and can be downloaded from https:
//gref-11.com or using the following QR code.

4.5 Study Limitations

This study has limitations. Most of the studies in-
cluded in the meta-analysis were retrospective studies, as
were the data from our experience, thus introducing a
methodology bias because model performance largely de-
pends on the accuracy of data and variables collected.

It is important to acknowledge that the studies in-
cluded in our meta-analysis span several years, during
which significant advancements in technology, particularly
in VADs and organ preservation, occurred. These tech-
nological changes may have influenced the outcomes ob-
served during different periods. Although our analysis did
not stratify results based on these technological eras, this
represents a limitation in our study. Future research should
consider stratifying data to evaluate the impact of these
technological advancements on the identified risk factors.

The formula has not been developed for donors after
circulatory arrest. With the increasing use of DCD world-
wide, we should implement accurate, standardized defini-
tions regarding the start and end of meaningful warm is-
chemia time to enable important comparisons among stud-
ies with respect to PGD risks. Moreover, the proposed
model is purely explanatory, requiring external validation
and cross-validation in a prospective cohort.

While our study focused primarily on developing and
validating the predictive accuracy of the model, we did
not include a decision curve analysis (DCA), which is a
valuable tool for assessing the clinical utility of predictive
models by evaluating net benefits across various decision
thresholds. To understand the importance of the DCA in
considering how this model could inform clinical decision-
making, we thus suggest that future research incorporate
this analysis.

5. Conclusions

The surgical decision-making process in personalized
medicine should evolve from individual clinician judg-
ments and center experiences to a reproductive and reliable
personalized surgical risk prediction method. The GREF-
11 tool presented in this study should offer benefits, in-
cluding standardized risk assessment and clinical decision
support, and it is readily available to clinicians at the bed-
side. However, this score must undergo further validation.
Furthermore, future studies should focus on validating the
GREF-11 score across diverse patient populations and vari-
ous clinical settings to ensure its reliability and applicability
in contemporary clinical practice.
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