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Abstract: (1) Background: We report on the development of a predictive tool that can estimate
kidney transplant survival at time zero. (2) Methods: This was an observational, retrospective study
including 5078 transplants. Death-censored graft and patient survivals were calculated. (3) Results:
Graft loss was associated with donor age (hazard ratio [HR], 1.021, 95% confidence interval [CI]
1.018–1.024, p < 0.001), uncontrolled donation after circulatory death (DCD) (HR 1.576, 95% CI
1.241–2.047, p < 0.001) and controlled DCD (HR 1.567, 95% CI 1.372–1.812, p < 0.001), panel reactive
antibody percentage (HR 1.009, 95% CI 1.007–1.011, p < 0.001), and previous transplants (HR 1.494,
95% CI 1.367–1.634, p < 0.001). Patient survival was associated with recipient age (> 60 years, HR 5.507,
95% CI 4.524–6.704, p < 0.001 vs. < 40 years), donor age (HR 1.019, 95% CI 1.016–1.023, p < 0.001),
dialysis vintage (HR 1.0000263, 95% CI 1.000225–1.000301, p < 0.01), and male sex (HR 1.229, 95%
CI 1.135–1.332, p < 0.001). The C-statistics for graft and patient survival were 0.666 (95% CI: 0.646,
0.686) and 0.726 (95% CI: 0.710–0.742), respectively. (4) Conclusions: We developed a mobile app to
estimate survival at time zero, which can guide decisions for organ allocation.

Keywords: kidney transplantation; predictive model; graft failure; survival prediction; mobile app

1. Introduction

Renal transplantation is the treatment of choice for end-stage kidney disease [1,2].
Among its benefits are an evident improvement in quality of life, a removal of the re-
quirement for dialysis, an increase in life expectancy, and cost-effectiveness [3,4]. Since
the introduction of kidney transplantation in the 1960s, survival has notably improved,
especially since the generalized use of cyclosporine, which has significantly decreased the
graft rejection rate [5]. However, in recent years, different studies from countries belonging
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to the Eurotransplant Senior Program have questioned whether transplants always offer
better survival [6,7]. These nonoptimal transplant outcomes are limited to older donors
with controlled circulatory death. On the other hand, some studies claim that even with
expanded or marginal donors, transplantation, including in elderly candidates, provides
survival advantages over dialysis [8–12].

Obviously, the donor age has increased in recent decades, with progressively more
comorbidities, which makes survival prognosis uncertain [13]. In fact, according to some
studies, kidney graft survival has not improved in the last 20 years [14,15]. Therefore,
personalized decision-making tools for kidney transplantation are of special importance.
The tools available today do not differ significantly from those available 20 years ago and
are mainly based on two aspects: the donor glomerular filtration rate and preimplant biopsy
results. Preimplantation biopsy is a frequent cause of discarded organs that theoretically
could have been implanted in certain recipients, offering acceptable outcomes, at least
compared to dialysis. Currently, most studies state that there is no consistent association
between biopsy findings and transplantation outcomes [16–18].

Predictive risk indices are another method used to assess donor and recipient features
and have become relevant in recent years. The main predictive tool, attributed to its
importance, is the Kidney Donor Profile Index (KDPI) implemented in the United States in
2014 within a new allocation policy [19–22]. This new index was created with the intention
of assigning kidney grafts more efficiently to obtain the greatest longevity of the transplant
and reduce retransplant rates. The particularity of this index with respect to previous ones
is that it offers a quantitative scale of the risk of graft failure from a given donor using all
grafts obtained in the previous year as the comparator. The KDPI has been combined with
another index, that is, the estimated post-transplant survival (EPTS), to predict survival
using four recipient variables.

After the KDPI, other indices were developed to estimate the prognosis of transplan-
tation. One of the most recent tools is iChoose Kidney, a mobile application developed
to help patients make informed decisions between dialysis and transplantation, as users
are provided with survival estimates of between 1 and 3 years for both treatment modal-
ities [23,24]. In recent years, “prognostic calculators” have been introduced using both
parametric methods and artificial intelligence techniques, with the latter becoming an
expanding field [25–29]. However, few of these tools include donor and recipient variables
at the time of transplantation for shared decision making. Herein, we describe the develop-
ment of a tool that allows for the estimation of graft and patient survival rates using data
collected on the day of donation. We also developed an app for smartphones that could
help physicians and patients choose the appropriate treatment.

2. Materials and Methods
2.1. Study Population

This was a retrospective, observational, cohort study that collected data from the
Information System of the Transplant Autonomous Coordination of Andalusia (SICATA).
A cohort of 5078 kidney transplants performed in Andalusia from 1 January 2006 to
31 December 2019 was studied. All cadaveric donor transplants performed during this
period in individuals older than 18 years were included. Patients who underwent combined
organ transplants were excluded from the study. The median follow-up was 62 months.
The study was approved by the Ethics Committee of the Virgen Macarena-Virgen del Rocío
University Hospitals and was conducted in accordance with the Declaration of Helsinki [30].
This study adhered to the STROBE guidelines for reporting observational studies [31].

2.2. Variables

The donor, recipient, and transplantation process variables that had an impact on
survival were included. The donor characteristics analyzed were age, sex, cause of death,
asystole, body mass index (BMI), expanded criteria, hypertension, diabetes, and KDPI.
The following characteristics were analyzed for the recipient subjects: age, sex, diabetes,
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body mass index (BMI), time on dialysis, previous renal replacement therapy, hepatitis C,
number of kidney transplants, Charlson index, coronary artery disease, and EPTS. Finally,
the following transplant characteristics were included: number of human leukocyte antigen
(HLA) incompatibilities, combined donor–recipient sex, and time in cold ischemia.

The outcomes evaluated were the patient and graft survival rates. Patient death after
transplantation was counted with a functioning graft or until 90 days after returning to
dialysis. Deaths that occurred 90 days after returning to dialysis were not attributed to
the transplantation. Death-censored graft survival was defined as return to dialysis or
re-transplantation. Because death and graft failure are considered independent events, a
non-competing risk analysis was performed.

2.3. Statistical Analysis

The patients were randomly divided into training (70%) and validation (30%) cohorts.
Continuous variables are expressed as means and standard deviations (SD) or medians and
interquartile ranges (IQR; 25–75 percentiles) based on their distribution. The distribution
of each variable included in the study was analyzed using the Kolmogorov–Smirnov test.
Categorical variables are expressed as frequencies and percentages. The characteristics
between cohorts were compared using the chi-squared test for categorical variables and a
Student’s t-test or Mann–Whitney U test for continuous variables based on the distribution
of the data. Graft and patient survival curves were calculated via the Kaplan–Meier method.
The threshold for significance was set at p < 0.05.

2.4. Model Development

The association of each variable with transplant and patient survival was analyzed
using univariate Cox regression. The results are expressed as hazard ratios, 95% confidence
intervals, and corresponding p values. The assumption of proportional hazards was tested
graphically by applying a log-minus-log survival plot for each variable.

Subsequently, multivariate analysis was performed using the Cox regression analysis
with the conditional stepwise method for variable selection. The joint effect of pairs of
variables was also assessed. Once significant variables were identified, bootstrapping
was used, which is a statistical procedure that resamples a single dataset to create many
simulated samples. Thus, the consistency of the results across samples (i.e., whether the
identification of significant variables is exclusively dependent on the original sample)
could be assessed. In cases in which the bootstrapping technique yielded results consistent
with the identified model, the next step was to evaluate the validity of the model in the
validation cohort. We also assessed the joint effects of the significant variables. Based on
the results of the validated multivariate Cox regression analysis, two predictive models
were developed: (1) death-censored graft survival and (2) patient survival.

Harrell’s C concordance index (c-statistic) was applied to evaluate the discriminatory
power (the ability to separate patients with different prognoses). The calibration of the
models was evaluated by comparing the observed cases (patient death or graft failure) with
ones predicted by the corresponding model.

The statistical software packages used were SPSS 24.0 (IBM SPSS Statistics for Win-
dows, version 24.0. IBM Corp., Armonk, NY, USA) and R version 4.1.0.

2.5. Mobile App

An Android mobile application and a service based on the REST interface were
developed to facilitate the implementation of the models in clinical practice. Health
professionals were involved in developing the first prototype. Figure S1 shows screenshots
of the Kidney Transplant App. The App code is available in [32].
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3. Results
3.1. Demographic Data

The median age of the donors in the training cohort was 56 years (IQR 46–65 years, and
the majority were men (61.3%) (Table 1). The main cause of donor death was stroke (56.6%),
and brain death was the main donation method (82.7%). Forty-five percent of all donations
were from expanded criteria donor (ECD). The median age of the recipients was 54 years
(IQR 45–63 years). The treatment modalities prior to transplantation were hemodialysis
(78.7%) and peritoneal dialysis (17.4%), with preemptive transplantation accounting for only
3.9%. Diabetes was a comorbidity in 13.3% of patients and a cause of primary kidney disease
in 10% of patients. The median time on dialysis prior to transplantation was 593 days (IQR
205–980 days). The median cold ischemia time was 15.42 h (IQR 11.75–19.08 h). Regarding
the combination of sexes between donors and recipients, the male donor/female recipient
pairing was the most frequent, accounting for 39.2% of the cases (Table 1). The comparison
of baseline characteristics between the two cohorts was not significant; thus, no bias was
introduced with the split of the original population.

Table 1. Demographic and clinical characteristics.

Variables Training Cohort
(N = 3559)

Validation Cohort
(N = 1519) p

Donor characteristics
Age (median, IQR) 56 (46.5–65.5) 57 (47.5–66.5) 0.25
Sex (n, %)

0.99Male 2183 (61.3%) 932 (61.4%)
Female 1376 (38.7%) 587 (38.6%)

Cause of death (n, %)

0.26
Head Trauma 605 (17.0%) 238 (15.7%)
Stroke 2014 (56.6%) 869 (57.2%)
Other 940 (26.4%) 412 (27.1%)

Donation after circulatory death (n, %)

0.25
No (DBD) 2943 (82.7%) 1233 (81.2%)
Uncontrolled DCD 114 (3.2%) 57 (3.7%)
Controlled DCD 502 (14.1%) 229 (15.1%)

BMI (n, %)

0.44

Underweight (≤18.5 kg/m2) 39 (1.1%) 13 (0.9%)
Normal (18.5 to <25 kg/m2) 929 (26.1%) 380 (25.0%)
Overweight (25 to <30 kg/m2) 1437 (40.4%) 634 (41.7%)
Obese (≥30 kg/m2) 697 (19.6%) 283 (18.6%)
NA 457 (12.8%) 209 (13.8%)

Donor (n, %)
0.46SCD 1949 (54.8%) 794 (52.3%)

ECD 1610 (45.2%) 725 (47.7%)
Hypertension (n, %) 1037 (29.1%) 478 (31.5%) 0.1
Diabetes (n, %) 235 (6.6%) 102 (6.7%) 0.88
KDPI (median, IQR) 49.5 (24.5–74.5) 51.2 (26.5–75.9) 0.12

Recipient characteristics
Age (median, IQR) 55 (45.7–64.2) 54 (45.0–63.0) 0.78
Sex (n, %)

0.87Male 2255 (63.4%) 966 (63.6%)
Female 1304 (36.6%) 553 (36.4%)

Diabetes (n, %) 472 (13.3%) 230 (15.1%) 0.08
BMI (n, %)

0.79

Underweight (≤18.5 kg/m2) 47 (1.3%) 20 (1.3%)
Normal (18.5 to <25 kg/m2) 935 (26.3%) 405 (26.7%)
Overweight (25 to <30 kg/m2) 928 (26.1%) 397 (26.2%)
Obese (≥30 kg/m2) 535 (15.0%) 227 (14.9%)
NA 1114 (31.3%) 470 (30.9%)
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Table 1. Cont.

Variables Training Cohort
(N = 3559)

Validation Cohort
(N = 1519) p

Primary kidney disease (n, %) 0.36
Diabetes 356 (10.0%) 165 (10.9%)
Other 3203 (90.0%) 1354 (89.1%)

Time on dialysis (median, IQR) 593 (205.5–980.5) 619 (203.2–1034.7) 0.44
Previous kidney replacement treatment (n, %) 0.71

Pre-emptive kidney transplant 138 (3.98%) 58 (3.8%)
HD 2800 (78.7%) 1203 (79.2%)
PD 621 (17.4%) 258 (17.0%)

Hepatitis C (n, %) 105 (2.9%) 39 (2.6%) 0.48
EPTS (median, IQR) 49.8 (25.0–74.6) 50.4 (25.0–75.8) 0.31
Kidney transplant number (median, IQR) 1 (1–1) 1 (1–1) 0.77
Charlson index (n, %)

0.650–3 2203 (61.9%) 914 (60.2%)
>4 1356 (38.1%) 605 (39.8%)

Coronary disease (n, %) 157 (4.4%) 73 (4.8%) 0.54
Transplant characteristics
Number of HLA, mm (median, IQR) 4 (3–5) 4 (3–5) 0.72

Sex combinations (n, %)

0.94
MD/MR 1395 (39.2%) 597 (39.3%)
MD/FR 788 (22.1%) 335 (22.1%)
FD/MR 860 (24.2%) 369 (24.3%)
FD/FR 516 (14.5%) 218 (14.3%)

Cold ischemia time (hours)
(median, IQR) 15.42 (11.75–19.08) 15.50 (11.83–19.07) 0.56

BMI, body mass index; DBD, donation after brainstem death; DCD, donation after circulatory death; ECD,
expanded criteria donor; EPTS, estimated post-transplant survival; FD, female donor; FR, female recipient; HD,
hemodialysis; HLA, human leukocyte antigen; IQR, interquartile range; KDPI, kidney donor profile index; MD,
male donor; mm; mismatches; MR, male recipient; NA, not available; PD, peritoneal dialysis; SCD, standard
criteria donor; SD, standard deviation.

The evolution of populations regarding graft and patient survival is shown in
Figure 1A,B, respectively.
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Figure 1. Graft (A) and patient (B) survival by Kaplan–Meier.

3.2. Risk Prediction for Death-Censored Graft Survival

The donor age was significantly associated with death-censored graft survival (HR
1.021; 95% CI 1.017–1.024, p < 0.001). Uncontrolled donation after circulatory death was
associated with a higher risk of graft loss (HR 1.576, 95% CI 1.213–2.047, p = 0.001), such as
controlled donation after circulatory death of the donor (type III), which was associated
with a lower graft survival (HR 1.567, 95% CI 1.355–1.812, p < 0.001). The degree of
immunization (PRA%) was related to graft prognosis, increasing the risk of graft failure for
each percentage increase in PRAs (HR 1.009, 95% CI 1.007–1.011, p < 0.001). Retransplant
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patients had a higher risk of graft loss (HR 1.494, 95% CI 1.335–1.648, p < 0.001) than those
who underwent their first transplant.

The variables included in the final model for death-censored graft survival were donor
age, donor circulatory death (controlled or uncontrolled), PRA, and re-transplantation
(Table 2). After testing the proportional hazards assumption for each variable in the model,
no violation was identified, and the variables did not show joint effects. The model was
validated in an internal cohort that comprised 30% of the overall population. The model’s
discriminatory power for the validation cohort was moderate (c-statistic, 0.666; 95% CI:
0.646, 0.686). To evaluate the calibration of the model, the cases were grouped according to
the probability of graft failure. For each group, the failures estimated by the model were
compared with those observed in the real population. Figure 2A shows the calibration plot
of the graft survival model to our training population three years after transplantation. The
calibration curves show a relevant similarity between observed and predicted cases, but
the match is not perfect, which was confirmed by the value of the c-statistic.

Table 2. Factors associated with death-censored graft survival.

Multivariate Analysis 95% CI Sample

Variables Hazard Ratio (95% CI) p B-Coefficient Lower Upper

Donor characteristics
Age (continuous) 1.021 (1.017–1.024) <0.001 0.021 0.017 0.024
Asystolic donor

No (DBD) 1 - - - -
Uncontrolled DCD 1.576 (1.213–2.047) 0.001 0.455 0.185 0.704
Controlled DCD 1.567 (1.355–1.812) <0.001 0.449 0.301 0.591

Recipient characteristics
Panel reactive antibodies 1.009 (1.007–1.011) <0.001 0.009 0.007 0.011
Number of kidney

transplants 1.494 (1.355–1.648) <0.001 0.402 0.288 0.507

c-statistic discrimination test = 0.666. CI, confidence interval; DBD, donation after brainstem death; DCD, donation
after circulatory death.
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3.3. Risk Prediction for Patient Survival

Age was the only donor characteristic significantly associated with patient prognosis
(Table 3); for each additional year of donor age, the recipient mortality increased (HR 1.019,
95% CI 1.016–1.023, p < 0.001). Regarding recipient characteristics, age was significant only
as a categorized variable. Thus, from the age of 40 years onwards, the risk of death also
increased (age of the recipient 40–59 years: HR 1.848, 95% CI 1.52–2.23, p < 0.001; age older
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than 60 years: HR 5.507, 95% CI 4.524–6.704, p < 0.001). Similarly, diabetic nephropathy
as a primary kidney disease (HR 2.089, 95% CI 1.887–2.311, p < 0.01) and time on dialysis
before transplantation (HR 1.0003, 95% CI 1.0002–1.0003, p < 0.001) were significantly
associated with death. Notably, being a male recipient (HR 1.229, 95% CI 1.135–1.332,
p < 0.001) was a risk factor for mortality. Joint effects of the variables were not identified,
and the proportional hazards assumption was satisfied. The c-statistic was 0.739 (95%
CI: 0.729–0.749) for the training cohort and 0.726 (95% CI: 0.710–0.742) for the validation
cohort, indicating that this model was generalizable to the regional survival data of kidney
transplantation (Table 3).

Table 3. Factors associated with patient survival.

Multivariate Analysis 95% CI Sample

Variables Hazard Ratio (95% CI) p B-Coefficient Lower Upper

Donor characteristics
Age (continuous) 1.019 (1.016–1.023) <0.001 0.019 0.016 0.023
Recipient characteristics
Age

<40 (REF) 1 - - - -
40–59 1.848 (1.529–2.234) <0.001 0.620 0.429 0.820
60+ 5.507 (4.524–6.704) <0.001 1.716 1.521 1.911

Sex
Female (REF) 1 - - - -
Male 1.229 (1.135–1.332) <0.001 0.226 0.151 0.315

Primary kidney disease
Other (REF) 1 - - - -
Diabetes 2.089 (1.887–2.311) <0.001 0.802 0.711 0.896

Time on dialysis (continuous) 1.000263
(1.000225–1.000301) <0.001 0.000263 0.000223 0.000304

c-statistic discrimination test = 0.726. CI, confidence interval; REF, reference.

To evaluate model calibration, the cases were grouped according to the probability of
death. For each group, the correlation between deaths estimated by the model and those
observed in the real population was established. Figure 2B shows the adequacy of the
patient survival model for the training population. Similar to the graft survival model, it
showed a good fit between observations and predictions.

3.4. Translation of the Predictive Models to the Mobile Application

As an example (Figure S2), for a 38-year-old donor with uncontrolled circulatory death
and a recipient with 0% PRAs who had never undergone a transplant, the graft survival
in recipient 1 in the 1st, 5th, and 10th year would be 86%, 69%, and 50%, respectively. In
contrast, if a patient with 90% PRAs is matched with the same donor for a fourth transplant
(recipient 5), the graft survival would be 44%, 23%, and 12% at the 1st, 5th, and 10th year,
respectively (Figure S2).

Donor age was the only variable that predicted patient survival. Among recipient
characteristics, age, male sex, diabetic kidney disease, and time on dialysis were variables
with prognostic importance. Figure S3 shows the outcomes provided by the calculator for
the graft from a 50-year-old donor implanted in a 50-year-old male recipient who had been
on dialysis for 419 days (recipient 4). Patient survival in the first year would be 95%, 87%
in the 5th year, and 70% in the 10th year. Using the same donor, but in a 60-year-old male
recipient with diabetic kidney disease and 1025 days on dialysis (recipient 5), the survival
rates would be 70%, 43%, and 23%, respectively (Figure S3).

4. Discussion

Mobile health technologies represent an opportunity to improve the information ex-
change between healthcare providers and patients. In this study, we developed a mobile
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tool with an adequate ability to predict graft and patient survival after kidney transplanta-
tion. It was based on a model composed of donor age, circulatory death (controlled and
uncontrolled), PRAs, and re-transplantation, resulting in a c-statistic value of 0.666, which
is practically identical to that of the KDPI for graft survival [21]. Regarding patient survival,
the associated variables were the age of the donor and recipient, diabetic kidney disease,
male sex, and dialysis duration. The c-statistic was 0.726, which is the same as that for
the EPTS. Both the c-statistics and the fit of the models to our training population show
that improvement is still possible. Future studies should explore and incorporate relevant
variables into renal transplantation models to increase their predictive power.

Since the 2000s, different predictive models have been published to improve allocation
policies for kidney transplantation [26,33–35]. Chronologically, the first index widely
used in practice categorized donors as those with standard criteria (SCD) and those with
expanded criteria (ECD) [36]. This subdivision between SCD and ECD has proven its
usefulness in the so-called “old for old” allocation policies and still applies today. More
recently, a key index owing to its subsequent influence has been the “Life Years From
Transplant” (LYFT), by which, using donor and recipient variables, the estimated half-life
with a functional graft compared to staying on dialysis was compared [37].

During the second decade of the 21st century, there has been new interest in the
development of accurate tools for predicting the life of a graft or patient, driven by new
allocation policies in the US. In 2014, a new organ allocation policy (Kidney Allocation
System: KAS) was launched, based on two indices: the KDPI and EPTS. The KDPI is a
continuous measure of organ quality. The ultimate objective of the KDPI is to classify the
donor population by organ quality in an aggregate manner based on the risk conferred. The
KDPI is a redefinition of the kidney donor risk index (KDRI) formula developed by Rao
et al. [38], but with a lower number of variables. As a continuous measure, it approximates
the quality of the organ better than the previous division between standard and expanded
donors [10].

Comparing our index with the KDPI, the discriminatory powers were practically
identical for both tools. Regarding the variables used, circulatory death was considered in
both indices. In contrast, our multivariate analysis showed that donor hypertension and
diabetes were not associated with graft survival. Using our tool, both re-transplantation and
the degree of sensitization (PRAs) decreased (death-censored) graft survival. In contrast,
EPTS and our model are very similar because they share most variables (age, time on
dialysis, and diabetes) with the exception of re-transplantation, which is not significant in
our model, and the prognostic association of male sex in our model.

One of the important findings of our work is the relevance of both uncontrolled
and controlled circulatory death in death-censored graft survival, with the latter being
particularly notable because it contradicts the most relevant published reports [39–41]. One
explanation is that, during the study period, normothermic regional perfusion (NRP) was
not generalized in the maintenance of these donors until 2019 [42]. Performing extraction
techniques without NRP likely implies greater damage due to ischemia-reperfusion and a
worse prognosis. However, we did not have the donor warm ischemia time available for
all cases during the study period; therefore, we were unable to adjust for this critical factor.
Some studies have affirmed that warm ischemia for over 30 min is a risk factor for graft
failure [43].

Another notable finding was the absence of an association between HLA mismatches
and death-censored graft survival. HLA incompatibility has been considered a traditional
risk factor, with a clearly favorable prognosis for very well-matched kidneys (0–2 HLA
mismatches) [44,45]. However, the effect of mismatches is not linear (there are few differ-
ences between one and six HLA mismatches) and new evidence suggests that the influence
of HLA incompatibility is less important. A recent study by the Australia–New Zealand
registry (ANZDATA) with 7440 cadaveric donor kidney transplants performed in the pe-
riod 2000–2018 concluded that a greater compatibility means greater benefits for graft and
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patient survival; however, the benefits were small and may be caused, in part, by a shorter
stay on dialysis [46].

Our study highlights the impact of donor age on patient survival. Although we did not
address waiting list mortality, the outcomes herein are consistent with the results reported
by Hellemans et al. [7], who studied a cohort of transplants carried out in Belgium between
2000 and 2012, reporting that in elderly patients (>65 years), transplantation from an SCD
donor does decrease mortality compared to dialysis, but any survival benefit with ECD
transplantation versus dialysis may be small.

In our opinion, there is a lack of tools or decision aids that allow the adaptation of
transplant prognosis information to specific candidates [47]. One of the existing calculators,
iChoose [23], was developed by a multidisciplinary group that included physicians, epi-
demiologists, patients, and families with the aim of developing an easy-to-use instrument
with “friendly” and easy-to-understand graphics. Subsequently, the same group studied
the effect of iChoose on the knowledge of and access to transplantation in 470 patients. Al-
though knowledge of the process increased in the intervention group (education + iChoose),
access to transplantation was similar to that in the group in which only standard education
was provided [24].

The main limitation of our study is its retrospective nature. Although the follow-up
period was long (median follow-up, 62 months), a longer follow-up period may be needed
for a better estimate of patient survival. Another limitation is that we were unable to
examine whether initial immunosuppression, especially induction, had consequences on
graft functionality and patient survival. For building the mobile device application, patient
feedback was not included, although the usability of the app is currently being assessed.
A further limitation is its restrained prediction level (C-statistics for graft survival of
0.666), which implies that its application should be made at the discretion of professionals;
however, this prediction power is similar to that of the KDPI, which is a widely used index.
Furthermore, its generalization to other populations, different to the one used here, should
be monitored in further studies. Finally, real-time prediction of graft prognosis on the day
of donation has limitations, fundamentally derived from the lack of many clinical variables
that have an impact on the survival of the graft and the patient. The experience of the
transplant team is essential for correctly interpreting the tool.

The strengths of this study include the large size and homogeneous sample, scrupulous
follow-up of the recipients without any loss of vital status information, large number of
variables, correction for confounding factors, use of resampling techniques, and internal
validation of the results. Contrary to other risk indices, our study included patients who
underwent re-transplantation.

In conclusion, the results of our study indicate that kidney transplantation prognosis
can be predicted with an acceptable reliability. The development of a mobile tool (Kidney
Transplant App) can help patients and professionals make joint decisions based on survival
expectations provided by the tool.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm13051270/s1, Figure S1: Kidney Transplant App: graft and
patient survival models; Figure S2: Kidney Transplant App: example of graft survival calculation;
Figure S3: Kidney Transplant App: example of patient survival calculation.
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13. Kramer, A.; Boenink, R.; Stel, V.S.; de Pablos, C.S.; Tomović, F.; Golan, E.; Kerschbaum, J.; Seyahi, N.; Ioanou, K.; Beltrán, P.; et al.
The ERA-EDTA registry annual report 2018: A summary. Clin. Kidney J. 2021, 14, 107–123. [CrossRef]

14. Coemans, M.; Süsal, C.; Döhler, B.; Anglicheau, D.; Giral, M.; Bestard, O.; Legendre, C.; Emonds, M.-P.; Kuypers, D.;
Molenberghs, G.; et al. Analyses of the short- and long-term graft survival after kidney transplantation in Europe between
1986 and 2015. Kidney Int. 2018, 94, 964–973. [CrossRef]

15. Lamb, K.E.; Lodhi, S.; Meier-Kriesche, H.U. Long-term renal allograft survival in the United States: A critical reappraisal. Am. J.
Transplant. 2011, 11, 450–462. [CrossRef]

16. Wang, C.J.; Wetmore, J.B.; Crary, G.S.; Kasiske, B.L. The donor kidney biopsy and its implications in predicting graft outcomes: A
systematic review. Am. J. Transplant. 2015, 15, 1903–1914. [CrossRef] [PubMed]

17. Reese, P.P.; Aubert, O.; Naesens, M.; Huang, E.; Potluri, V.; Kuypers, D.; Bouquegneau, A.; Divard, G.; Raynaud, M.;
Bouatou, Y.; et al. Assessment of the utility of kidney histology as a basis for discarding organs in the United States: A comparison
of international transplant practices and outcomes. J. Am. Soc. Nephrol. 2021, 32, 397–409. [CrossRef] [PubMed]

18. Salvadori, M.; Tsalouchos, A. Histological and clinical evaluation of marginal donor kidneys before transplantation: Which is
best? World J. Transplant. 2019, 9, 62–80. [CrossRef]

19. Israni, A.K.; Salkowski, N.; Gustafson, S.; Snyder, J.J.; Friedewald, J.J.; Formica, R.N.; Wang, X.; Shteyn, E.; Cherikh, W.;
Stewart, D.; et al. New national allocation policy for deceased donor kidneys in the United States and possible effect on patient
outcomes. J. Am. Soc. Nephrol. 2014, 25, 1842–1848. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJM199912023412303
https://www.ncbi.nlm.nih.gov/pubmed/10580071
https://doi.org/10.1111/j.1600-6143.2011.03686.x
https://www.ncbi.nlm.nih.gov/pubmed/21883901
https://doi.org/10.1093/ndt/gfz146
https://www.ncbi.nlm.nih.gov/pubmed/31598728
https://doi.org/10.1681/ASN.2015080879
https://doi.org/10.1093/ndt/gfab024
https://www.ncbi.nlm.nih.gov/pubmed/33650633
https://doi.org/10.1111/ajt.13783
https://doi.org/10.1111/tri.13103
https://doi.org/10.5500/wjt.v8.i4.102
https://doi.org/10.1097/TP.0000000000002748
https://doi.org/10.1097/TP.0000000000001405
https://doi.org/10.1093/ckj/sfaa271
https://doi.org/10.1016/j.kint.2018.05.018
https://doi.org/10.1111/j.1600-6143.2010.03283.x
https://doi.org/10.1111/ajt.13213
https://www.ncbi.nlm.nih.gov/pubmed/25772854
https://doi.org/10.1681/ASN.2020040464
https://www.ncbi.nlm.nih.gov/pubmed/33323474
https://doi.org/10.5500/wjt.v9.i4.62
https://doi.org/10.1681/ASN.2013070784
https://www.ncbi.nlm.nih.gov/pubmed/24833128


J. Clin. Med. 2024, 13, 0 11 of 12

20. Hippen, B.E.; Thistlethwaite, J.R., Jr.; Ross, L.F. Risk, prognosis, and unintended consequences in kidney allocation. N. Engl. J.
Med. 2011, 364, 1285–1287. [CrossRef] [PubMed]

21. Massie, A.B.; Luo, X.; Chow, E.K.; Alejo, J.L.; Desai, N.M.; Segev, D.L. Survival benefit of primary deceased donor transplantation
with high-KDPI kidneys. Am. J. Transplant. 2014, 14, 2310–2316. [CrossRef]

22. Wohlfahrtova, M.; Viklicky, O. New strategies for evaluating the quality of kidney grafts from elderly donors. Transplant. Rev.
2015, 29, 212–218. [CrossRef] [PubMed]

23. Patzer, R.E.; Basu, M.; Larsen, C.P.; Pastan, S.O.; Mohan, S.; Patzer, M.; Konomos, M.; McClellan, W.M.; Lea, J.; Howard, D.; et al.
IChoose kidney: A clinical decision aid for kidney transplantation versus dialysis treatment. Transplantation 2016, 100, 630–639.
[CrossRef] [PubMed]

24. Patzer, R.E.; McPherson, L.; Basu, M.; Mohan, S.; Wolf, M.; Chiles, M.; Russell, A.; Gander, J.C.; Friedewald, J.J.; Ladner, D.; et al.
Effect of the iChoose kidney decision aid in improving knowledge about treatment options among transplant candidates: A
randomized controlled trial. Am. J. Transplant. 2018, 18, 1954–1965. [CrossRef] [PubMed]

25. Ashby, V.B.; Leichtman, A.B.; Rees, M.A.; Song, P.X.-K.; Bray, M.; Wang, W.; Kalbfleisch, J.D. A kidney graft survival calculator
that accounts for mismatches in age, sex, HLA, and body size. Clin. J. Am. Soc. Nephrol. 2017, 12, 1148–1160. [CrossRef] [PubMed]

26. Wey, A.; Salkowski, N.; Kremers, W.K.; Schaffhausen, C.R.; Kasiske, B.L.; Israni, A.K.; Snyder, J.J. A kidney offer acceptance
decision tool to inform the decision to accept an offer or wait for a better kidney. Am. J. Transplant. 2018, 18, 897–906. [CrossRef]
[PubMed]

27. Prémaud, A.; Filloux, M.; Gatault, P.; Thierry, A.; Büchler, M.; Munteanu, E.; Marquet, P.; Essig, M.; Rousseau, A. An adjustable
predictive score of graft survival in kidney transplant patients and the levels of risk linked to de novo donor-specific anti-HLA
antibodies. PLoS ONE 2017, 12, e0180236. [CrossRef] [PubMed]

28. Scheffner, I.; Gietzelt, M.; Abeling, T.; Marschollek, M.; Gwinner, W. Patient survival after kidney transplantation: Important role
of graft-sustaining factors as determined by predictive modeling using random survival forest analysis. Transplantation 2020,
104, 1095–1107. [CrossRef]

29. Kilambi, V.; Bui, K.; Hazen, G.B.; Friedewald, J.J.; Ladner, D.P.; Kaplan, B.; Mehrotra, S. Evaluation of accepting kidneys of varying
quality for transplantation or expedited placement with decision trees. Transplantation 2019, 103, 980–989. [CrossRef] [PubMed]

30. World Medical Association. World medical association declaration of Helsinki: Ethical principles for medical research involving
human subjects. JAMA 2013, 310, 2191–2194. [CrossRef]

31. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P.; STROBE Initiative. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. J. Clin.
Epidemiol. 2008, 61, 344–349. [CrossRef] [PubMed]

32. Portero-Barreña, D.; Calvillo-Arbizu, J.; Pérez-Valdivia, M.A. Kidney Transplant App. Available online: https://github.com/
dporterob/KidneyTransplantApp (accessed on 29 December 2023).

33. Molnar, M.Z.; Nguyen, D.V.; Chen, Y.; Ravel, V.; Streja, E.; Krishnan, M.; Kovesdy, C.P.; Mehrotra, R.; Kalantar-Zadeh, K. Predictive
score for posttransplantation outcomes. Transplantation 2017, 101, 1353–1364. [CrossRef] [PubMed]

34. van der Velde, M.; the Chronic Kidney Disease Prognosis Consortium; Matsushita, K.; Coresh, J.; Astor, B.C.; Woodward, M.;
Levey, A.S.; de Jong, P.E.; Gansevoort, R.T. Lower estimated glomerular filtration rate and higher albuminuria are associated
with all-cause and cardiovascular mortality. A collaborative meta-analysis of high-risk population cohorts. Kidney Int. 2011,
79, 1341–1352. [CrossRef] [PubMed]

35. Li, B.; Cairns, J.A.; Robb, M.L.; Johnson, R.J.; Watson, C.J.E.; Forsythe, J.L.; Oniscu, G.C.; Ravanan, R.; Dudley, C.; Roderick, P.; et al.
Predicting patient survival after deceased donor kidney transplantation using flexible parametric modelling. BMC Nephrol. 2016,
17, 51. [CrossRef] [PubMed]

36. Port, F.K.; Bragg-Gresham, J.L.; Metzger, R.A.; Dykstra, D.M.; Gillespie, B.W.; Young, E.W.; Delmonico, F.L.; Wynn, J.J.;
Merion, R.M.; Wolfe, R.A.; et al. Donor characteristics associated with reduced graft survival: An approach to expanding
the pool of kidney donors. Transplantation 2002, 74, 1281–1286. [CrossRef]

37. Wolfe, R.A.; McCullough, K.P.; Schaubel, D.E.; Kalbfleisch, J.D.; Murray, S.; Stegall, M.D.; Leichtman, A.B. Calculating life years
from transplant (LYFT): Methods for kidney and kidney-pancreas candidates. Am. J. Transplant. 2008, 8, 997–1011. [CrossRef]

38. Rao, P.S.; Schaubel, D.E.; Guidinger, M.K.; Andreoni, K.A.; Wolfe, R.A.; Merion, R.M.; Port, F.K.; Sung, R.S. A comprehensive risk
quantification score for deceased donor kidneys: The kidney donor risk index. Transplantation 2009, 88, 231–236. [CrossRef]

39. Demiselle, J.; Augusto, J.-F.; Videcoq, M.; Legeard, E.; Dubé, L.; Templier, F.; Renaudin, K.; Sayegh, J.; Karam, G.; Blancho, G.;
et al. Transplantation of kidneys from uncontrolled donation after circulatory determination of death: Comparison with brain
death donors with or without extended criteria and impact of normothermic regional perfusion. Transplant. Int. 2016, 29, 432–442.
[CrossRef]

40. Summers, D.M.; Johnson, R.J.; Hudson, A.; Collett, D.; Watson, C.J.; Bradley, J.A. Effect of donor age and cold storage time on
outcome in recipients of kidneys donated after circulatory death in the UK: A cohort study. Lancet 2013, 381, 727–734. [CrossRef]

41. Gavriilidis, P.; Inston, N.G. Recipient and allograft survival following donation after circulatory death versus donation after brain
death for renal transplantation: A systematic review and meta-analysis. Transplant. Rev. 2020, 34, 100563. [CrossRef]

https://doi.org/10.1056/NEJMp1102583
https://www.ncbi.nlm.nih.gov/pubmed/21410392
https://doi.org/10.1111/ajt.12830
https://doi.org/10.1016/j.trre.2015.04.002
https://www.ncbi.nlm.nih.gov/pubmed/25971422
https://doi.org/10.1097/TP.0000000000001019
https://www.ncbi.nlm.nih.gov/pubmed/26714121
https://doi.org/10.1111/ajt.14693
https://www.ncbi.nlm.nih.gov/pubmed/29446209
https://doi.org/10.2215/CJN.09330916
https://www.ncbi.nlm.nih.gov/pubmed/28596416
https://doi.org/10.1111/ajt.14506
https://www.ncbi.nlm.nih.gov/pubmed/28925596
https://doi.org/10.1371/journal.pone.0180236
https://www.ncbi.nlm.nih.gov/pubmed/28671951
https://doi.org/10.1097/TP.0000000000002922
https://doi.org/10.1097/TP.0000000000002585
https://www.ncbi.nlm.nih.gov/pubmed/30720682
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://www.ncbi.nlm.nih.gov/pubmed/18313558
https://github.com/dporterob/KidneyTransplantApp
https://github.com/dporterob/KidneyTransplantApp
https://doi.org/10.1097/TP.0000000000001326
https://www.ncbi.nlm.nih.gov/pubmed/27391198
https://doi.org/10.1038/ki.2010.536
https://www.ncbi.nlm.nih.gov/pubmed/21307840
https://doi.org/10.1186/s12882-016-0264-0
https://www.ncbi.nlm.nih.gov/pubmed/27225846
https://doi.org/10.1097/00007890-200211150-00014
https://doi.org/10.1111/j.1600-6143.2008.02177.x
https://doi.org/10.1097/TP.0b013e3181ac620b
https://doi.org/10.1111/tri.12722
https://doi.org/10.1016/S0140-6736(12)61685-7
https://doi.org/10.1016/j.trre.2020.100563


J. Clin. Med. 2024, 13, 0 12 of 12

42. Molina, M.; Guerrero-Ramos, F.; Fernández-Ruiz, M.; González, E.; Cabrera, J.; Morales, E.; Gutierrez, E.; Hernández, E.;
Polanco, N.; Hernández, A.; et al. Kidney transplant from uncontrolled donation after circulatory death donors maintained by
nECMO has long-term outcomes comparable to standard criteria donation after brain death. Am. J. Transplant. 2019, 19, 434–447.
[CrossRef] [PubMed]

43. Kusaka, M.; Kubota, Y.; Takahashi, H.; Sasaki, H.; Kawai, A.; Takenaka, M.; Fukami, N.; Kenmochi, T.; Shiroki, R.; Hoshinaga, K.
Warm ischemic time as a critical risk factor of graft failure from donors after cardiac death: A single-center experience over
three decades in the kidney donor profile index/kidney donor risk index era in Japan. Int. J. Urol. 2019, 26, 247–252. [CrossRef]
[PubMed]

44. Held, P.J.; Kahan, B.D.; Hunsicker, L.G.; Liska, D.; Wolfe, R.A.; Port, F.K.; Gaylin, D.S.; Garcia, J.R.; Agodoa, L.; Krakauer, H. The
impact of HLA mismatches on the survival of first cadaveric kidney transplants. N. Engl. J. Med. 1994, 331, 765–770. [CrossRef]
[PubMed]

45. Laging, M.; Gestel, J.A.K.-V.; Haasnoot, G.W.; Claas, F.H.; van de Wetering, J.; Ijzermans, J.N.; Weimar, W.; Roodnat, J.I.
Transplantation results of completely HLA-mismatched living and completely HLA-matched deceased-donor kidneys are
comparable. Transplantation 2014, 97, 330–336. [CrossRef]

46. Gramlick, M.E.; Trevillian, P.; Palazzi, K.L.; Heer, M.K. Time to move on: HLA matching should be reconsidered in modern
deceased donor kidney allocation. Transplant. Direct 2022, 8, e1295. [CrossRef]

47. Khalili, M.; Cardinal, H.; Ballesteros, F.; Fortin, M.C. Kidney transplant candidates’ and recipients’ perspectives on the decision-
making process to accept or refuse a deceased donor kidney offer: Trust and graft survival matter. Clin. Transplant. 2022,
36, e14604. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/ajt.14991
https://www.ncbi.nlm.nih.gov/pubmed/29947163
https://doi.org/10.1111/iju.13851
https://www.ncbi.nlm.nih.gov/pubmed/30460731
https://doi.org/10.1056/NEJM199409223311203
https://www.ncbi.nlm.nih.gov/pubmed/8065404
https://doi.org/10.1097/01.TP.0000435703.61642.43
https://doi.org/10.1097/TXD.0000000000001295
https://doi.org/10.1111/ctr.14604

	Introduction 
	Materials and Methods 
	Study Population 
	Variables 
	Statistical Analysis 
	Model Development 
	Mobile App 

	Results 
	Demographic Data 
	Risk Prediction for Death-Censored Graft Survival 
	Risk Prediction for Patient Survival 
	Translation of the Predictive Models to the Mobile Application 

	Discussion 
	References

