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Abstract: Renal transplantation is life-changing in many aspects. This includes changes to the gut
microbiome likely due to exposure to immunosuppressive drugs and antibiotics. As a consequence,
renal transplant recipients (RTRs) might suffer from intestinal dysbiosis. We aimed to investigate the
gut microbiome of RTRs and compare it with healthy controls and to identify determinants of the
gut microbiome of RTRs. Therefore, RTRs and healthy controls participating in the TransplantLines
Biobank and Cohort Study (NCT03272841) were included. We analyzed the gut microbiome using
16S rRNA sequencing and compared the composition of the gut microbiome of RTRs to healthy
controls using multivariate association with linear models (MaAsLin). Fecal samples of 139 RTRs (50%
male, mean age: 58.3 ± 12.8 years) and 105 healthy controls (57% male, mean age: 59.2 ± 10.6 years)
were collected. Median time after transplantation of RTRs was 6.0 (1.5–12.5)years. The microbiome
composition of RTRs was significantly different from that of healthy controls, and RTRs had a
lower diversity of the gut microbiome (p < 0.01). Proton-pump inhibitors, mycophenolate mofetil,
and estimated glomerular filtration rate (eGFR) are significant determinants of the gut microbiome of
RTRs (p < 0.05). Use of mycophenolate mofetil correlated to a lower diversity (p < 0.01). Moreover,
significant alterations were found in multiple bacterial taxa between RTRs and healthy controls.
The gut microbiome of RTRs contained more Proteobacteria and less Actinobacteria, and there was a
loss of butyrate-producing bacteria in the gut microbiome of RTRs. By comparing the gut microbiome
of RTRs to healthy controls we have shown that RTRs suffer from dysbiosis, a disruption in the
balance of the gut microbiome.

Keywords: gut microbiome; renal transplant recipient; diarrhea; immunosuppressive
medication; gut microbiota; kidney transplantation; 16S rRNA sequencing; butyrate-producing
bacteria; Proteobacteria

1. Introduction

It is becoming increasingly evident that the gut microbiome plays a role in various diseases such as
inflammatory bowel disease, diabetes, autoimmune diseases, and cancer [1]. However, less is known
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about the role of the gut microbiome in the field of renal transplantation. Renal transplantation is the
best available treatment for patients with end-stage renal disease (ESRD). Despite improved prognosis
and quality of life (QoL) compared to dialysis treatment, renal transplant recipients (RTRs) suffer from
many problems in the years after transplantation. After transplantation one out of five RTRs suffers
from chronic diarrhea which is associated with a lower QoL, increased abdominal complaints, higher
mortality, and gut dysbiosis [2–4]. Furthermore, all RTRs use immunosuppressive drugs and frequently
require antibiotics which potentially influence the gut microbiome [5]. Chronic diarrhea and the use of
immunosuppressive drugs may change the gut microbiota composition. As a consequence, this can
disrupt gut homeostasis leading to a disruption in the balance of the gut microbiome called dysbiosis.
This has previously been reported in mice studies. The introduction of prednisolone and tacrolimus
to mice resulted in dysbiosis, an overgrowth of Escherichia coli, and an increased colonization with
opportunistic pathogens [6]. However, the gut microbiome of RTRs has not been studied extensively.

In previous studies among allogenic stem cell transplant recipients and RTRs, a lower diversity of
the gut microbiome was observed [7,8]. Furthermore, this lower diversity of the gut microbiome in
allogenic stem cell recipients was associated with a higher risk of mortality [9]. In addition, Annavajhala
et al. demonstrated that liver transplant recipients with a lower gut microbiome diversity have a higher
risk of colonization by multidrug-resistant bacteria [10]. These studies show that the gut microbiome
is clinically relevant in the field of transplantation. However, the role of the gut microbiome in renal
transplantation has not been adequately studied. Characterization of the gut microbiome in the first
three months after renal transplantation showed significant changes in the composition of the gut
microbiome and showed that diarrhea was associated with dysbiosis and a loss of diversity [8]. It is
currently unknown whether dysbiosis of the gut microbiome remains prevalent more than one year
after transplantation and which factors are determinants of the gut microbiota composition in RTRs.
The aim of this study was to characterize the gut microbiome of RTRs for at least more than one year
post-transplantation. We compared the composition of the gut microbiome between RTRs and healthy
controls and identified determinants of the gut microbiome of RTRs.

2. Experimental Section

2.1. Study Population

We included 139 RTRs who were at least one year post-transplantation and 105 healthy donors
from the TransplantLines Biobank and Cohort Study (ClinicalTrials.gov Identifier NCT03272841).
TransplantLines is a prospective observational cohort study in solid transplant recipients [11]. Donors
underwent medical screening in the University Medical Center Groningen (UMCG) and can be
considered healthy controls. All participants were included during a study visit at the outpatient
clinic of the UMCG between September 2015 and April 2018. RTRs were treated with standard
antihypertensive and immunosuppressive therapy. The research protocol of the TransplantLines study
was approved by the independent medical ethics committee of UMCG (METC 2014/077) and was
performed in adherence to the Declaration of Helsinki and the Declaration of Istanbul. All subjects
provided a written informed consent.

2.2. Patient Characteristics

All measurements were performed during a study visit at the outpatient clinic. Weight, length,
and waist and hip circumference were measured in duplicate. Body fat percentage was measured using
the multifrequency bioelectrical impedance device (BIA, Quadscan 4000, Bodystat, Douglas, British
Isles). Blood pressure was measured by qualified nurses according to a standard clinical protocol
as described previously [11]. Hypertension was classified as a mean systolic pressure >140 mm Hg,
and/or a mean diastolic pressure >90 mm Hg and/or use of antihypertensive medication. Diabetes
mellitus was defined according to the guidelines of the American Diabetes Association [12]. Estimated
glomerular filtration rate (eGFR) was calculated using the serum creatinine-based chronic kidney
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disease epidemiology collaboration (CKD-EPI) formula. Proteinuria was defined as urinary protein
excretion >0.5 g per 24 h. Glucose and hemoglobin A1c (HbA1c) were determined using standard
laboratory methods. Smoking status was recorded using a questionnaire. Medication use was retrieved
from medical records and verified with patients during study visits. The study design is described in
detail in the TransplantLines design paper [11].

2.3. Sample Collection

Blood samples were collected after an overnight fasting period of 8–12 h and stored at −80 ◦C.
Participants were instructed to collect a fecal sample the day prior to the study visit at home and store
the sample on ice. Upon arrival at the UMCG the fecal samples were immediately stored at −80 ◦C.
Participants also collected 24-hour urine samples the day prior to the study visit.

2.4. DNA Extraction and 16S rRNA Sequencing

Deoxyribonucleic acid (DNA) was extracted from 0.25 g feces [13]. The genes for the 16S rRNA
V4 and V5 region were amplified by polymerase chain reaction (PCR) using the TaKaRa Taq Hot
start version kit (TaKaRa Bio Inc., Kusatsu, Japan). We used the 341F and 806R primers containing a
6-nucleotide Illumina-MiSeq adapter sequence. The PCR product was purified with AMPure XP beads
(Beckman Coulter, USA). DNA concentrations were measured with Qubit 2.0 Fluorometer to ensure
equal library presentation for each sample, dilutions were made accordingly [14]. The normalized
DNA library was sequenced using the MiSeq Benchtop Sequencer.

2.5. Microbiome Profiling

Bacterial taxonomy was assigned using PAired-eND Assembler for DNA sequences (PANDAseq),
Quantitative Insights Into Microbial Ecology (QIIME), and ARB [15–17]. QIIME was used to assign
taxonomy to the phylum, class, order, family, and genus level. ARB was used to assign taxonomy to
the species level. As previously described, PANDAseq was used to increase the quality of sequence
reads. Readouts with at quality score lower than 0.9 were discarded according to the protocol followed
by Heida et al. [14].

2.6. Statistical Analyses

Data are presented as mean ± standard deviation (SD) for normally distributed data and median
with interquartile range (IQR) for non-normally distributed data. Differences between baseline
characteristics of RTRs and healthy controls were tested using a t-test or a Mann–Whitney u-test.

Sample richness/evenness was estimated using the Shannon index using QIIME. The microbial
dissimilarities matrix (Bray–Curtis) was obtained using vegdist from the vegan R-package [18]. Principal
coordinates were constructed and plotted with the cmdscale function. We used permutational
multivariate analysis of variance using distance matrices (ADONIS) to analyze the variance in
the Bray–Curtis matrix that could be explained by metadata such as age, sex, body mass index (BMI),
fat percentage, smoking, eGFR, and medication. Pearson correlation was used to correlate metadata to
the Shannon diversity index. p-values <0.01 were considered statistically significant.

Multivariate analysis by linear models (MaAsLin) is a tool to find associations between clinical
metadata and bacterial abundance. We used MaAsLin to find associations between microbiome
data and clinical phenotype. MaAsLin performs a boosted, additive general linear model between
metadata and microbial abundance [19]. Covariates including sex, body mass index (BMI), smoking,
use of antihypertensive medication, use of antibiotics, use of statins, use of proton-pump inhibitor
(PPI), and read depth were forced into the model. These covariates are known to influence the gut
microbiome [20]. All p-values were corrected for multiple testing using false discovery rate (FDR).
pFDR < 0.10 was considered statistically significant for taxonomic analysis.
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3. Results

3.1. Baseline Characteristics

We included 139 RTRs (age 58.3 ± 12.8 years; 50% males) at a median post-transplantation time
of 6.0 (1.5–12.5) years and 105 healthy controls (age 59.2 ± 10.6 years; 57% males). Mean BMI was
27.7 ± 5.4 kg/m2 for RTRs and 27.2 ± 6.0 kg/m2 for controls. In total 3 (3%) healthy controls and 38
(27%) RTRs had diabetes mellitus (p < 0.001). RTRs had a significantly higher HbA1c, 40.0 (37.0–46.0)
compared to healthy controls, 37.5 (36.0–40.0) (p < 0.001). RTRs had a significantly lower eGFR of
48.3 ± 16.7 mL/min/1.73 m2 compared with 69.0 ± 19.2 mL/min/1.73 m2 for controls (p < 0.001). In total
7 (5%) RTRs used antibiotics, 115 (83%) RTRs used antihypertensive medication, 96 (69%) RTRs used
PPIs, and 66 (47%) RTRs used statins. Cyclosporine was used by 25 (18%) RTRs, tacrolimus by 79
(57%) RTRs, azathioprine was used by 13 (9%) RTRs, mycophenolate mofetil by 100 (72%) RTRs,
and prednisolone by 133 (96%) RTRs (Table 1).

Table 1. Baseline characteristics of renal transplant recipients (RTRs) and controls.

Demographics Control RTRs p-Value

Number of Subjects, n (%) 105 139 -
Age (years) 59.2 ± 10.6 58.3 ± 12.8 0.96
Male, n (%) 60 (57) 69 (50) 0.24
BMI (kg/m2) 27.2 ± 6.0 27.7 ± 5.4 0.60
Diabetes Mellitus, n (%) 3 (3) 38 (27) <0.001
Hypertension, n (%) 10 (10) 115 (83) <0.001
Smoking, n (%) - 12 (9) -
Years since Transplantation, Median (IQR) - 6.0 (1.5–12.5) -

Cardiovascular Parameters

Glucose, mmol/L, Median (IQR) 5.4 (4.0–5.9) 5.4 (4.9–6.2) 0.06
HbA1c, mmol/L, Median (IQR) 37.5 (36.0–40.0) 40.0 (37.0–46.0) <0.001
Systolic Blood Pressure (mmHg) 130.4 ± 14.2 136.5 ± 17.7 0.02
Diastolic Blood Pressure (mmHg) 75.8 ± 9.4 78.5 ± 9.6 0.03
Heart Frequency (bpm) 69.7 ± 25.8 72.1 ± 13.1 0.02

Renal Function Parameters

Serum Creatinine (μmol/L) 97.3 ± 22.1 133.1 ± 42.6 <0.001
eGFR (mL/min/1.73 m2) 69.0 ± 19.2 48.3 ± 16.7 <0.001
Proteinuria (0.5 g/24 h), n (%) 0 (0) 11 (7.9) -

Medication, n (%)

Antibiotics (n = 1) 0 (0) 7 (5) -
Antihypertensive Agents (n = 8) 10 (10) 115 (83) <0.001
Proton-pump Inhibitors 8 (8) 96 (69) <0.001
Statins 8 (8) 66 (47) <0.001
Cyclosporine - 25 (18) -
Tacrolimus - 79 (57) -
Azathioprine - 13 (9) -
Mycophenolate mofetil - 100 (72) -
Prednisolone - 133 (96) -

All characteristics are presented as means ± standard deviation unless otherwise stated. IQR—interquartile range.

3.2. Diversity of the Gut Microbiome

The median Shannon diversity index, a measure for the diversity of the gut microbiome, was
significantly lower in RTR samples with 3.4 (3.1–3.8) vs. 3.7 (3.5–4.0) for healthy controls (p < 0.001).
The median operational taxonomic units (OTUs) per sample was 256 (214–304) for RTRs and 314
(260–351) for healthy controls (p< 0.001) (Figure 1). The diversity between samples was further assessed
using beta diversity analysis. The gut microbiome was significantly different between RTRs and
healthy controls (p < 0.01). A separation in gut microbiota composition can be observed between RTRs
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and healthy controls in the principal coordinate plot (Figure 2). A permutational multivariate analysis
of variance using distance matrices (ADONIS) was performed to estimate the variation explained in
the gut microbiome by different variables. In total, 5.8% of the variation of the gut microbiome of RTRs
and healthy controls was significantly explained by sample type (RTR or healthy control, p < 0.001).
Furthermore, using ADONIS, baseline characteristics including medication use were tested in the gut
microbiome of RTRs. Within the gut microbiome of RTRs age (1.2%), BMI (1.1%), and eGFR (1.0%)
significantly explained variation within the gut microbiome. Furthermore, the use of PPIs (1.2%) and
the use of mycophenolate mofetil (1.0%) significantly explained variation within the gut microbiome of
RTRs. Age was positively correlated to the Shannon diversity index (p < 0.01). Use of mycophenolate
mofetil and use of antibiotics was negatively correlated to the Shannon diversity index (p < 0.01)
(Figure 3).

Figure 1. This is a figure showing the diversity of the gut microbiome of renal transplant recipients
(RTRs) compared to healthy controls: (A) a boxplot depicting the Shannon diversity index, which is a
measure for the diversity of the gut microbiome, was significantly lower in RTRs compared to healthy
controls (p < 0.001); (B) a boxplot showing the number of observed operation taxonomic units (OTUs)
between RTRs and healthy controls (p < 0.001).

Figure 2. Principal coordinate analysis of 139 RTRs and 105 healthy controls. The principal coordinates
plot shows principal coordinates for the Bray–Curtis distance, a measure for the composition of the
gut microbiome, for RTRs and healthy controls. Separation in the composition of the gut microbiome
between RTRs and healthy controls can be observed. PCo1 is principal coordinate 1 and PCo2 is
principal coordinate 2. The gut microbiome of RTRs is significantly different from that of healthy
controls in the first coordinate (PCo1 vs. PCo2: p < 0.01). RTR or healthy control status significantly
explained 5.8% of variation in the gut microbiome (p < 0.001).
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Figure 3. Depiction of variables that are associated with variation in the gut microbiome within RTRs.
In the bar plots, the x-axis represents the percentage of explained variance in the gut microbiome of
RTRs expressed as the Bray–Curtis distance. The heatmap depicts significant negative correlations
(red) and positive correlations (blue) with the Shannon diversity index (p < 0.01). These variables
were tested only in the gut microbiome of RTRs. Bars in orange represent variables which significantly
explain variance in gut microbiota composition (p < 0.05).

3.3. Composition of the Gut Microbiome

We analyzed the gut microbiome at different taxonomic levels: phylum, class, order, family, genus,
and species. Using MaAsLin, we were able to identify significant differences in taxa abundances
between RTRs and healthy controls while correcting for age, sex, BMI, smoking, use of antihypertensive
medication, use of antibiotics, use of statins, use of PPIs, and read depth. In total, we found significant
alterations in 127 of the 447 bacterial taxa abundances in the gut microbiome of RTRs (pFDR < 0.10)
(Table 2). On the phylum level we found that RTRs have significantly higher levels of Proteobacteria and
lower levels of Actinobacteria (pFDR < 0.10) (Figure 4). Within the phylum Proteobacteria, the species
E. coli was significantly more abundant in the gut microbiome of RTRs (pFDR < 0.10). Within the
phylum Actinobacteria multiple species had a lower abundance within the gut microbiome of RTRs,
especially multiple Bifidobacterium species (pFDR < 0.10). The predominant phylum Firmicutes was not
significantly different in RTRs compared to healthy controls. However, within the phylum Firmicutes
there were many significantly different species in the gut microbiome of RTRs compared to healthy
controls (Figure 4 and Table S1). An extensive overview of MaAsLin results for complete taxonomy is
provided in Table S1.

Table 2. Overview of significantly altered taxa between renal transplant recipients and healthy controls.

Taxonomic Level Total Number of Taxa 1 Number of Significant Taxa 2

Phylum 6 2
Class 17 5
Order 31 8
Family 60 18
Genus 123 27
Species 205 63

Total 442 123
1 Total number of taxa with an abundance >0.1%; 2 pFDR < 0.10.
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Figure 4. This figure depicts the abundance of phyla and species for RTRs and healthy controls. Bar
plots represent the mean proportion and differences in mean proportions with 95% confidence intervals
are depicted on the right. Taxa that are depicted were filtered for a difference in mean proportion >0.2%.
pFDR < 0.10 was considered as statistically significant and indicated in the plot with a star (*).

4. Discussion

We have shown that the gut microbiome of RTRs is different compared to the gut microbiome of
healthy controls. Interestingly, we demonstrated that RTRs have dysbiosis characterized by general
loss of microbial diversity. We found that RTRs have an increased abundance of Proteobacteria,
a decrease in Actinobacteria, and a loss of butyrate-producing bacteria. Finally, we found that age, BMI,
eGFR, the use of PPIs, and the use of mycophenolate mofetil are determinants of the gut microbiome
of RTRs and that age, BMI, and the use of mycophenolate mofetil correlate to the diversity of the
gut microbiome.
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In a pilot study of Lee et al., significant changes were seen in the gut microbiome of RTRs
when pre-transplantation samples were compared to post-transplantation samples. The diversity,
although not significant, was lower after transplantation. Proteobacteria and Enterobacteriales
were increased in the gut microbiome post-transplantation [8]. We observed a significant loss of
diversity in the composition of the gut microbiome in RTRs with a similar increase in Proteobacteria.
It is known that a lower diversity is associated with various diseases such as inflammatory bowel
disease (IBD), metabolic disease and cardiovascular disease, as stated by the Human Microbiome
Consortium [21]. Previous research in a cohort of allogeneic hematopoietic stem cell transplantation
(allo-HSCT) recipients demonstrated that a lower diversity of the gut microbiome was associated
with a higher mortality risk [9]. Additionally, allo-HSCT recipients who were deceased had a higher
level of Gammaproteobacteria, Enterobacteriales, and Enterobacteriaceae [7]. These findings are
strikingly similar to the results of our study. We also observed a lower diversity and higher levels of
Proteobacteria, Gammaproteobacteria, Enterobacteriaceae, Escherichia, Streptococcus, and Lactobacillus
in the gut microbiome of RTRs. However, it is unknown whether these changes in the composition of
the gut microbiome are associated with mortality in RTRs.

The lower diversity observed in the gut microbiome of RTRs suggest that RTRs suffer from
dysbiosis. We found increased levels of Proteobacteria which has previously been proposed as a marker
for dysbiosis in the gut microbiome [22]. Furthermore, we observed a loss of butyrate-producing
bacteria in RTRs. Butyrate is a short-chain fatty acid (SCFA) that plays a key role in maintaining
gut health. Butyrate is associated with trans-epithelial fluid transport, reduction of inflammation
and oxidative stress, reinforcement of the epithelial barrier, and has potential protective properties
against colorectal cancer [23]. In this study, lower levels of Faecalibacterium prausnitzii, Gemmiger
formicilis, Eubacterium rectale, Coprococcus catus, Coprococcus comes and Roseburia were observed in the
gut microbiome of RTRs. These are all well-known butyrate-producing bacteria [24]. The decrease of
butyrate production in RTRs could be detrimental to their gut health. Furthermore, animal studies
show that butyrate has immunomodulatory properties through the effect on regulatory T-cells (Treg),
which in turn plays a key role in suppressing inflammatory responses. Increasing butyrate in the
gut improved renal dysfunction and reduced local and systemic inflammation in mice [25,26]. These
results have also been observed in allogeneic bone marrow transplant recipients. Reduced butyrate
altered gene regulation and resulted in fewer Treg cells. Restoring butyrate levels led to improved
junction integrity, decreased apoptosis, and improved graft versus host disease [27]. Dysbiosis and a
loss of butyrate-producing bacteria in the gut microbiome of RTRs could therefore have detrimental
effects on gut health. Further research is needed to study the clinical consequences of the loss of
butyrate-producing bacteria in RTRs.

In another study of Lee et al., a loss of diversity and a loss of butyrate-producing bacteria was also
observed in RTRs with post-transplantation diarrhea. In this study, post-transplantation diarrhea was
not associated with common infectious diarrheal pathogens but rather with dysbiosis [4]. RTRs had
lower levels of Ruminococcus, Coprococcus, and Dorea in this study. These findings are in accordance
with results from our study, which also demonstrated lower levels of Ruminococcus in the microbiome
of RTRs. However, we did not observe higher levels of Coprococcus and Dorea in RTRs. One reason
for this might be that we included patients more than one year after transplantation while Lee et al.
included patients within the first year after transplantation. In addition, we corrected for various
factors that influence the composition of the gut microbiome, which was not done in the study by Lee
et al. [8].

We found many significant differences in taxa abundance in RTRs compared to healthy controls.
Some of these differences in the composition of the gut microbiome might indicate that RTRs suffer
from increased inflammation in the gut. For example, the abundance of Proteobacteria was much
higher in RTRs compared to healthy controls. This was also observed in patients with severe intestinal
inflammation and inflammatory bowel disease (IBD), colorectal cancer, necrotizing enterocolitis,
and irritable bowel syndrome (IBS) [28]. Increased oxygen availability in the gut colonocytes could
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explain these findings, since it is associated with inflammation in the gut and drives the expansion of
aerobic Proteobacteria, Enterobacteriaceae, and E. coli while lowering the levels of anaerobic bacteria
such as Bifidobacterium and butyrate-producing bacteria [22,28]. In this study, RTRs indeed had an
increased abundance of Proteobacteria, Enterobacteriaceae, and E. coli, and lower levels of Clostridia
and Bifidobacteria. These similarities in the gut microbiome composition of RTRs and IBD patients
suggest that RTRs may be suffering from inflammation in the gut, which could lead to a loss of epithelial
barrier function and diarrhea [29].

In this study, we showed that use of PPIs and mycophenolate mofetil was associated with variation
within the gut microbiome of RTR. Imhann et al. demonstrated that the use of PPIs changes the gut
microbiome, especially an increase of Streptococcus species was found in PPI users [30]. We found
multiple Streptococcus species that had a higher abundance in the gut microbiome of RTRs. This could
be due to the use of PPIs. The influence of immunosuppressive medication on the gut microbiome is
not yet well studied in RTRs. In a previous murine study, prednisolone, tacrolimus, and mycophenolate
mofetil changed the gut microbiome [6]. Mycophenolate mofetil has multiple side effects including
diarrhea [31]. In our study, the use of mycophenolate mofetil was significantly correlated to a lower
diversity of the gut microbiome. A lower diversity of the gut microbiome is more prevalent in
less healthy individuals. More research is needed to investigate the interplay between the use of
mycophenolate mofetil, the gut microbiome, and clinical outcomes.

Improving the observed dysbiotic state of RTRs might have clinical implications concerning
long-term outcome after renal transplantation. Important issues are that many RTRs suffer from
cognitive decline and development of skin cancer [32,33]. Dysbiosis might contribute to cognitive
decline due to an effect of the gut microbiome on the gut–brain axis [34]. The same mechanism might
apply to the occurrence of skin cancer, due to an effect of the gut microbiome on the gut–skin axis [33,35].
Improving the dysbiotic state of the gut microbiome in RTRs may therefore be a modifiable factor that
allows for inhibition of cognitive decline and skin cancer after renal transplantation. Changing the diet
of RTRs might be an intervention that allows for improvement of the gut dysbiosis of RTRs. Diet has
been identified as an important potentially modifiable factor influencing the gut microbiome [20].
After transplantation, many RTRs adhere to the diet that was prescribed prior to transplantation [36].
This diet includes a protein restriction, which is meant to limit and prevent uremic symptoms and
progression of decline of renal function [37]. It also includes a phosphorus restriction to prevent
hypophosphatemia, and a potassium restriction to prevent occurrence of hyperkaliemia, cardiac
arrhythmias, and acute cardiac death [37]. Improving diet and eating habits may have a positive effect
on the composition of the gut microbiome, which could ultimately translate into a beneficial effect
on cognitive function [38]. Future, larger cohort studies could focus on the influence of diet on the
gut microbiome in RTRs, and on potential sex differences therein. Potential sex differences in the gut
microbiome might be of interest, but cohorts to allow for determining those likely need to be large,
because previously reported sex differences in the gut microbiome are small [20,39].

We showed that there are many differences in the gut microbiome of RTRs compared to healthy
controls. However, the current study should be interpreted within its limitations. The main indication
for renal transplantation is chronic kidney disease (CKD). Alterations in the gut microbiome of patients
with CKD are already present before transplantation. Patients with CKD also suffer from a lower
diversity of the gut microbiome and dysbiosis. A lower colonization by Bifidobacteria and an increase
in Enterobacteriaceae was observed in patients with CKD [26]. These findings are similar to our
findings which suggest that the dysbiosis observed in RTRs may already be present pre-transplantation
and does not recover post-transplantation [8]. Moreover, we measured the composition of the gut
microbiome using 16S rRNA sequencing instead of metagenomic sequencing. Therefore, we were
unable to analyze metabolic pathways of bacteria. Furthermore, SCFA were not measured in the
current study. Therefore, it remains unknown whether the observed loss of butyrate-producing bacteria
also leads to a decreased production of butyrate. Future studies should include pre-transplantation
patients and study how the gut microbiome develops after transplantation. Focus should be on
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the metagenome of RTRs to study the effects of dysbiosis, the metabolism genes, and metabolites.
Furthermore, current studies of the gut microbiome mainly focus on bacteria. However, at the kingdom
level of the gut microbiome, there are many more micro-organisms such as archaea, fungi, eukaryotes,
as well as viruses which could also play an important role in the gut microbiome of immunosuppressed
patients [40].

In conclusion, the gut microbiome of RTRs more than one year post-transplantation is significantly
different from that of healthy controls. The gut microbiome of RTRs contains more Proteobacteria and
less Actinobacteria and there is a loss of butyrate-producing bacteria which could be detrimental to
gut health. The use of mycophenolate mofetil and antibiotics is associated with variation in the gut
microbiome of RTRs and correlated to a lower diversity. The results of this study are preliminary and
require replication in a larger cohort. Nevertheless, we demonstrate that RTRs suffer from dysbiosis
more than one year post-transplantation and that the use of mycophenolate mofetil correlates to a
lower diversity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/2/386/s1,
Table S1: MaAsLin results for RTRs compared to healthy controls.
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Abstract: Fast tacrolimus (TAC) metabolism (concentration/dose (C/D) ratio <1.05 ng/mL/mg) is
a risk factor for inferior outcomes after renal transplantation (RTx) as it fosters, e.g., TAC-related
nephrotoxicity. TAC minimization or conversion to calcineurin-inhibitor free immunosuppression are
strategies to improve graft function. Hence, we hypothesized that especially patients with a low C/D
ratio profit from a switch to everolimus (EVR). We analyzed data of 34 RTx recipients (17 patients with
a C/D ratio <1.05 ng/mL/mg vs. 17 patients with a C/D ratio ≥1.05 ng/mL/mg) who were converted to
EVR within 24 months after RTx. The initial immunosuppression consisted of TAC, mycophenolate,
prednisolone, and basiliximab induction. During an observation time of 36 months after changing
immunosuppression from TAC to EVR, renal function, laboratory values, and adverse effects were
compared between the groups. Fast TAC metabolizers were switched to EVR 4.6 (1.5–21.9) months
and slow metabolizers 3.3 (1.8–23.0) months after RTx (p = 0.838). Estimated glomerular filtration rate
(eGFR) did not differ between the groups at the time of conversion (baseline). Thereafter, the eGFR in
all patients increased noticeably (fast metabolizers eGFR 36 months: + 11.0 ± 11.7 (p = 0.005); and
slow metabolizers eGFR 36 months: + 9.4 ± 15.9 mL/min/1.73 m2 (p = 0.049)) vs. baseline. Adverse
events were not different between the groups. After the switch, eGFR values of all patients increased
statistically noticeably with a tendency towards a higher increase in fast TAC metabolizers. Since
conversion to EVR was safe in a three-year follow-up for slow and fast TAC metabolizers, this could
be an option to protect fast metabolizers from TAC-related issues.

Keywords: tacrolimus; C/D ratio; tacrolimus metabolism; everolimus; conversion; kidney transplantation

1. Introduction

Tarolimus (TAC)-based therapy is the recommended immunosuppressive standard therapy after
renal transplantation (RTx), although its numerous adverse effects include the development of acute
and chronic nephrotoxicity [1]. Unfortunately, TAC has a narrow therapeutic window and a high
inter- and intraindividual variable pharmacokinetics, which requires therapeutic drug monitoring
(TDM). TAC metabolism is subject to several non-modifiable factors such as age, sex, and CYP3A4/5
genotype of the RTx recipient as well as parameters that may vary, e.g., hematocrit, serum albumin,
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and steroid doses [2]. In view of the variety of impacting factors, transplant physicians are waiting for
a stratification method to identify individuals with a high risk to develop TAC-related adverse effects.

Recently, we and others described a simple and cost-effective tool, the TAC concentration/dose
ratio (C/D ratio), to address this problem [3,4]. The C/D ratio is calculated by dividing the TAC trough
level by the daily TAC dose. To keep the tool as simple and practical as possible for clinical application,
we decided to use only two different C/D ratio categories, although our first approach involved three [4].
A TAC C/D ratio < 1.05 ng/mL/mg assessed three months after RTx indicates fast TAC metabolism,
whereas a C/D ratio ≥ 1.05 ng/mL/mg is suggestive of individuals with slow Tac clearance [5]. Using
this C/D ratio cut off, we and others showed that the renal function of fast metabolizers is inferior to
that of slow metabolizers after RTx and liver transplantation (cut off 1.09 ng/mL/mg), which is due to,
e.g., higher incidences of TAC-related nephrotoxicity and rejections [4–10]. This resulted in decreased
graft and patient survival [5,7]. In view of the data, modifications of the immunosuppressive regime of
patients with a C/D ratio < 1.05 ng/mL/mg should be considered.

The ZEUS study showed that conversion of RTx recipients from calcineurin inhibitor (CNI) to
everolimus (EVR) 4.5 months posttransplant is associated with a significant improvement in renal
function, which is maintained for at least five years after RTx [11]. Despite increased rates of early
mild acute rejections, long-term graft function was not affected in patients who switched to EVR.
A positive effect of conversion from CNI to EVR on renal function was even shown for late conversion
after RTx (after a mean of 82.6 months) [12]. However, in none of these studies was a C/D ratio-based
stratification investigated in this regard.

Due to the negative impact of TAC on the outcomes of fast metabolizers, we hypothesized that
these patients, after conversion to EVR, might have greater benefits than slow metabolizers.

2. Patients and Methods

2.1. Patients

This retrospective study included 17 fast metabolizers and 17 slow metabolizers undergoing
RTx at the University Hospital of Münster, Germany, between December 2007 and November 2013.
The inclusion criteria comprised: age ≥ 18 years of age, intake of immediate release TAC since RTx, and
switch from TAC to EVR within 24 months after RTx. All patients received an initial immunosuppression
with TAC (Prograf®), mycophenolate mofetil (CellCept®), prednisolone (Decortin H®/Soludecortin
H®), and an induction therapy with basiliximab (Simulect®) at Days 0 and 4. TAC target trough levels
were 7–12 ng/mL until the end of Month 1, 6–10 ng/mL for Months 2–3, and 3–8 ng/mL subsequently.
The starting dose of mycophenolate mofetil 1 g twice a day (b.i.d). was adjusted in case of adverse effects.
Prednisolone was started with 250 mg before and directly after RTx and tapered to a maintenance
dosage of 5 mg once daily (q.d.) after six months. The recipient’s data were taken from the electronic
health records of the hospital information system. Patients were switched from TAC to EVR with a
target trough level of 3–8 ng/mL.

Renal function and complications were observed in a 36-month follow-up after conversion to
EVR. Renal function was expressed as the estimated glomerular filtration rate (eGFR) calculated
by the CKD-EPI formula [13]. Creatinine was analyzed in a whole blood sample (enzymatic assay;
Creatinine-Pap, Roche Diagnostics, Mannheim, Germany). Proteinuria was assessed using spot urine.
TAC levels were determined using the automated tacrolimus (TACR) assay (Dimension Clinical
Chemistry System, Siemens Healthcare Diagnostic GmbH, Eschborn, Germany). EVR levels were
measured by LC-MS/MS. Only 12-h TAC and EVR trough levels were used for analysis. Donor-specific
antibodies (DSA) were assessed by single beat antigen assay (Luminex).

The C/D ratio was calculated using the following formula:

C/D ratio (ng/mL * 1/mg) =
blood TAC trough level (ng/mL)

daily TAC dose (mg)
(1)
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The TAC C/D ratio was calculated one month after RTx and used for grouping [14]. RTx recipients
with a C/D ratio <1.05 ng/mL/mg were defined as fast and with a C/D ratio ≥1.05 ng/mL/mg as
slow metabolizers.

Histologic results on rejections were obtained only from indication biopsies. All biopsy specimens
had been reviewed by two pathologists in the local Institute of Pathology according to the revised
Banff criteria [15].

The data of all RTx recipients were anonymized prior to analysis. The study was approved by the
local ethics committee (Ethik Kommission der Ärztekammer Westfalen-Lippe und der Medizinischen
Fakultät der Westfälischen Wilhelms-Universität, No. 2014-381-f-N). All participants in this study had
given written informed consent to record their clinical data and to use it in anonymized analyses at the
time of transplantation.

2.2. Statistical Analyses

IBM SPSS Statistics 26 for Windows (IBM Corporation, Somers, NY, USA) were used for
statistical analyses of all data. All p-values were two-sided and were intended to be exploratory,
not confirmatory. Exploratory p-values ≤0.05 were denoted as statistically noticeable. Absolute and
relative frequencies are given for categorical variables. Normally-distributed continuous variables are
shown as mean ± standard deviation and not normally-distributed continuous variables as median
(minimum–maximum). The corresponding pairwise comparisons between fast and slow metabolizers
were performed using Welch’s t-tests for normally distributed data, exact Mann–Whitney U tests for
skewed distributed continuous variables, and Fisher’s exact tests for categorical variables without
adjusting for multiple testing. Intra-group changes between two points in time were analyzed using
Wilcoxon signed-rank tests for related samples. Boxplots were used for graphical representation.

3. Results

3.1. Descriptive Statistics

Patient characteristics, transplantation data, and immunosuppression after the first month are
given in Table 1. Slow metabolizers tended to be older and had a lighter body weight, but all
characteristics did not differ noticeably between groups. Fast metabolizers were converted from TAC
to EVR after a median of 4.6 (1.5–21.9) months, slow metabolizers 3.3 (1.8–23.0) months after RTx
(p = 0.832). Despite similar TAC trough levels after the first month (M1), TAC doses were noticeably
higher and C/D ratio values were lower for fast metabolizers than for slow metabolizers (both p < 0.001),
due to group classification.

Table 1. Patient characteristics and immunosuppression.

Fast Metabolizers (n = 17) Slow Metabolizers (n = 17) p-Values

Recipient Characteristics

Sex (m/f) 11 (65%)/6 (35%) 10 (59%)/7 (41%) 1 a

Age (year) 48.0 ± 15.7 54.6 ± 12.8 0.187 b

Height (cm) 175.0 ± 10.7 171.4 ± 10.2 0.317 b

Weight (kg) 79.0 ± 20.6 69.0 ± 11.9 0.095 b

BMI (kg/m2) 24.7 (18.7–35.8) 22.3 (18.9–32.6) 0.114 c

Transplant characteristics

Number of RTx
1 15 (88%) 13 (77%)

0.511 a2 2 (12%) 3 (18%)
3 0 1 (6%)
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Table 1. Cont.

Fast Metabolizers (n = 17) Slow Metabolizers (n = 17) p-Values

Transplant characteristics

Living donor transplantation 6 (35%) 7 (41%) 1 a

ABOi 0 2 (12%) 0.485 a

ESP 1 (6%) 2 (12%) 1 a

CIT (h) 6.8 (1.6–17.4) 5.5 (1.6–19.3) 0.838 c

WIT (min) 35 (20–45) 30 (25–50) 0.858 c

CMV risk
Low 6 (35%) 2 (12%)

0.139 aIntermediate 7 (41%) 13 (77%)
High 4 (24%) 2 (12%)

Donor characteristics

Donor sex (m/f) 10 (59%)/7 (41%) 6 (35%)/11 (66%) 0.303 a

Donor age (year) 56.8 ± 8.8 57.4 ± 10.9 0.877 b

Immunosuppression at M1

TAC dose (mg) 12 (7–23) 7 (4–12) <0.001 c

TAC trough level (ng/mL) 8.5 (4.6–17.6) 10.0 (5.6–14.1) 0.208 c

TAC C/D ratio (ng/mL*1/mg) 0.77 (0.40–1.00) 1.35 (1.05–2.56) <0.001 b

Prednisolone dose (mg) 20 (15–40) 20 (15–50) 0.422 c

Mycophenolate mofetil dose (mg) 1000 (750–2000) 1000 (1000–2000) 0.501 c

BMI, body mass index; RTx, renal transplantation; ABOi, ABO incompatible transplantation; ESP, European
senior program; CIT, cold ischemia time; WIT, warm ischemia time; CMV, cytomegalovirus; TAC, tacrolimus;
C/D, concentration/dose. Statistics: Variables are reported as absolute and relative frequencies, mean ± standard
deviation or median (minimum–maximum). a Fisher’s exact test; b Welch’s t-test; c Mann–Whitney U-test.

The main reason for a conversion from TAC to EVR was CNI-nephrotoxicity in both metabolism
groups (Table 2).

Table 2. Reasons for the conversion to everolimus.

Fast Metabolizers (n = 17) Slow Metabolizers (n = 17) p-Value

CNI-nephrotoxicity 13 (77%) 10 (59%)

0.277

chronic rejection 0 2 (12%)
DGF 1 (6%) 2 (12%)

NODAT 2 (12%) 0
BKV-infection 0 1 (6%)
neutropenia 0 1 (6%)

neurotoxicity 0 1 (6%)
study 1 (6%) 0

CNI, calcineurin inhibitor; DGF, delayed graft function; NODAT, new onset diabetes mellitus after transplantation;
BKV, BK virus. Statistics: Fisher’s exact test.

3.2. Renal Function

The renal function of fast and slow metabolizers was similar ten days after RTx (39.2 ± 19.7 vs.
33.7 ± 22.5 mL/min/1.73 m2, p = 0.456), one month after RTx (39.4 ± 18.8 vs. 34.2 ± 13.5 mL/min/1.73 m2,
p = 0.367), and at the time of conversion of TAC to EVR (35.1 ± 15.2 vs. 34.2 ± 13.2 mL/min/1.73 m2,
p = 0.850, Figure 1A). Figure 1B provides the renal function at different time points minus the baseline
eGFR (eGFR at the time of conversion, Month 0 (M0)). At the end of the follow-up, the eGFR of the fast
TAC metabolizers increased considerably by 11.0± 11.7 mL/min/1.73 m2 (p= 0.005, Figure 1B) compared
to 9.4 ± 15.9 mL/min/1.73 m2 in slow metabolizers (p = 0.049). These changes were not statistically
noticeably different between both groups (p = 0.691), but more homogenous in fast metabolizers.
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Figure 1. Comparison of renal function (eGFR values) of fast and slow TAC metabolizers. Both groups
showed a considerable increase in renal function from Day 10 after kidney transplantation to 36 months
after conversion from TAC to EVR (no differences between the groups) (A). Comparison of eGFR values
to baseline eGFR (time of conversion from TAC to EVR) (B). Thirty-six months after transplantation,
renal function of slow metabolizers showed a noticeable increase (p = 0.049), while fast metabolizers a
highly noticeable increase (p = 0.005).

3.3. Adverse Events

The median proteinuria value of fast metabolizers was 193 (19–665) mg/g creatinine at M1 after RTx
and 361 (97–831) mg/g creatinine at M6 (maximum values) after conversion (Figure 2). The proteinuria
in slow metabolizers was 218 (137–664) mg/g creatinine at M1 after RTx and 344 (167–665) mg/g
creatinine at M6 (maximum values). At M36, proteinuria had declined to the baseline values without
difference between the groups at all time points.
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Figure 2. Proteinuria. There was a slight increase in proteinuria in both groups from M1 after RTx to
M1 after conversion. At a follow-up of 36 months post-conversion, proteinuria recovered to values
measured at M1 after RTx.

Table 3 shows the adverse events before and after conversion to EVR. There was no graft loss
and no differences in outcomes such as delayed graft function (DGF) or overall survival between
the groups. The DSA number in all patient groups before and after conversion was low and did
not change noticeably. Although it was 9 vs. 6 biopsy-proven acute rejection (BPAR) cases in
fast vs. slow metabolizers before conversion to EVR, BPAR rates were considerably lower during
follow-up (two episodes (12%) in fast metabolizers and one episode (6%) in slow metabolizer) than
before conversion. Cytomegalovirus (CMV) and BK virus (BKV) infections did not occur at different
frequencies in fast or slow TAC metabolizers and were uncommon after conversion to EVR.

Table 3. Adverse events.

Fast Metabolizers (n = 17) Slow Metabolizers (n = 17) p-Value

DGF 4 (24%) 5 (29%) 1 a

Antibodies and rejection

Preformed Class II DSA 1 (6%) 1 (6%) 1 a

Class II DSA before conversion 1 (6%) 1 (6%) 1 a

Class I DSA after conversion 1 (6%) 0 1 a

BPAR before conversion to EVR

AMR 1 (6%) 1 (6%)
0.490 bTCMR 1 (6%) 2 (12%)

Combined AMR + TCMR 7 (41%) 3 (18%)

BPAR after conversion to EVR

AMR 0 0
0.485 aTCMR 2 (12%) 0

Combined AMR + TCMR 0 1 (6%)

Infections

CMV infection before conversion 2 (12%) 4 (24%) 0.656 a

CMV infection after conversion 1 (6%) 0 1 a

BKV infection before conversion 2 (12%) 1 (6%) 1 a

BKV infection after conversion 0 0 -
Death 0 1 (6%) 1 a

DGF, delayed graft function; DSA, donor-specific antibody; BPAR, biopsy-proven acute rejection; AMR,
antibody-mediated rejection; TCMR, T-cell mediated rejection; EVR, everolimus. Statistics: Adverse events
are reported as absolute and relative frequencies. a Fisher’s exact test.

Cholesterol and triglycerides tended to be higher in fast than slow metabolizers (no noticeable
differences, Figure 3A,B) and increased to a similar extent (approximately 20 mg/dL) in both groups
after conversion to EVR. Platelets slightly increased after RTx but without differences between fast and
slow metabolizers (Figure 3C). Hemoglobin levels decreased by 1 g/dL on average in both groups one
month after RTx, but increased from 10.8 ± 1.7 g/dL (M1) to 12.5 ± 1.4 g/dL (M36 after conversion)
in fast metabolizers and from 10.6 ± 1.6 g/dL (M1) to 13.9 ± 1.1 g/dL (M36 after conversion) in slow
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metabolizers (Figure 3D). Three years after conversion, hemoglobin levels were noticeably higher in
slow metabolizers (p = 0.019). None of the RTx recipients needed erythropoiesis-stimulating agents.
HbA1c levels increased slightly from 5.3% (4.5–6.4%) at RTx to 6.3% (5.3–9.1%) at M6 after conversion
in fast metabolizers and from 5.3% (4.6–6.0%) at RTx to 5.5% (5.0–7.1%) at M6 in slow metabolizers
(Figure 3E). HbA1c values decreased only slightly in both groups to a comparable extent until M36.

 

 

 

Figure 3. Courses of laboratory values. Cholesterol (A) and triglyceride (B) levels showed an increase after
transplantation, but in a 36-month follow-up values decreased close to values measured at RTx (no noticeable
differences between fast and slow metabolizers at any time). Mean platelets (C) and hemoglobin (D)
remained in the normal range at all times without noticeable differences between the groups. Hemoglobin
values dropped more than 1 g/dL at M1 after RTx, but had recovered already at the time of conversion from
TAC to EVR (no noticeable differences between fast and slow metabolizers at all times). HbA1c levels (E)
showed an increase one month after RTx without a relevant recovery during a 36-month follow-up after
conversion. There were no noticeable differences in HbA1c values between the groups.
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4. Discussion

The outcome of fast TAC metabolizers was shown to be inferior compared to the outcomes of slow
TAC metabolizers when standard immunosuppression (immediate-release TAC, mycophenolate mofetil
(MMF), and prednisolone) is used after RTx [4,5]. This finding was confirmed by others, even when
higher C/D ratios were used for group definitions or when including patients receiving extended-release
TAC [7,16]. In addition to increased rejection rates in patients with a low C/D ratio, increased rates
of BK virus infection, CNI-related nephrotoxicity, and IF/TA were responsible for the lower eGFR of
fast metabolizers [4,5,7–10]. In accordance with these data, Stegall et al. recently demonstrated in a
large prospective cohort study using TAC-based immunosuppression that almost all kidney allografts
have developed severe histological damage within ten years of RTx. However, the most frequently
observed histological pathologies were arterial hyalinosis and glomerulosclerosis [17]. Both injuries
can be linked to, e.g., CNI exposure [18]. Thus, CNI-induced nephrotoxicity remains a serious problem
during CNI treatment [19]. Since only small case studies with patients who had CNI nephrotoxicity
have investigated this conversion approach before and did not provide information regarding the TAC
metabolism type of their patients, we herein investigated whether a conversion from TAC to EVR
could be beneficial and safe for these patients [20,21].

In previous studies, we observed that as early as one month after RTx the kidney function of
fast metabolizers is noticeably inferior to the kidney function of slow metabolizers [4]. Since TAC
trough level and doses are usually higher within the first year after RTx and both can contribute to
CNI nephrotoxicity, it is not surprising that CNI nephrotoxicity was the main reason for the conversion
of TAC to EVR in our study cohort [10]. This disadvantage of fast metabolizers with respect to a
lower eGFR persists over time and can still be observed to a large extent many years after Tx leading
to inferior outcomes [5]. A comparable observation was made in liver transplanted patients [6].
However, in our present study, we were not able to show considerable advantages in fast metabolizers
compared to slow metabolizers in relation to the eGFR after conversion of TAC to EVR. The change
in eGFR from switching to M36 was similar in both, although a trend toward a higher increase in
fast TAC metabolizers was observed. Two reasons might be responsible for this observation. First,
the small number of cases could have masked the effect, especially when considering that a conversion
of CNI to EVR usually leads to a small increase in eGRF. (This is independent of the type of TAC
metabolism, although that has not been specifically studied before. For the first time, we present
data relating to the C/D ratio before conversion.) [22] Notably, this effect may be more pronounced in
cyclosporine-treated patients because cyclosporine A is a more potent vasoconstrictor than TAC [23,24].
Second, the time of the conversion could be relevant. Since renal function usually improves within the
first year after transplantation due to the recovery from the transplant procedure and due to adaption
of the kidney, these effects could also have an impact on the outcomes after conversion, since one may
speculate that these processes might develop differently when using antiproliferative acting mechanistic
target of rapamycin (mTOR)-inhibitors instead of CNIs [25–27]. In contrast to sirolimus-containing
regimens [28,29], EVR-based immunosuppression was not found to lead to increased rates of delayed
graft function or to poor results in terms of eGFR recovery after transplantation [30–33]. It was
even postulated that progression of allograft fibrosis can be reduced by using mTOR-inhibition to
down-regulate TGF-β signaling that is relevant for development of fibrosis [34]. However, even the
large ELEVATE trial, which compared early conversion from TAC to EVR after RTx vs. CNI therapy,
was not able to show differences between TAC- and EVR-treated patients in regards to the eGFR 12
months after RTx [35].

Nevertheless, we were able to show that conversion from TAC to EVR can improve eGFR even in
RTx patients who had developed already CNI-induced side effects such as CNI nephrotoxcity—the
main reason for conversion to EVR in our study. These data are in line with data from a small case
series and a study showing reduced loss or even improvement of renal function after conversion to
EVR in patients with CNI nephrotoxicity or chronic allograft nephropathy [20,21,36].
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The overall rejection rate was low after conversion and not different between groups.
No antibody-mediated rejection was observed until M36 and only one T-cell-mediated rejection
occurred. Most importantly, we could not find any differences in (de novo) DSA. Based on our
analyses at M36, class I DSA had occurred in only one patient (6%) of fast metabolizers. Due to
previous transplantations, preformed Class II DSA were detectable in equal frequencies in both groups.
The occurrence of de novo DSA apparently did not result in antibody-mediated rejection episodes
within the three-year study period, as far as we know. However, rejections can occur later, as it is
known from retrospective data that EVR-based regimens increase the risk of developing de novo
DSA after RTx [37,38]. Interestingly, the prospective ELEVATE trial evaluated RTx patients with
low immunological risk who were switched approximately three months after transplantation from
CNI-based to EVR-based immunosuppression. One conclusion from the trial was that rejection rates
in patients on the EVR-based regimen compared to patients receiving TAC had been higher; de novo
DSA were not different between groups [35].

Consistent to previous data [27,35,39], after switching to EVR, we found no safety issues in
either slow or fast TAC metabolizers (Table 3). However, others report high rates of adverse
events and treatment discontinuation after conversion [30,40]. For example, the change in the
lipid profile was as expected to occur for EVR, and showed no new safety concerns [35]. Notably,
blood count and proteinuria even improved after conversion. It is known that mTOR-inhibition
can be associated with a higher incidence of proteinuria compared to CNI treatment, an effect that
is potentially dose-dependent [41–43]. However, it was suggested that especially late conversion
promotes proteinuria. Our result is at least in line with the published results of others [44].

Of note, in this study, only one case of CMV infection occurred in fast metabolizers and no BKV
infection after conversion. These data are consistent with randomized controlled trial data showing
lower viral infection rates after switching to EVR [35].

The limitations of our study are the retrospective design and the limited sample size of our
single-center study. However, we believe that our results are encouraging to design a prospective trial
that can further evaluate our hypotheses.

In summary, we conclude from our data that selected RTx patients may benefit from a conversion
from an immediate-release TAC-based immunosuppressive regimen to an EVR-based protocol to avoid
further impair of kidney function associated with TAC treatment in these patients. This option could
be especially interesting for patients who have already developed TAC-related adverse effects such as
nephrotoxicity. Conversion to EVR is safe in selected slow and fast TAC metabolizers as the outcomes
and the rate of adverse event did not noticeably differ between both TAC metabolizer types. However,
these results must be confirmed in a prospective study.
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Abstract: α-Klotho is a known anti-aging protein that exerts diverse physiological effects,
including phosphate homeostasis. Klotho expression occurs predominantly in the kidney and
is significantly decreased in patients with chronic kidney disease. However, changes in serum klotho
levels and impacts of klotho on outcomes among kidney transplant (KTx) recipients and kidney
donors remain unclear. A literature search was conducted using MEDLINE, EMBASE, and Cochrane
Database from inception through October 2019 to identify studies evaluating serum klotho levels
and impacts of klotho on outcomes among KTx recipients and kidney donors. Study results were
pooled and analyzed utilizing a random-effects model. Ten cohort studies with a total of 431 KTx
recipients and 5 cohort studies with a total of 108 living kidney donors and were identified. After KTx,
recipients had a significant increase in serum klotho levels (at 4 to 13 months post-KTx) with a
mean difference (MD) of 243.11 pg/mL (three studies; 95% CI 67.41 to 418.81 pg/mL). Although KTx
recipients had a lower serum klotho level with a MD of = −234.50 pg/mL (five studies; 95% CI −444.84
to −24.16 pg/mL) compared to healthy unmatched volunteers, one study demonstrated comparable
klotho levels between KTx recipients and eGFR-matched controls. Among kidney donors, there was a
significant decrease in serum klotho levels post-nephrectomy (day 3 to day 5) with a mean difference
(MD) of −232.24 pg/mL (three studies; 95% CI –299.41 to −165.07 pg/mL). At one year following
kidney donation, serum klotho levels remained lower than baseline before nephrectomy with a MD
of = −110.80 pg/mL (two studies; 95% CI 166.35 to 55.24 pg/mL). Compared to healthy volunteers,
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living kidney donors had lower serum klotho levels with a MD of = −92.41 pg/mL (two studies;
95% CI −180.53 to −4.29 pg/mL). There is a significant reduction in serum klotho levels after living
kidney donation and an increase in serum klotho levels after KTx. Future prospective studies are
needed to assess the impact of changes in klotho on clinical outcomes in KTx recipients and living
kidney donors.

Keywords: klotho; α-Klotho; FGF-23; kidney transplantation; kidney donor; renal transplantation;
transplantation; Nephrology; CKD-MBD; CKD-Mineral and Bone Disorder

1. Introduction

α-Klotho (klotho) is a membrane protein that is highly expressed in the kidney, especially in
the distal tubular epithelial cells [1–10]. Membrane-bound klotho regulates phosphate homeostasis
by acting as a co-factor of fibroblast growth factor 23 (FGF23) [11–14]. FGF23-Klotho signaling
promotes urinary phosphate excretion and suppresses the expression of renal 1α-hydroxylase,
resulting in reduced vitamin D-dependent intestinal absorption of calcium and phosphate [11,15].
Altogether, FGF23-Klotho signaling regulates phosphate metabolism and prevents phosphate
retention [16–20]. Soluble klotho can be detected in the circulation in two forms: (1) cleaved klotho,
which is derived from cleavage of the extracellular domain of membrane klotho, and potentially
(2) secreted klotho, which is derived from an alternatively spliced klotho mRNA transcript [21,22].

Soluble klotho displays diverse physiological effects and hormonal functions, including the
reduction of oxidative stress and the inhibition of intracellular insulin and insulin-like growth factor 1
(IGF-1) signaling [15,23–28]. Klotho protects the kidney by suppression of apoptosis [29,30] and cell
senescence [31,32], suppression of fibrosis [33–37], and upregulation of autophagy [3,38] in renal tubular
cells. Klotho-deficient mice develop premature aging, hyperphosphatemia, vascular calcification
and endothelial dysfunction, and have shorter lifespans, while klotho overexpressing mice have
20–30% longer lifespans than wild type mice [2,24,39]. Since klotho expression is the most abundant
in the kidney [40], patients with kidney diseases, including acute kidney injury (AKI) and chronic
kidney disease (CKD), are found to have a significant reduction in klotho expression and soluble
levels [41–51]. Studies have demonstrated that serum klotho declines in progressive human CKD with
the lowest serum klotho levels among patients with end-stage kidney disease (ESKD) on dialysis [41,48].
Low serum klotho is associated with increased mortality and cardiovascular events among patients
with ESKD [52].

When compared to treatment with chronic dialysis, kidney transplantation (KTx) is the best
therapeutic option for patients with ESKD and is associated with increased survival and better quality of
life [53–56]. In addition, living donor KTx provides greater allograft longevity than those transplanted
from a deceased donor [57]. However, changes in serum klotho levels and the impact of klotho on
outcomes among KTx recipients and kidney donors remain unclear [58–75]. Thus, we conducted
this systematic review and meta-analysis to assess serum klotho levels and the impact of klotho on
outcomes among KTx recipients and kidney donors.

2. Methods

2.1. Search Strategy and Literature Review

A systematic literature search of MEDLINE (1946 to October 2019), EMBASE (1988 to October 2019),
and the Cochrane Database of Systematic Reviews (database inception to October 2019) was conducted
(1) to assess studies evaluating serum klotho levels and effects of klotho on outcomes among KTx
recipients and kidney donors. The systematic literature review was undertaken independently by
two investigators (C.T. and W.C.) using a search strategy that combined the terms of (“klotho” OR
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“klotho protein” OR “klotho gene”) AND (“kidney transplantation” OR “renal transplantation” OR
“kidney donor”) which is provided in online Supplementary Materials (Table S1). No language
limitation was applied. A manual search for conceivably relevant studies using references of the
included articles was also performed. This study was conducted by the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analysis) statement [76]. The data for this meta-analysis are
publicly available through the Open Science Framework (URL: https://osf.io/kx9we/).

2.2. Selection Criteria

Eligible studies must have been (1) clinical trials or observational studies (cohort, case-control,
or cross-sectional studies) that evaluated serum klotho levels and effects of klotho on outcomes among
KTx recipients or kidney donors, and (2) studies that presented data to calculate mean differences (MDs)
with 95% confidence intervals (CIs) that evaluated changes in serum klotho before and after KTx/kidney
donation or compared serum klotho between KTx patients/donors and a control group composed
of non-KTx or non-donor controls. Retrieved articles were individually reviewed for eligibility by
the two investigators (C.T. and W.C.). Discrepancies were addressed and solved by joint consensus.
Inclusion was not limited by the size of the study.

2.3. Data Abstraction

A structured data collecting form was used to obtain the following information from each study
including the title, name of the first author, publication year, year of the study, country where the study
was conducted, demographic data of kidney transplant recipients and donors, methods used to measure
serum klotho, serum klotho levels, estimated glomerular filtration rate (eGFR), control group, and adjusted
effect estimates with 95% CI and covariates that were adjusted for in the multivariable analysis. This data
extraction process was independently performed by two investigators (C.T. and W.C.).

2.4. Statistical Analysis

Analyses were performed utilizing the Comprehensive Meta-Analysis 3.3 software (version 3;
Biostat Inc., Englewood, NJ, USA). Adjusted point estimates from each study were consolidated by the
generic inverse variance approach of DerSimonian and Laird, which designated the weight of each
study based on its variance [77]. The summary statistics for each outcome were the mean change from
baseline and standard deviation (SD) of the mean change. The mean change in each group was obtained
by subtracting the final mean from the baseline mean. The MDs were preferred since all studies use the
same continuous outcome and unit of measure (pg/mL) of serum klotho and FGF-23 levels. The SD of
mean change was computed, assuming a conservative correlation coefficient of 0.5 [78]. Effects sizes of
0.2 were interpreted as small, those of 0.5 as moderate, and of 0.8 as large [79]. Given the possibility of
between-study variance, we used a random-effect model rather than a fixed-effect model. Cochran’s Q
test and I2 statistics were applied to determine between-study heterogeneity. A value of I2 of 0%
to 25% represents insignificant heterogeneity, 26% to 50% low heterogeneity, 51% to 75% moderate
heterogeneity and 76–100% high heterogeneity [80]. The presence of publication bias was assessed by
the Egger test [81].

3. Results

A total of 132 potentially eligible articles were identified using our search strategy. After the
exclusion of 93 articles based on title and abstract for clearly not fulfilling inclusion criteria on the
basis of the type of article, study design, population or outcome of interest, or due to being duplicates,
39 articles were left for full-length review. Eighteen of these were excluded from the full-length review
as they did not report the outcome of interest, while six articles were excluded because they were not
observational studies. Thus, 15 studies (10 cohort studies [58–67] with a total of 431 KTx recipients
and 5 cohort studies [68–72] with a total of 108 living kidney donors) were included. The literature
retrieval, review, and selection process are demonstrated in Figure 1.
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Figure 1. Outline of our search methodology. Abbreviation: KTx, kidney transplant.

3.1. Serum Klotho after Kidney Transplantation

The characteristics of the included studies assessing serum klotho after kidney transplantation
are presented in Tables 1 and 2. After KTx, there was a significant increase in serum klotho levels
in recipients (at 4 to 13 months post-KTx) in reference to baseline levels before KTx with a mean
difference (MD) of 243.11 pg/mL (three studies; 95% CI 67.41 to 418.81 pg/mL, I2 = 93%), Figure 2A.
There were significant reductions in serum PTH and phosphate levels with MDs of −134.65 pg/mL
(95% CI −176.09 to −93.21 pg/mL, I2 = 0%) and −2.81 mg/dL (95% CI −3.46 to −2.16 mg/dL, I2 = 97%),
respectively. There was no significant change in serum calcium levels with a MD of 0.37 mg/dL
(95% CI, −0.05 to 0.79 mg/dL, I2 = 83%). Although KTx recipients had lower serum klotho levels with a
MD of = −234.50 pg/mL (five studies; 95% CI −444.84 to −24.16 pg/mL, I2 = 93%, Figure 2B) compared
to healthy unmatched volunteers, one study demonstrated comparable klotho level between KTx
recipients and eGFR-matched controls [66]. Two studies demonstrated high serum klotho levels in deceased
donors as a prognostic marker for good allograft function within one year after KTx (p < 0.05) [59,60].
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Figure 2. (A) Change in Serum Klotho in KTx Recipients after Kidney Transplant. (B) Serum Klotho in
KTx Recipients Compared to Unmatched Healthy Volunteers.

3.2. Serum Klotho after Living Kidney Donation

The characteristics of the included studies assessing serum klotho after kidney transplantation are
presented in Tables 3 and 4. A total of 108 living kidney donors were identified from five cohort studies.
After kidney donation, there was a significant decrease in serum klotho levels post-nephrectomy
(day 3 to day 5) with a mean difference (MD) of −232.24 pg/mL (three studies; 95% CI −299.41 to
−165.07 pg/mL, I2 = 0), Figure 3A. At one year following the kidney donation, serum klotho levels
remained lower than baseline before nephrectomy with a MD of = −110.80 pg/mL (two studies; 95% CI
−166.35 to −55.24 pg/mL, I2 = 5), Figure 3B.

Figure 3. Changes in serum klotho after living kidney donation: (A) immediate post-donation and (B) one
year post-donation.

261



J. Clin. Med. 2020, 9, 1834

T
a

b
le

3
.

C
ha

ra
ct

er
is

ti
cs

of
th

e
in

cl
ud

ed
st

ud
ie

s
ev

al
ua

ti
ng

se
ru

m
kl

ot
ho

af
te

r
liv

in
g

ki
dn

ey
do

na
ti

on
.

S
tu

d
y

Y
e
a
r

C
o

u
n

tr
y

N
-D

o
n

o
r

C
h

a
ra

ct
e
ri

st
ic

s-
D

o
n

o
r

K
lo

th
o

b
e
fo

re
D

o
n

o
r

N
e
p

h
re

ct
o

m
y

(p
g
/m

L
)

O
th

e
r

M
a
rk

e
rs

b
e
fo

re
D

o
n

o
r

N
e
p

h
re

ct
o

m
y

K
lo

th
o

a
ft

e
r

D
o

n
o

r
N

e
p

h
re

ct
o

m
y

(p
g
/m

L
)

O
th

e
r

M
a
rk

e
rs

a
ft

e
r

D
o

n
o

r
N

e
p

h
re

ct
o

m
y

A
ki

m
ot

o
et

al
.

20
13

Ja
pa

n
10

A
ge

64
±9

ye
ar

s
91

0
(7

55
–1

13
2)

eG
FR

A
td

ay
5

N
/A

M
al

e
4

(4
0%

)
87

(7
2–

92
)m

L/
m

in
/1

.7
3

m
2

61
9

(5
44

.6
–6

88
.5

)
Li

vi
ng

do
no

r

Po
nt

e
et

al
.

20
14

Sw
it

ze
rl

an
d

27
A

ge
54
±1

1
ye

ar
s

52
6

(4
82

–6
15

)

eG
FR

A
td

ay
3

A
td

ay
3

FG
F2

3
26

.9
(2

2.
1–

38
.0

)p
g/

m
L

A
td

ay
36

0
eG

FR
95
±1

1
m

L/
m

in
/1

.7
3

m
2

30
4

(2
66

–4
91

)
63
±1

3
m

L/
m

in
/1

.7
3

m
2

M
al

e
15

(5
7%

)
FG

F2
3

A
td

ay
36

0
FG

F2
3

Li
vi

ng
do

no
r

48
.1

(3
7.

4–
60

.0
)p

g/
m

L
44

0
(3

98
–6

13
)

45
.2

(3
7.

7–
56

.4
)p

g/
m

L

K
im

ur
a

et
al

.
20

15
Ja

pa
n

15
A

ge
59
±9

ye
ar

s
10

84
(7

95
–1

63
8)

eG
FR

A
td

ay
5

N
/A

M
al

e
8

(5
3%

)
74
±1

4
m

L/
m

in
/1

.7
3

m
2

80
9

(6
38

–1
35

7)
Li

vi
ng

do
no

r

Ta
n

et
al

.
20

17
A

us
tr

al
ia

21
A

ge
54

.1
±1

4.
7

56
4

(4
68

–6
63

)

eG
FR

A
t1

2
m

on
th

s
A

t1
2

m
on

th
s

eG
FR

94
(8

2–
97

)m
L/

m
in
/1

.7
3

m
2

61
(4

9–
69

)m
L/

m
in
/1

.7
3

m
2

M
al

e
13

(6
2%

)
iF

G
F2

3
42

0
(3

78
–5

55
)

iF
G

F2
3

Li
vi

ng
do

no
r

52
±1

5
pg
/m

L
72
±2

2
pg
/m

L

A
bb

re
vi

at
io

ns
:e

G
FR

,e
st

im
at

ed
gl

om
er

ul
ar

fil
tr

at
io

n
ra

te
;F

G
F2

3,
fib

ro
bl

as
tg

ro
w

th
fa

ct
or

-2
3;

N
/A

,n
ot

av
ai

la
bl

e.

262



J. Clin. Med. 2020, 9, 1834

T
a

b
le

4
.

C
ha

ra
ct

er
is

ti
cs

of
th

e
in

cl
ud

ed
st

ud
ie

s
co

m
pa

ri
ng

se
ru

m
kl

ot
ho

be
tw

ee
n

liv
in

g
ki

dn
ey

do
no

rs
an

d
he

al
th

y
vo

lu
nt

ee
rs

.

S
tu

d
y

Y
e

a
r

C
o

u
n

tr
y

N
-D

o
n

o
r

C
h

a
ra

ct
e

ri
st

ic
s-

D
o

n
o

r
K

lo
th

o
-D

o
n

o
r

(p
g
/m

L
)

O
th

e
r

M
a

rk
e

rs
-D

o
n

o
r

N
-C

o
n

tr
o

l
K

lo
th

o
-C

o
n

tr
o

l
(p

g
/m

L
)

O
th

e
r

M
a

rk
e

rs
-C

o
n

tr
o

l

Th
or

se
n

et
al

.
20

16
N

or
w

ay
35

A
ge

56
.5
±9

.4
ye

ar
s

66
9

(4
09

–1
16

1)

FG
F2

3

35
he

al
th

y
su

bj
ec

ts
72

5
(4

58
–1

22
2)

FG
F2

3

M
al

e
21

(6
0%

)
62

.6
(6

.6
–1

12
)p

g/
m

L
51

.8
(2

5.
9–

90
)p

g/
m

L
Li

vi
ng

do
no

r

Ti
m

e
fr

om
do

no
r

ne
ph

re
ct

om
y

eG
FR

eG
FR

M
ed

ia
n

15
ye

ar
s

75
.8
±1

2.
3

m
L/

m
in
/1

.7
3

m
2

99
.0
±1

3.
1

m
L/

m
in
/1

.7
3

m
2

Ta
n

et
al

.
20

17
A

us
tr

al
ia

21

A
ge

54
.1
±1

4.
7

ye
ar

s

42
0

(3
78

–5
55

)

eG
FR

20
he

al
th

y
su

bj
ec

ts
51

7
(4

34
–6

67
)

eG
FR

M
al

e
13

(6
2%

)
61

(4
9–

69
)m

L/
m

in
/1

.7
3

m
2

97
(8

9–
10

2)
m

L/
m

in
/1

.7
3

m
2

Li
vi

ng
do

no
r

iF
G

F2
3

iF
G

F

Ti
m

e
fr

om
do

no
r

ne
ph

re
ct

om
y

1
ye

ar
72
±2

2
pg
/m

L
52
±1

5
pg
/m

L

A
bb

re
vi

at
io

ns
:e

G
FR

,e
st

im
at

ed
gl

om
er

ul
ar

fil
tr

at
io

n
ra

te
;F

G
F2

3,
fib

ro
bl

as
tg

ro
w

th
fa

ct
or

-2
3.

263



J. Clin. Med. 2020, 9, 1834

There was no significant change in serum FGF-23 at one year post-donation with a
MD of = 8.19 pg/mL (two studies; 95% CI −14.24 to 30.62 pg/mL, I2 = 85%), Figure 4A. Compared to
unmatched healthy volunteers, living kidney donors had lower serum klotho levels with a
MD of = −92.41 pg/mL (two studies; 95% CI −180.53 to −4.29 pg/mL, I2 = 44%), Figure 4B.

Figure 4. (A) Changes in Serum FGF-23 at one year post-donation and (B) Serum klotho levels in
kidney donors compared to unmatched healthy controls.

3.3. Evaluation for Publication Bias

A funnel plot was not drawn because of the limited number of studies in each analysis.
Generally, tests for funnel plot asymmetry should be used only when there are at least ten study
groups, because the power of the test is too low to distinguish chance from real asymmetry [82].
Egger’s regression test demonstrated no significant publication bias in all analyses (p > 0.05).

4. Discussion

In this meta-analysis, we demonstrated that serum klotho levels were significantly increased
after successful KTx. While KTx recipients had lower serum klotho levels compared to unmatched
healthy volunteers, serum klotho levels in kidney transplant recipients were comparable to those in
eGFR-matched controls. Among kidney donors, we found a significant decrease in serum klotho levels
post-nephrectomy at day 3 to day 5, which remained lower than baseline before nephrectomy at one
year following kidney donation. Compared to healthy volunteers, living kidney donors had lower
serum klotho levels.

The findings from our meta-analysis support that klotho is primarily synthesized in the kidneys [40],
and transplanting a new kidney into ESKD patients would result in an increase in renal klotho
and serum klotho levels post-KTx. In addition to the oligo-anuric state, patients with advanced
CKD/ESKD have a significant reduction in klotho and progressively lose the ability to prevent
phosphate retention, resulting in hyperphosphatemia, vascular calcification, and cardiovascular
disease [83,84]. After successful KTx, in addition to improvement in eGFR, there is also a significant
increase in klotho, altogether leading to an improvement in phosphate homeostasis. Recent studies
have demonstrated that post-transplant hypophosphatemia after KTx is associated with good kidney
allograft function [85,86]. Although the actual underlying mechanisms remain unclear, this is likely
because excellent quality transplanted kidneys have higher eGFR and klotho expression, resulting in a
reduction in phosphate levels post-KTx.

We identified two cohorts of KTx patients who received their kidneys from deceased donors;
higher serum klotho levels in these donors were prognostic for good allograft function at one year
after KTx [59,60]. In the ischemia-reperfusion injury (IRI), which is unavoidable to a certain degree
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in all KTx surgeries, soluble klotho protects renal tubular cells from oxidative damage by inhibiting
the insulin/IGF-1 signaling pathway and by inhibition of TGF-β1 for decreasing renal fibrosis [87,88],
and upregulation of autophagy in renal tubular cells [3,89]. In addition, klotho is also involved in
the inhibition of Wnt pathway-associated β-catenin activation, thus improving renal fibrosis [87].
Compared to patients with early graft function, a lower level of klotho is observed in implantation
biopsies among patients with delayed graft function (DGF) [90]. Although data on the effects of klotho
on long-term allograft outcomes are limited, it is well known that poor allograft function at one year after
KTx and DGF is associated with renal allograft loss [91,92]. Following successful KTx, patients regain
functions of klotho via FGF23-Klotho signaling, and with the previously accumulated FGF23,
residual hyperparathyroidism, and the use of calcineurin inhibitors (especially cyclosporine) [93–95],
post-KTx hypophosphatemia can commonly occur up to 86% [85,96,97]. Post-KTx hypophosphatemia is
known to be associated with lower risks of death-censored graft failure and cardiovascular mortality [85].
The association between post-KTx hypophosphatemia and reduced cardiovascular mortality among
KTx recipients could be related to the reduction of calcium phosphate product, an important factor
associated with vascular calcification and cardiovascular events [98,99]. Our study demonstrated that
successful KTx can result in a significant increase in serum klotho levels among KTx recipients [85].
In addition, previous literature has demonstrated trending towards normal FGF-23 levels after
successful KTx [42,100]. Thus, regaining function in FGF23-Klotho signaling after KTx helps promote
urinary phosphate excretion and reduced vitamin D-dependent intestinal absorption of calcium and
phosphate [11,15], which might explain the association between post-KTx hypophosphatemia and
reduced cardiovascular mortality. Future studies are needed to assess the impact of klotho levels on
long-term cardiovascular health in KTx recipients, allograft, and patient survival.

Living donors supply approximately 40% of kidney allografts in the United States [101].
Overall, living kidney donation is considered safe and does not appear to increase long-term mortality
compared with controls [102–107]. A recent systematic review of 52 studies comprising 118,426 living
kidney donors reassured the safety of living kidney donations with the finding of no difference in
all-cause mortality among donors and controls [108]. In addition, a large retrospective population-based
matched cohort study of 2028 kidney donors in comparison with 20,280 matched non-donor controls
(followed for a median of 6.5 years) demonstrated no difference in the rate of cardiovascular events
between the two groups [109]. Although the findings of our study showed a significant reduction in
serum klotho at post-operative day 3 to 5 and at one year following kidney donation, the degree of klotho
reduction seemed to be attenuated at one year post-donation compared to the early post-operative
period. In addition, we found no significant change in serum FGF-23 at one year post-donation. It is
possible that after living kidney donation serum klotho is not severely reduced enough to stimulate
the rise in serum FGF-23, which occurred in patients with advanced CKD [41,110]. Elevated FGF-23
levels have been shown to be associated with increased mortality and cardiovascular events [111–113].
Thus, no significant increase in FGF-23 levels after living kidney donation is consistent with the findings
of no difference in all-cause mortality among donors and controls in previous literature [108,109].

Despite these published reassuring findings of donor safety [108,109], a recent small multicenter
study of living kidney donors and healthy controls (n = 124) demonstrated an association between
living kidney donation and a significant increase in left ventricular mass and reduced aortic
distensibility [114]. In addition to functions of klotho via FGF23-Klotho signaling, soluble klotho also has
FGF23-independent effects, including endothelial protection from senescence, anti-fibrotic properties,
cardioprotection, and prevention of vascular calcifications [84,115,116]. Klotho-deficient CKD mice
have significant left ventricular hypertrophy (LVH) and cardiac fibrosis compared with wild-type
mice [117]. Soluble klotho also provides cardioprotection against stress-induced exaggerated cardiac
remodeling through downregulation of transient receptor potential cation channel 6 (TRPC6) [118].
Although an increased LVH and reduced aortic distensibility in living kidney donors could be related
to an increased risk of hypertension post living kidney donation [102,103], future studies are required
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to assess whether a reduction in serum klotho levels after living kidney donation may play a role in the
higher risk of LVH, and reduced aortic distensibility observed among living kidney donors.

Our meta-analysis is subject to certain limitations. First, although there were comparative groups,
all studies are observational, making them susceptible to selection bias. Second, many variables
may influence klotho levels in the post-transplant period that may contribute to the heterogeneity
between the included studies evaluating changes in serum klotho levels among KTx recipients.
Data on medications that may affect endogenous klotho expression in the kidney and soluble
levels such as angiotensin II inhibitors and hydroxymethylglutaryl-CoA (HMG-CoA) reductase
inhibitors [17,21,119,120] as well as data on immunosuppression were limited in included studies.
Lifestyle, diet, psychological stress, and activities such as exercises may also affect serum klotho
levels [121–124]. Thus, future prospective studies are needed to assess the impact of changes in klotho
on clinical outcomes in KTx recipients and living kidney donors. Third, the follow-up duration of
included studies was limited to only one year, and future studies are required to evaluate the impacts of
serum klotho levels on long-term clinical outcomes. Fourth, serum klotho is also affected by the aging
process and declines with older age [125]. However, we demonstrated an increase in serum klotho
levels after KTx at one year and a decrease in klotho levels at immediate postoperative (which is less
likely to be affected by the aging process). Lastly, all included studies measured serum klotho levels by
ELISA. Recently, immunoprecipitation-immunoblot (IP-IB) assay is shown to be superior to the ELISA
and highly correlated with eGFR [126]. However, this technique requires the labor-intensive nature of
the IP-IB assay, and further research is needed to evaluate the use of the IP-IB assay in KTx patients.

In conclusion, compared to patients’ baseline, serum klotho levels increase early after successful
KTx and decrease after living kidney donation, respectively. Future studies are required to assess
the impact of serum klotho levels on risk-stratification and patient-centered outcomes in both living
donors and KTx recipients.
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Abstract: Renal impairment is a typical side effect of tacrolimus (Tac) treatment in liver transplant (LT)
recipients. One strategy to avoid renal dysfunction is to increase the concentration/dose (C/D) ratio
by improving drug bioavailability. LT recipients converted from standard-release Tac to MeltDose®

Tac (LCPT), a novel technological formulation, were able to reduce the required Tac dose due
to higher bioavailability. Hence, we hypothesize that such a conversion increases the C/D ratio,
resulting in a preservation of renal function. In the intervention group, patients were switched from
standard-release Tac to LCPT. Clinical data were collected for 12 months after conversion. Patients
maintained on standard-release Tac were enrolled as a control group. Twelve months after conversion
to LCPT, median C/D ratio had increased significantly by 50% (p < 0.001), with the first significant
increase seen 3 months after conversion (p = 0.008). In contrast, C/D ratio in the control group was
unchanged after 12 months (1.75 vs. 1.76; p = 0.847). Estimated glomerular filtration rate (eGFR) had
already significantly deteriorated in the control group at 9 months (65.6 vs. 70.6 mL/min/1.73 m2 at
study onset; p = 0.006). Notably, patients converted to LCPT already had significant recovery of mean
eGFR 6 months after conversion (67.5 vs. 65.3 mL/min/1.73 m2 at study onset; p = 0.029). In summary,
conversion of LT recipients to LCPT increased C/D ratio associated with renal function improvement.

Keywords: MeltDose®; LCPT; tacrolimus; renal function; liver transplantation; C/D ratio; metabolism

1. Introduction

The calcineurin inhibitor tacrolimus (Tac) is considered a first-line immunosuppressant in liver
transplant (LT) recipients [1–4]. Because of its small therapeutic window, therapy with Tac requires
close drug monitoring [5]. In addition, deterioration of renal function induced by acute or chronic
calcineurin inhibitor nephrotoxicity (CNIT) is a common side effect [6]. Recent studies have reported
characteristics of chronic CNIT in up to 70% of LT recipients [7,8]. Furthermore, up to 8.5% of patients
develop end-stage renal disease in long-term follow-up [9].

Several studies have revealed that the risk of CNIT is associated with both high Tac trough
concentration and high daily Tac dose [10,11], although CNIT may occur even with low-dose
regimens [12]. One potential explanation for this association is the correlation between CNIT and a
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fast metabolism rate of twice-daily immediate-release Tac (IR-Tac). The Tac blood concentration to
daily dose ratio (C/D ratio) has been identified as a simple tool to describe patients’ metabolism rate in
a steady state, in which a low C/D ratio reflects a high rate of metabolism [13–15]. A low IR-Tac C/D
ratio is linked with higher C2 Tac blood concentrations despite comparable trough levels in patients
with high C/D ratios [16]. In this regard, a low C/D ratio is strongly associated with an increased risk of
CNIT and a faster decline of renal function in both kidney transplant (KT) and LT recipients [13,16–19].
Thus, increasing the C/D ratio by improving Tac bioavailability may result in better nephroprotection.
One way of potentially influencing the pharmacokinetics of Tac is to change the formulation of the
drug [20].

LCPT is a novel Tac formulation using MeltDose® technology, in which the particle size of the
drug is reduced from 10 μm to the smallest possible units (<0.1 μm), resulting in increased dissolution
and thus better absorption [21]. This feature, combined with drug release over the entire intestinal tract,
results in LCPT having significantly better bioavailability than other Tac formulations. Tremblay et al.
showed that the intraday peak-to-trough fluctuation was approximately 30% lower for LCPT than for
standard-release Tac (IR-Tac and once- daily extended-release Tac (ER-Tac)) [20]. A dose reduction of
up to 30% has been observed in KT and LT recipients on LCPT [22].

Hence, we hypothesize that conversion from standard-release Tac to LCPT increases C/D ratio
and thereby preserves renal function.

2. Materials and Methods

2.1. Patients and Study Design

Figure 1 illustrates the enrolment of the subjects in the study. This observational study was
performed on patients who had undergone cadaveric liver transplantation at the University Hospital
of Münster. LT recipients were included at the time of presentation at our Outpatient Transplant
Clinic between March 2017 and August 2018. The study start was defined as the first appointment in
this period.

At this time point, the treating physicians made a decision to either leave the patients on their
usual immunosuppressive treatment (control group) or to switch them from standard-release Tac
(IR- or ER-Tac) to LCPT (intervention group). Data were analysed over a 12-month follow-up. Inclusion
criteria were aged over 18 years, intake of standard-release Tac before enrolment, stable graft function
and an interval between transplantation and inclusion in the study of at least 1 month. LT recipients
were not allowed to receive any medications or agents that could interfere with Tac. The decision
about drug conversion was made by treating physicians at their own discretion.

The initial immunosuppressive regimen consisted of Tac (Prograf or Advagraf), mycophenolate
mofetil (CellCept, MMF) and prednisolone (Decortin H/Soludecortin H). Tac was given at a dose
of 0.1 mg/kg twice daily with a target trough concentration of 8–10 ng/mL during the first month,
6–8 ng/mL from months 2 to 3, and 3–5 ng/mL thereafter. MMF was started at a dose of 1 g twice
daily and was adjusted in case of adverse effects. Initial prednisolone was given at a dose of 250 mg
once daily intravenously before and immediately after LTx and was tapered stepwise. In most cases,
prednisolone had been discontinued within 6–12 months after LTx.

Laboratory data were collected at study onset (at the time of conversion to LCPT or the first
presentation during the above-mentioned period in the control group (t0)) and after 3 (t3), 6 (t6),
9 (t9) and 12 (t12) months. Serum bilirubin, alanine transaminase (ALT) and international normalized
ratio (INR) were measured to assess graft function. General demographic data and information on
transplantation and diagnoses were obtained from the patient records.
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Figure 1. Study design and patient enrolment. A total of 164 liver transplant (LT) recipients were
screened for eligibility. Only LT recipients who were started on IR- or ER-Tac (standard-release
tacrolimus) and continued taking this drug until the beginning of the study were included. During
the enrolment period (March 2017–August 2018), 121 patients met the inclusion criteria and were
either switched to LCPT (once-daily MeltDose® tacrolimus (Tac); intervention group) or maintained on
standard-release tacrolimus (control group). Clinical data were analysed in a 12-month follow-up. We
hypothesized that conversion from standard-release Tac to LCPT increases concentration/dose (C/D)
ratio and thereby preserves renal function

The C/D ratio, calculated as the ratio of Tac trough level to the corresponding daily dose,
was determined 3 months before study start, at the study start and at subsequent evaluation time
points. The t0 C/D ratio in the intervention group was determined the day before first LCPT intake.
Renal function was calculated using the estimated glomerular filtration rate (eGFR) in accordance
with the Chronic Kidney Disease Epidemiology Collaboration equation at the corresponding time
points. The difference from baseline eGFR (t0) was determined at the time points of t3, t6, t9 and t12.
A negative value indicates deterioration of eGFR, while a positive value indicates improvement.

The study was conducted in accordance with current medical guidelines and the Declarations of
Istanbul and Helsinki. The study was also approved by the local ethics committee (Ethik Kommission der
Ärztekammer Westfalen-Lippe und der Medizinischen Fakultät der Westfälischen Wilhelms-Universität
Münster, No. 2016-046-f-S). Collected patient data were anonymized and written consent for collection
and use of the clinical data was obtained.

2.2. Statistical Analysis

Statistical analysis was performed with IBM SPSS® Statistics 25 for Windows (IBM Corporation,
Somers, NY, USA). Normally distributed data are shown as mean ± standard deviation; non-normally
distributed data are shown as median (minimum–maximum). For unrelated groups, normally
distributed data were compared with a t-test, non-normally distributed data with the Mann–Whitney
U-test and categorical variables with Fisher’s exact test. Comparison of continuous variables within
a connected group was performed with the Wilcoxon signed-rank test. Pearson’s test was used to
describe normally distributed data, whereas Spearman’s test was applied to non-normally distributed
data. In all statistical evaluations, two-sided tests were used; a p-value of ≤ 0.05 was considered
significant for all tests performed.

The study onset was defined as the baseline (t0). In the first approach, eGFR changes (t3-t12)
from baseline were compared between the intervention group and the control group. In the next step,
eGFR changes from every time point to baseline were compared within each group (eGFR slope).
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A negative value indicates deterioration in eGFR, whereas a positive value indicates an improvement
in renal function.

Multivariable analysis was performed to identify independent predictors of alterations in renal
function (ΔeGFR) after 12 months compared with that at baseline. For this purpose, univariable
analysis with factors known to potentially influence renal function was initially performed. Variables
that showed a p-value < 0.15 in univariable analysis were included in the multivariable analysis.
Variables with a significance of <0.05 in multivariable analysis were considered significant.

3. Results

3.1. Study Population

A total of 121 patients were included in this study: 61 in the intervention group and 60 in the
control group. An overview of patient characteristics, underlying diagnoses for LTx, comorbidities and
immunosuppression is shown in Tables 1 and 2. There were only small differences in the demographic
data between the study groups. The control group had a more extended warm ischemic time (p = 0.005).
As coimmunosuppression, patients received mycophenolate mofetil (MMF) at a daily dose of 1000
(500–2000) mg (LCPT) and 1500 (500–2000) mg (control), everolimus at 2.0 (0.5–5.0) mg (LCPT) and 2.0
(2.0–4.0) mg (control), prednisolone at 5.0 (5.0–7.5) mg (LCPT and control) and sirolimus at 1.0 mg
(control). In the intervention group, 45 patients suffered from chronic kidney disease (CKD, categories
2–4). The control group showed a similar distribution in 39 LT recipients. No patients were in CKD
category 5 or on dialysis. In the absence of kidney biopsies, the underlying renal disease remained
unclear. The median interval between transplantation and study onset was 2.8 (0.1–20.8) years in
the intervention group and 6.6 (0.2–16.5) years in the control group (p < 0.001). The reasons for a
conversion from standard-release Tac to LCPT were CNIT (n = 7), neurotoxicity (n = 5) and prevention
of side effects via better bioavailability of LCPT (n = 49).

Table 1. Patient characteristics.

LCPT
(n = 61)

Standard-Release Tac
(n = 60)

p-Value

Age at LTx (years) 46.3 ± 16.7 48.8 ± 12.4 0.348 a

Age at study onset (years) 51.0 ± 15.9 56.1 ± 12.7 0.054 a

Height (m) 1.72 ± 0.087 1.73 ± 0.094 0.714 a

Weight (kg) 79.4 ± 20.8 76.7 ± 16.5 0.420 a

BMI (kg/m2) 26.7 ± 6.1 25.6 ± 5.0 0.310 a

Sex (male/female) 29 (47.5%)/32 (52.5%) 38 (63.3%)/22 (36.7%) 0.101 b

CIT (h) 11.3 ± 2.6 10.5 ± 2.4 0.065 a

WIT (min) 38.9 ± 9.2 43.8 ± 8.7 0.005 a

Number of grafts 0.255 b

One 56 (91.8%) 49 (81.7%)
Two 4 (6.6%) 8 (13.3%)

Three 1 (1.6%) 3 (5.0%)
Blood type 0.545 b

A 28 (47.5%) 30 (50.0%)
B 6 (10.2%) 6 (10.0%)

AB 6 (10.2%) 2 (3.3%)
O 19 (32.2%) 22 (36.7%)

Hepatitis B antigen (positive) 5 (8.2%) 7 (11.9%) 0.556 b

Hepatitis C antibody (positive) 9 (14.8%) 8 (13.6%) 1.000 b

Recipient CMV IgG (positive) 34 (57.6%) 27 (45.0%) 0.201 b

Donor CMV IgG (positive) 32 (56.1%) 37 (63.8%) 0.450 b

Statistics: Values shown as mean ± standard deviation or number (percentage). a t-test, b Fisher’s exact test. LCPT,
once-daily MeltDose® tacrolimus; Tac, tacrolimus; LTx, liver transplantation; BMI, body mass index; CIT, cold
ischemic time; WIT, warm ischemic time; CMV, cytomegalovirus.
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Table 2. Underlying diagnoses for LTx, comorbidities and immunosuppression at study start.

LCPT
(n = 61)

Standard-Release Tac
(n = 60)

p-Value

Principal diagnosis 0.455
Alcoholism 9 (14.8%) 16 (26.7%)

Viral hepatitis 15 (24.6%) 15 (25.0%)
Genetically related metabolic disease 7 (11.5%) 5 (8.3%)

Toxic: nutritional or NASH 3 (4.9%) 1 (1.7%)
Autoimmune liver disease 11 (18.0%) 13 (21.7%)

Other 16 (26.2%) 10 (16.7%)
Arterial hypertension 36 (59.0%) 37 (61.7%) 0.853

Diabetes mellitus 18 (29.5%) 17 (28.3%) 1.000
Hyperlipidaemia 19 (31.1%) 14 (23.3%) 0.415

CKD at study start 0.598
CKD 2 18 (29.5%) 21 (35.0%)

CKD 3a 16 (26.2%) 10 (16.7%)
CKD 3b 9 (14.8%) 7 (11.7%)
CKD 4 2 (3.3%) 1 (1.7%)

Tac formulation at study onset <0.001
Immediate-release Tac 43 (70.5%) 22 (36.7%)
Extended-release Tac 18 (29.5%) 38 (63.3%)

Co-immunosuppression 0.060
MMF 34 (55.7%) 35 (58.3%)

Everolimus 13 (21.3%) 5 (8.3%)
Prednisolone 3 (4.9%) 10 (16.7%)

Sirolimus 0 1 (1.7%)
None 11 (18.0%) 9 (15.0%)

Reasons for a switch to LCPT
CNIT 7

Neurotoxicity 5
Preventions of side effects 49

Statistics: Values shown as number (percentage). All p-values from Fisher’s exact tests. LCPT, once-daily
MeltDose® tacrolimus; Tac, tacrolimus; LTx, liver transplantation; NASH, nonalcoholic steatohepatitis; CKD,
chronic kidney disease (categories set with reference to [23]). MMF, mycophenolate mofetil; CNIT, calcineurin
inhibitor nephrotoxicity.

3.2. C/D Ratio

At study start (baseline), the C/D ratio in the intervention group was comparable to that in the
control group (1.68 (0.30–13.45) vs. 1.76 (0.38–7.40) ng/mL×1/mg, respectively; p = 0.362, Table 3).
During the 12-month evaluation period, no significant changes in the C/D ratio were observed in
the control group. After 12 months, the median C/D ratio was approximately at the baseline level
(1.75 (0.49–6.40) ng/mL × 1/mg; p = 0.847). In the control group, there was a slight decrease in both
the daily Tac dose at study end compared with that at baseline (2.5 (0.5–10.0) vs. 2.8 (0.5–10.0) mg,
respectively; p = 0.084), as well as in the median Tac trough level (4.7 (1.5–14.3) ng/mL at study onset
to 4.1 (1.6–15.6) ng/mL after 12 months; p = 0.082). However, the differences in both cases were
not significant.

In contrast, the C/D ratio in patients switched to LCPT was 50% higher 12 months after conversion
than that at baseline (2.52 (0.58–6.40) vs. 1.68 (0.30–13.45) ng/mL × 1/mg, respectively; p < 0.001).
A significant increase in the C/D ratio was already observed in this group 3 months after study onset
(2.03 (0.33–13.60) ng/mL × 1/mg; p = 0.008). Regarding the daily Tac dose, a significant reduction of
33.3% was observed after 12 months compared with that at baseline (2.0 (0.4–7.8) vs. 3.0 (1.0–22.0)
mg, respectively; p < 0.001)). Moreover, the Tac trough level was significantly reduced at study end
(4.4 (2.2–11.8) vs. 6.0 (1.5–26.9) ng/mL at study onset; p < 0.001).

To confirm that conditions were stable before study onset, C/D ratios, Tac doses and trough level
3 months before enrolment were also obtained. There were no significant differences between the
groups at t−3 (Table 3) nor between study start and 3 months earlier within a group. Patients in the
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intervention group showed similar median C/D ratio compared with that at baseline (1.44 (0.24–6.20)
vs. 1.68 (0.30–13.45) ng/mL × 1/mg, respectively; p = 0.204). Daily Tac dose differed significantly due to
single outlier values shortly after transplant (3.0 (0.5–12.0) (t−3) vs. 3.0 (1.0–22.0) (t0) mg; p = 0.049),
while Tac trough level showed no considerable differences (5.0 (2.4–15.3) (t−3) vs. 6.0 (1.5–26.9) (t0)
ng/mL; p = 0.722).

No significant differences were detectable in the control group between baseline and 3 months
before: C/D ratio (1.69 (0.40–9.20) vs. 1.76 (0.38–7.40) ng/mL × 1/mg, respectively; p = 0.626), Tac daily
dose (2.5 (0.5–9.0) vs. 2.8 (0.5–10.0) mg, respectively; p = 0.362) and Tac trough level (4.4 (1.5–14.7) vs.
4.7 (1.5–14.3) ng/mL, respectively; p = 0.742).

Table 3. Tacrolimus concentration/dose (C/D) ratio, daily dose and blood trough concentration.

LCPT Standard-Release Tac p-Value

Tac C/D ratio (ng/mL × 1/mg)
3 months before (n = 54 vs. 58) 1.44 (0.24–6.20) on s-r-Tac 1.69 (0.40–9.20) 0.344
At study onset (n = 61 vs. 60) 1.68 (0.30–13.45) on s-r-Tac 1.76 (0.38–7.40) 0.362
After 3 months (n = 61 vs. 60) 2.03 (0.33–13.60) 1.83 (0.41–7.00) 0.735
After 6 months (n = 61 vs. 60) 2.33 (0.77–8.47) 1.63 (0.68–7.40) 0.011
After 9 months (n = 61 vs. 60) 2.13 (0.60–9.33) 1.70 (0.54–7.20) 0.136
After 12 months (n = 61 vs. 60) 2.52 (0.58–6.40) 1.75 (0.49–6.40) 0.009

Tac daily dose (mg)
3 months before (n = 54 vs. 58) 3.0 (0.5–12.0) on s-r-Tac 2.5 (0.5–9.0) 0.056
At study onset (n = 61 vs. 60) 3.0 (1.0–22.0) on s-r-Tac 2.8 (0.5–10.0) 0.044
After 3 months (n = 61 vs. 60) 2.0 (0.8–8.0) 2.5 (0.5–9.0) 0.330
After 6 months (n = 61 vs. 60) 2.0 (0.8–5.0) 2.5 (0.5–7.0) 0.248
After 9 months (n = 61 vs. 60) 2.0 (0.4–6.0) 2.5 (0.5–9.0) 0.060
After 12 months (n = 61 vs. 60) 2.0 (0.4–7.8) 2.5 (0.5–10.0) 0.047

Tac trough level (ng/mL)
3 months before (n = 54 vs. 58) 5.0 (2.4–15.3) on s-r-Tac 4.4 (1.5–14.7) 0.087
At study onset (n = 61 vs. 60) 6.0 (1.5–26.9) on s-r-Tac 4.7 (1.5–14.3) 0.005
After 3 months (n = 61 vs. 60) 4.6 (0.5–13.1) 4.4 (2.2–10.4) 0.863
After 6 months (n = 61 vs. 60) 4.7 (1.5–12.7) 4.1 (2.0–10.9) 0.022
After 9 months (n = 61 vs. 60) 4.3 (1.5–15.1) 4.0 (1.9–10.1) 0.867
After 12 months (n = 61 vs. 60) 4.4 (2.2–11.8) 4.1 (1.6–15.6) 0.283

To confirm that conditions were stable before enrolment, values 3 months prior to study onset are given for all
patients who had already undergone liver transplantation (n = 54 vs. 58). In the intervention group (LCPT),
values 3 months before and the day before the first LCPT intake (study onset) were determined when s-r-Tac
was administered. LCPT, once-daily MeltDose® tacrolimus; Tac, tacrolimus; s-r-Tac, standard-release tacrolimus.
p-values from Mann–Whitney U-test.

As shown in Figure 2, the C/D ratio at study end was significantly higher in patients on LCPT than
in the control group (2.52 (0.58–6.40) vs. 1.75 (0.49–6.40) ng/mL × 1/mg, respectively; p = 0.009). The
median Tac trough level and the daily dose were significantly higher in the intervention group at study
onset (Table 3). After 12-month follow-up, the Tac dose in the LCPT group was significantly reduced
compared with that in the control group (2.0 (0.4–7.8) vs. 2.5 (0.5–10.0) mg, respectively; p = 0.047).
However, the Tac trough level was comparable in the two groups at study end (4.4 (2.2–11.8) vs. 4.1
(1.6–15.6) ng/mL, respectively; p = 0.283).
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Figure 2. Boxplots of C/D ratio among patients receiving LCPT (dark grey) or standard-release Tac
(light brown) at baseline and 3, 6, 9 and 12 months later. There were significant differences between the
two study groups at 6 and 12 months after conversion. p-values reflect differences between the groups
at each time point.

3.3. Renal Function

At baseline (study onset, t0), patients in the control group had a higher mean eGFR than patients
switched to LCPT (Figure 3), although the difference (ΔeGFR) was not significant (p = 0.157). However,
mean ΔeGFR in patients on LCPT had significantly improved at 6 months after conversion (p = 0.029).
In contrast, patients on standard-release Tac showed a significant decline of mean ΔeGFR 9 months
after study initiation (p = 0.006). Over the 12-month evaluation period, mean ΔeGFR continued to
improve significantly in patients receiving LCPT (p = 0.001), whereas mean ΔeGFR continued to
deteriorate in the control group (p < 0.001). In a pairwise comparison between the groups, eGFR values
did not differ significantly (Supplementary Table S1).
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Figure 3. Glomerular filtration rate (eGFR; mL/min/1.73 m2) over time and the difference from baseline
at each time point (ΔeGFR ± SEM) in each study group. Improved renal function with a significantly
increased mean ΔeGFR was already observed 3 months after conversion to LCPT (dark grey). p-values
reflect comparison of ΔeGFR between the study groups.

While absolute eGFR values are meaningful to only a limited extent, eGFR slope (ΔeGFR) relative
to the baseline can be used as additional empirical support (Table 4). Three months before study onset,
there were no significant differences within the study groups relative to baseline. In the intervention
group, renal function increased 6 months after conversion (p = 0.029). In contrast, LT recipients in the
control group showed a significant decline of eGFR 9 months after study initiation (p = 0.006). Over
the 12-month evaluation period, renal function continued to significantly improve in patients receiving
LCPT (p = 0.001), whereas eGFR continued to deteriorate in the control group (p < 0.001).

Table 4. Slope analysis (ΔeGFR) of glomerular filtration rate (eGFR; mL/min/1.73 m2).

Time Point Estimate
95% Confidence Limit

p-Value
Lower Upper

LCPT
−3 months vs. baseline −1.2 −3.2 0.8 0.223
3 months vs. baseline 2.1 −1.3 5.5 0.219
6 months vs. baseline 3.1 0.3 6.0 0.029
9 months vs. baseline 4.2 0.8 7.6 0.015
12 months vs. baseline 4.7 1.9 7.5 0.001
Standard-release Tac
−3 months vs. baseline 0.5 −1.0 1.9 0.547
3 months vs. baseline −1.9 −3.9 0.0 0.053
6 months vs. baseline −1.6 −3.8 0.6 0.154
9 months vs. baseline −3.6 −6.1 −1.1 0.006

12 months vs. baseline −4.3 −6.2 −2.3 <0.001

The “estimate” value describes the difference between the respective time point and the baseline (ΔeGFR). A negative
value shows a decline and a positive value an improvement of eGFR. LCPT, once-daily MeltDose® tacrolimus; Tac,
tacrolimus; p-values within a group are relative to the baseline.

In further analysis, the eGFR values of the patients suffering from diabetes mellitus and arterial
hypertension were compared between the groups.
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At every time point, patients with diabetes mellitus had significantly lower eGFR than patients
without it, regardless of the study group (Table 5). However, eGFR among diabetic patients recovered
in a manner similar to that of nondiabetics upon switching to LCPT. In contrast, renal function
deteriorated in patients maintained on standard-release Tac in a similar fashion, regardless of diabetes.

Table 5. Glomerular filtration rate (eGFR; mL/min/1.73 m2) in diabetic and nondiabetic patients.

Time Point

LCPT Standard-Release Tac

Diabetics
(n = 18)

Non-Diabetics
(n = 43)

p-Value
Diabetics
(n = 17)

Non-Diabetics
(n = 43)

p-Value

t0 52.6 ± 21.3 70.3 ± 19.0 0.003 56.0 ± 20.3 76.3 ± 15.6 <0.001
t3 56.2 ± 21.2 72.3 ± 20.0 0.013 51.2 ± 17.6 74.9 ± 18.1 <0.001
t6 56.3 ± 19.2 73.0 ± 18.4 0.004 56.5 ± 20.3 75.5 ± 15.1 <0.001
t9 57.1 ± 22.1 74.4 ± 17.7 0.007 53.2 ± 22.2 71.5 ± 16.5 0.002
t12 56.3 ± 19.5 77.2 ± 13.4 <0.001 49.9 ± 22.5 72.7 ± 16.6 <0.001

LCPT, once-daily MeltDose® tacrolimus; Tac, tacrolimus; t0 to t12, time points (months). eGFR values shown as
mean ± standard deviation. p-values from t-test.

Patients with arterial hypertension in both study groups had a lower mean eGFR than patients
with normal blood pressure at each time point (Table 6). However, renal function recovered in patients
treated with LCPT and deteriorated in those maintained on standard-release Tac over the course of the
study, regardless of the presence of arterial hypertension.

Table 6. Glomerular filtration rate (eGFR; mL/min/1.73 m2) in patients with and without arterial
hypertension.

Time Point

LCPT Standard-Release Tac

Arterial
Hypertension

(n = 36)

Normal Blood
Pressure
(n = 25)

p-Value
Arterial

Hypertension
(n = 37)

Normal Blood
Pressure
(n = 23)

p-Value

t0 59.3 ± 20.7 74.3 ± 18.7 0.006 66.8 ± 21.0 76.6 ± 14.5 0.056
t3 63.4 ± 22.4 73.1 ± 19.2 0.111 64.6 ± 22.4 74.2 ± 16.7 0.121
t6 62.6 ± 20.1 74.2 ± 18.5 0.038 65.5 ± 20.4 77.6 ± 12.7 0.015
t9 65.1 ± 19.9 74.7 ± 20.7 0.120 63.2 ± 21.8 70.4 ± 16.3 0.222
t12 66.7 ± 17.0 76.9 ± 18.3 0.042 61.2 ± 22.4 74.5 ± 15.6 0.015

LCPT, once-daily MeltDose® tacrolimus; Tac, tacrolimus; t0 to t12, time points (months). eGFR values shown as
mean ± standard deviation. p-values from t-test.

Multivariable analysis was performed to identify independent predictors of alterations in renal
function expressed as ΔeGFR (Supplementary Table S2). Conversion to LCPT was the only identified
independent predictor of significant changes in eGFR.

3.4. Liver Function

During the entire follow-up, we monitored the graft function (Table 7). LT recipients in the LCPT
group showed significantly lower serum bilirubin concentrations than the control group at all time
points. However, the median values in both study groups remained within the lower part of the normal
range throughout the course of the study. Regarding the parameters ALT and INR, no differences were
observed between the groups.
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Table 7. Assessment of liver function over time in each study group.

LCPT
(n = 61)

Standard-Release Tac
(n = 60)

p-Value

Bilirubin (mg/dL)
At study onset 0.4 (0.2–1.3) 0.6 (0.2–2.0) 0.001
After 3 months 0.4 (0.2–2.2) 0.5 (0.2–4.0) 0.006
After 6 months 0.4 (0.2–1.2) 0.6 (0.2–2.1) 0.010
After 9 months 0.4 (0.2–1.2) 0.5 (0.2–1.9) 0.001
After 12 months 0.5 (0.2–1.2) 0.6 (0.2–2.7) 0.011

ALT (U/L)
At study onset 20 (8–102) 21 (9–117) 0.431
After 3 months 24 (8–78) 22 (10–140) 0.348
After 6 months 20 (6–92) 18 (8–448) 0.406
After 9 months 20 (7–202) 20 (7–138) 0.997
After 12 months 20 (9–104) 20 (7–380) 0.696

INR
At study onset 1.0 (0.9–2.2) 1.0 (0.9–1.6) 0.765
After 3 months 1.0 (0.9–2.3) 1.0 (0.9–1.3) 0.871
After 6 months 1.0 (0.9–1.3) 1.0 (0.9–1.6) 0.969
After 9 months 1.0 (0.9–1.3) 1.0 (0.9–1.5) 0.634
After 12 months 1.0 (0.9–1.3) 1.0 (0.9–1.5) 0.217

LCPT, once-daily MeltDose® tacrolimus; Tac, tacrolimus; ALT, alanine transaminase; INR, international normalized
ratio; p-values from Mann–Whitney U-test.

4. Discussion

The present study shows that the conversion of LT recipients from standard-release Tac to LCPT
was beneficial in regard to renal function. This may be due to the improved bioavailability of LCPT
which led to a significant increase in C/D ratio.

Notably, the median daily Tac dose declined by 33.3% among LT recipients after conversion.
A dose reduction of approximately 30% with a comparable area under the curve (AUC) was reported
in recent studies of KT and LT recipients [20,24,25]. In those studies, this finding was also attributed to
the greater bioavailability of LCPT.

In our cohort, the median C/D ratio among LT recipients who switched to LCPT had increased
by 50% at 12 months after conversion. The C/D ratio among patients maintained on standard-release
Tac remained unchanged over the 12-month period. In accordance with these data, Franco et al.
described a 35% increase in the C/D ratio among KT recipients after conversion from IR-Tac and a
83.3% increase among those who were switched from ER-Tac to LCPT [26]. In the study by Rostaing et
al., KT recipients had a 20% higher C/D ratio 12 months after conversion to LCPT and a 24.4% higher
C/D ratio 24 months after conversion [27]. In contrast, Kamińska et al. showed that the C/D ratio of
KT recipients converted from IR-Tac to ER-Tac did not change significantly [28]. To our knowledge,
the present study is the first to describe a significant increase in the C/D ratio after a switch to LCPT
among LT recipients.

In a previous study, we explored the impact of the C/D ratio on renal function after kidney
transplantation (KTx) [14]. Fast metabolizers, defined as patients with a C/D ratio < 1.05 ng/mL ×
1/mg, showed a strong association with decreased renal function compared with slow metabolizers in
a 24-month follow-up. Similar results were confirmed among LT recipients in a 36-month follow-up
study [13]. In that cohort, the cut-off value for fast metabolizers was defined as a C/D ratio < 1.09
ng/mL × 1/mg. In a 5-year follow-up, KT recipients with a lower Tac C/D ratio showed a higher risk
of renal impairment as well as higher mortality rates [17]. Recently, several studies confirmed these
findings [19,29,30] and a further negative impact of fast Tac metabolism on increased kidney allograft
rejection rates and BK virus infections was demonstrated [17,18,31].
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Given these results, we postulated that a higher C/D ratio after conversion to LCPT is associated
with nephroprotection. Surprisingly, we already observed significant improvement of renal function
6 months after conversion. Twelve months after conversion, the mean ΔeGFR was 4.7 mL/min/1.73 m2

higher than at baseline. In contrast, eGFR had deteriorated significantly in patients maintained on
standard-release Tac 9 months after study onset and ΔeGFR had decreased by 4.3 mL/min/1.73 m2 at
12 months.

After conversion to LCPT, the median trough level declined from 6.0 ng/mL at study onset to
4.6 ng/mL (month 3) without a subsequent decrease until month 12. A lower Tac trough level in the
LCPT group has already been reported in a prospective study, although the same target trough level
was given [27]. Alongside better bioavailability of LCPT, trough level reduction might be another
reason for the increase in renal function. However, median trough levels did not vary considerably
between subsequent time points (t3–t12) while renal function showed further recovery. Notably, median
Tac trough levels were also slightly reduced in the control group (t0–t12), although eGFR showed further
decline over the 12-month follow-up. Therefore, we postulate that improvement of bioavailability and
a reduced peak Tac level after conversion to LCPT are factors more relevant to the increase in eGFR
than the reduction in Tac trough levels alone.

As an explanation for the nephroprotective potential of LCPT, Schütte-Nütgen et al. hypothesized
that a lower daily Tac dose results in a lower peak serum concentration (Cmax), which in turn reduces
the side effects of Tac overdosing within the first hours after drug intake [17]. In a review article
on LT recipients, Baraldo reported that LCPT had a similar AUC after 24 h and a similar minimal
blood concentration (Cmin), but had a significantly lower Cmax and a smaller Cmax/Cmin fluctuation
ratio when compared with IR-Tac [32]. In addition, Bunnadaprist et al. postulated that there is a
reduced cumulative Tac dose in KT recipients receiving LCPT [33]. In a recent study, we also showed
that fast metabolizers with a C/D ratio < 1.05 ng/mL × 1/mg had significantly higher Tac blood
concentrations than slow metabolizers 2 h after Tac intake [16]. In the same study, we showed that a
low C/D ratio was significantly associated with acute CNIT. Although renal biopsy is not routinely
performed in LT recipients, we can assume that patients converted to LCPT suffered less frequently
from CNIT. In contrast, Kamar et al. reported similar renal function in de novo KTx recipients who
were randomized to LCPT or ER-Tac in a 4-week follow-up [34]. Notably, Cmin and AUC0–24 were
slightly higher in the LCPT group (at days 3, 7 and 14), a fact that might have influenced the results.

In the current study, the control group had an increased warm ischemic time (WIT) compared
with the intervention group (~5 min). Prolonged cold and warm ischemic times can be associated with
long-term allograft dysfunction [32]. Nevertheless, at the beginning of our study, the liver function
parameters ALT and INR did not differ between the groups and median bilirubin was within the
normal range. In a study by Laskey et al., increasing WIT during LTx was associated with a lack of
renal recovery in the presence of pretransplant subacute kidney injury [35]. It was concluded that
minimization of WIT could potentially avoid renal replacement therapy or the need for subsequent
kidney transplantation. At the study start in our cohort, the control group showed even higher eGFR
values despite increased WIT compared with the intervention group. Notably, the control group had a
more extended interval between LTx and study onset than patients switched to LCPT (6.6 (0.2–16.5)
vs.2.8 (0.1–20.8) years, respectively).

In regard to the Tac formulations used before study onset, IR-Tac was administered more
frequently than ER-Tac in the intervention group and vice versa in the control group. A recent study
on pharmacokinetics in a large transplant cohort showed similar Tac trough levels and bioavailability
between these two formulations [36]. Notably, C/D ratio as well as C/D intrapatient variability was
reported not to change considerably during conversion from IR-Tac to ER-Tac in KT recipients [28].
These findings justify our and others’ approach of including patients taking either one of these
formulations [19,29].
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In the current study, patients suffering from diabetes mellitus or arterial hypertension had reduced
renal function. Interestingly, patients who were switched to LCPT (median C/D ratio increased from
1.68 to 2.52 ng/mL × 1/mg) showed considerable recovery of eGFR independent of the presence of both
conditions. In accordance with these findings, Bardou et al. showed that slow Tac metabolizers (C/D
ratio > 1.8 ng/mL × 1/mg) were less likely to suffer from diabetes and hypertension after LTx [37].

Finally, we recognize that our study has limitations due to its retrospective design and the limited
sample size from a single-centre. In addition, in this study, we cannot provide Tac Cmax, C2 (2 h after
Tac intake) nor AUC, although higher Cmax or C2 could potentially induce higher CNIT. Therefore,
we can only hypothesize that, after conversion to LCPT, lower C2 was a more relevant factor to the
improvement of renal function than trough level reduction. Further investigations should also include
data on the concentrations of different Tac metabolites, which could be responsible for adverse effects,
such as CNIT, infections and myelotoxicity [38,39]. Furthermore, given the retrospective design of
this study, the study beginning in the control group had a wide range from March 2017 until August
2018 and the time period from LTx to the beginning of the study was significantly increased compared
with that in the intervention group. The longer Tac exposure in the control group might have had a
negative influence on renal function in this cohort. However, at t0, the control group showed even
higher eGFR values than patients converted to LCPT (70.6 ± 19.3 vs. 65.3 ± 21.1, respectively).

Another limitation of the study is that the reasons for conversion to LCPT in our study were taken
only from the clinical reports from our Outpatient Transplant Clinic. In addition, in contrast to the case
for KTx recipients, renal biopsy is not routinely performed in LT recipients which limits our ability to
analyse CNIT before study onset.

5. Conclusions

To the best of our knowledge, this is the first study to show that conversion from standard-release
Tac to LCPT increases the C/D ratio in LT recipients associated with renal recovery. This finding was
independent of known risk factors for renal impairment. Prospective studies are needed to confirm
our findings.
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Abstract: Automated identification of advanced chronic kidney disease (CKD ≥ III) and of no
known kidney disease (NKD) can support both clinicians and researchers. We hypothesized that
identification of CKD and NKD can be improved, by combining information from different electronic
health record (EHR) resources, comprising laboratory values, discharge summaries and ICD-10 billing
codes, compared to using each component alone. We included EHRs from 785 elderly multimorbid
patients, hospitalized between 2010 and 2015, that were divided into a training and a test (n = 156)
dataset. We used both the area under the receiver operating characteristic (AUROC) and under the
precision-recall curve (AUCPR) with a 95% confidence interval for evaluation of different classification
models. In the test dataset, the combination of EHR components as a simple classifier identified
CKD ≥ III (AUROC 0.96[0.93–0.98]) and NKD (AUROC 0.94[0.91–0.97]) better than laboratory
values (AUROC CKD 0.85[0.79–0.90], NKD 0.91[0.87–0.94]), discharge summaries (AUROC CKD
0.87[0.82–0.92], NKD 0.84[0.79–0.89]) or ICD-10 billing codes (AUROC CKD 0.85[0.80–0.91], NKD
0.77[0.72–0.83]) alone. Logistic regression and machine learning models improved recognition of CKD
≥ III compared to the simple classifier if only laboratory values were used (AUROC 0.96[0.92–0.99] vs.
0.86[0.81–0.91], p < 0.05) and improved recognition of NKD if information from previous hospital
stays was used (AUROC 0.99[0.98–1.00] vs. 0.95[0.92–0.97]], p < 0.05). Depending on the availability
of data, correct automated identification of CKD ≥ III and NKD from EHRs can be improved by
generating classification models based on the combination of different EHR components.

Keywords: chronic kidney disease (CKD); no known kidney disease (NKD); ICD-10 billing codes; phenotyping;
electronic health record (EHR); estimated glomerular filtration rate (eGFR); machine learning (ML);
generalized linear model network (GLMnet); random forest (RF); artificial neural network (ANN),
clinical natural language processing (clinical NLP); discharge summaries; laboratory values; area
under the receiver operating characteristic (AUROC); area under the precision-recall curve (AUCPR)

J. Clin. Med. 2020, 9, 2955; doi:10.3390/jcm9092955 www.mdpi.com/journal/jcm289



J. Clin. Med. 2020, 9, 2955

1. Introduction

Chronic kidney disease (CKD) is a major public health concern characterized by an increasing
prevalence and associated with a high level of morbidity and mortality [1,2]. Correct identification
of CKD is crucial, e.g., for appropriate dosing of drugs and for early intervention, including the
prevention of progression [3]. For clinical research, accurate identification of CKD or absence of kidney
disease (NKD = no known kidney disease) is essential for clinical trials and epidemiological studies.
In this context, a particular challenge is to store samples from hospitalized patients with known kidney
status in clinical biorepositories, as part of Healthcare-Integrated Biobanking (HIB). At the time point
of sample selection and storage, only a limited range of information regarding the respective patient
phenotype is available.

Administrative data such as ICD-10 billing codes are often used in research trails to identify
patients with CKD [4]. However, administrative databases are not maintained with the primary
purpose of supporting research; thus, it might be that, e.g., mild impairment of kidney function will be
underrepresented because they cannot be billed [5]. Indeed, many studies have demonstrated that
ICD-10 billing codes considerably underestimate the prevalence of CKD [6]. Moreover, there is no
ICD-10 billing code for NKD, as the purpose of ICD-10 billing codes is to indicate the presence of
a disease.

Electronic health records (EHRs) are a promising source for the diagnosis or exclusion of CKD.
EHRs contain structured data (laboratory values, epidemiological data) and unstructured data (narrative
discharge summaries).

The laboratory assessment of kidney function is based on an equation to estimate the glomerular
filtration rate (GFR) [3]. This equation, Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI),
includes the blood creatinine level, age, sex and ethnicity [7]. According to the Kidney Disease:
Improving Global Outcomes (KDIGO) definition, CKD Stage III and higher can be diagnosed by an
eGFR below 60 mL/min/1.73m2 for a time period of at least 90 days [3]. However, previous laboratory
data on hospitalized patients are often not fully available, e.g., they were recorded in other hospitals or
in outpatient clinics.

Unstructured data such as discharge summaries can fill the gap of missing medical information.
Letters are available in a digital form for every hospitalized patient and often contain complementary
information, not only about the current hospital stay, but also about the clinical history of the patient
including chronic diseases. Information can be extracted from narrative discharge summaries for
example by reusing SNOMED CT codes from EHRs [8], screening the letters for disease-specific
keywords [9,10], or using mL based natural language processing (NLP) technology for ICD-10 billing
codes [11] or SNOMED CT [12] coding, named entity recognition [13], or relation extraction [14].

Data analysis from EHRs can be performed in a rule-based format for example by strictly adhering
to the KDIGO definition of CKD ≥ III. In recent years, various machine learning (ML) methods have
been applied to improve the automated recognition of chronic kidney disease, using mainly laboratory
values and demographic information [15–20]. However, to the best of our knowledge, no study
specifically targeted advanced CKD ≥ III or NKD.

In this study, we hypothesize that combining structured (laboratory values, ICD-10 billing codes)
and unstructured (discharge summaries) information from EHRs and applying mL for data analysis
can reliably distinguish between patients with advanced CKD (stage ≥ III) and patients with no known
kidney disease (NKD) in different scenarios of data availability.

2. Materials and Methods

2.1. Study Population

The dataset of this retrospective study has been derived from the Jena Part of the 3000 PA
text corpus of the Smart Medical Information Technology for Healthcare (SMITH) consortium (part
of the Medical Informatics Initiative founded by the German Federal Ministry of Education and
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Research) [21–23]. The dataset consisted of EHRs from 785 individuals who were from European
descent and had an index hospital stay for at least five days on a ward for internal medicine or in an
intensive care unit between 2010 and 2015. No individual deceased during the index hospital stay.
At the time point of retrospective data collection, all individuals were deceased. The EHRs included
discharge summaries, laboratory values and ICD-10 billing codes. The study was approved by the local
ethics committee (4639-12/15); data were collected retrospectively and anonymized, individual-level
informed consent of participants was waived by the ethics review board. The study was also approved
by the data protection officer of Jena University Hospital.

2.2. Classification of CKD and NKD by ICD-10 Billing Codes

For classification of CKD and NKD, ICD-10 billing codes of the index hospital stay, extracted from
the hospital accounting system and from hospital discharge summaries, were used. For extraction of
kidney diseases from discharge summaries the Health Discovery text mining tool v5.7.0 from Averbis
(https://health-discovery.io/) was applied using the discharge pipeline with default settings to extract
basic medical information (detailed information can be found in the Averbis Health Discovery User
Manual Version 5.7, 4 December 2018). Subsequently, a Python script was applied to extract the ICD-10
billing codes from these output files. ICD-10 billing codes for CKD classification were used according
to ICD-10 billing codes for moderate to severe kidney disease from the Charlson comorbidity index [24]
(Supplementary Materials). For the definition of no kidney disease (NKD), none of these codes as well
as further ICD-10 billing codes for kidney disease published by the Centers for Disease Control and
Prevention (CDC, http://www.cdc.gov/ckd) (Supplementary Materials) should be present.

2.3. Laboratory and Demographic Data

Laboratory values and demographics of the patients were extracted from the laboratory information
system (LIS) of the University Hospital of Jena. The following values were considered in the analysis
and classification of the study cohort:

- Numerical variables: age, eGFR at admission, eGFR at discharge, eGFR over index hospital stay.
Measurements of albumin in urine were available in less than 5% of the cohort and therefore
excluded from further analysis.

- Categorical variable: sex.

Descriptive statistics were reported as the mean [SD] or median [I quartile–III quartile] for
continuous variables and absolute numbers (percentages) for categorical variables.

2.4. Classification of CKD and NKD by Blood Creatinine and eGFR

In order to define CKD and NKD by laboratory values from the current hospital index stay, we
created the following rules. If all eGFR values during the index stay were below 60 mL/min/1.73 m2,
the case was assigned to CKD. If all eGFR values during the index hospital stay were above
60 mL/min/1.73m2 and there was no presence of AKI (definition see below), the case was assigned
to NKD.

2.5. Classification of CKD and NKD by Manual Review

CKD stage III or higher was defined according to the KDIGO guidelines. This included an eGFR,
based on the formula CKD-EPI [7], which had to be less than 60 mL/min/1.73 m2 for at least 3 months
(90 days) or by an additional proof of kidney damage [3].

We defined NKD, adapted from James et al. [25], as the complete absence of GFR less than
60 mL/min/1.73m2, stable serum creatinine measurements, e.g., no fulfillment of acute kidney disease
criteria, median absence of proteinuria when multiple measurements were made before and the absence
of AKI in patient laboratory history. AKI was present, if serum creatinine had increased by more than
26.5 mmol/L within 48 h or increased more than 1.5-fold over 7 days [26]. In addition, adapted from
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the publication by Duff et al. [27], we included AKI recovery defined as a decline in creatinine for more
than 33% over 7 days.

All cases were reviewed by an advanced medical student and a physician to assess the underlying
kidney status based on individual EHRs, including discharge summaries, ICD-10 billing codes and
laboratory test results performed before, subsequent to, and during the index hospital stay. Of note,
for clarification of difficult cases, the reviewers used information not available to the rule-based or
statistical algorithms (e.g., laboratory values after index hospital stay). The review was used as a
reference standard for comparison with automated classification.

2.6. Dataset for the Machine Learning Methods

The dataset used for logistic regression and the different mL models is composed of 11 to 19 different
categorical and numerical variables. Three of them are derived variables to improve classification.

1. Numerical variables: age; first eGFR of the index hospital stay; last eGFR of the index hospital
stay; time difference between the first and last blood measurement of the index hospital stay as
an indicator for the length of hospital stay; mean eGFR over index hospital stay; mean eGFR over
all available laboratory values.

2. Due to the varying distribution of eGFR measurements, additionally derived numerical variables
were defined for usage in mL algorithms: the ratio between the number of hospital visits with
eGFR measurements and the number of total visits; the ratio between the number of total eGFR
measurements and hospital visits with eGFR measurements; the ratio between the number of
eGFR measurements lower than 60 mL/min/1.73 m2 and hospital visits with eGFR measurements.

3. Categorical variables: sex; occurrence of AKI and AKI recovery over laboratory history; occurrence
of AKI and AKI recovery over index stay.

All of these variables were used in all mL models. Further categorical variables, listed below,
were added in different combinations, as described in the results.

CKD: eGFR at admission below 60 mL/min/1.73 m2 (eGFR_admission), eGFR at discharge
below 60 mL/min/1.73 m2 (eGFR_discharge), and all eGFR measurements during index stay below
60 mL/min/1.73 m2 (eGFR).

NKD: eGFR at admission above 60 mL/min/1.73 m2 (eGFR_admission), eGFR at discharge above
60 mL/min/1.73 m2 (eGFR_discharge), eGFR always above 60 mL/min/1.73 m2 (eGFR_history), all
eGFR during index stay above 60 mL/min/1.73 m2 (eGFR); classification by ICD-10 billing codes (ICD);
classification by ICD-10 codes from discharge summaries.

2.7. Classification of CKD and NKD Using Machine Learning Methods

We applied three different mL methods—generalized linear model via penalized maximum
likelihood (GLMnet) [28], random forests (RF) [29] and artificial neural network (ANN) [30]. These are
all well-established approaches that represent different types of mL methods.

GLMnet is a statistical method in which different models generalize to the concept of a penalty
parameter and in which different models have different loss functions. A penalty parameter constrains
the size of the model coefficients such that the only way the coefficients can increase is if a comparable
decrease in the models loss function is experienced. A loss function essentially calculates how poorly a
model is performing by comparing what the model is predicting with the actual value it is supposed to
output. If both values are very similar, the loss value will be very low. There are three common penalty
parameters (ridge regression, lasso penalty, elastic-net penalty). We used the elastic-net penalty which
is controlled by the alpha parameter. It bridges the gap between the ridge regression (alpha = 0), which
is good for retaining all features while reducing the noise that less influential variables may create and
the lasso (alpha = 1) penalty, which actually excludes features from the model.

Like a simple rule-based decision tree, random forests are tree-based models and part of a class
of non-parametric algorithms that work by partitioning the feature space into a number of smaller
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regions. The predictions are obtained by fitting a simpler model in each region. Random forests use the
same principles as bagging trees, which grow many trees (ntree) on bootstrapped copies of the training
data, and extend it with an additional random component through split-variable randomization, where
each time a split is to be performed the search for the split variable is limited to a random subset (mtry)
of the original features.

Artificial neural networks are designed to simulate the biological neural networks of animal brains.
They process input examples of a given task and map them against the desired output by forming
probability-weighted associations between the two, storing these in the net data structure itself. In its
basic form a neural network has three layers. An input layer which consists of all of the original input
features, a hidden layer where the majority of the learning process takes place and an output layer [31].

The dataset was randomly split into 80% training and 20% test data. The prevalence for CKD or
NKD respectively was similar in the two datasets (Supplementary Materials).

To properly adapt the mL algorithms, we optimized the hyperparameters that are used to control
the learning process of a model and cannot be directly estimated from the data. We used a grid
search method, which is simply an exhaustive search through a manually specified subset of the
hyperparameter space of the learning algorithm. We specified these hyperparameters for every type
of model, trailed all combinations and selected the model with the best results (see Supplementary
Materials for details). For the GLMnet, the regularization parameter lambda, which controls the overall
strength of the penalty term and helps to control the model from overfitting to the training data, was
calculated during a pre-training of the model. Subsequently the best alpha parameter was determined.
It ranges between [0,1] and was divided into steps of 0.1.

Random forest was tuned on the mtry parameter in a range between [1,18] depending on the
number of features of the model, divided into steps of 1. The ntree parameter was set to its default
value ntree = 100.

The artificial neural network is a fully connected feed-forward network with a single hidden layer.
We use a fixed number of units between 11 and 19 in the input layer depending on the number of
features of the model and a single unit with a sigmoid activation function for binary classification as
the output layer. We optimized the number of units in the hidden layer as a hyperparameter (size) for
every model in a range between [1,10] divided into steps of 1 (see Supplementary Materials for details).

In addition, all models were evaluated using three separate 10-fold cross-validations as the
resampling scheme and were trained to optimize the F1 score. The final F1 score for each model is
averaged over the resamples.

Classifications were assessed using sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), F1 score, accuracy, area under the receiver operating characteristics (AUROC)
and precision-recall curve (AUCPR). For AUROC and AUCPR, the 95% confidence interval was
calculated (see Supplementary Materials for formulas and for detailed classification performances
regarding the different models).

Area under the precision–recall curve is known to be more informative for class-imbalanced
predictive tasks [32], as it is more sensitive to changes in the number of false-positive predictions.
Comparison between AUROC was calculated according to DeLong et al. [33].

Analyses were implemented using R Studio (version 1.2.5001), the R Software (version 3.6.1) [34]
and the following packages: limma [35] for plots, rio [36], plyr [37], nlme [38], tidyverse bundle [39],
pROC [40], ROCR [41] for data management, data analysis and functional programming and caret [42]
for all mL models. Graphs were generated by GraphPad Prism (version 8.4.2).

3. Results

The study cohort comprises 785 cases, with an average age of 75 years, the majority of individuals
were male (61%), and 95% and 49% of the patients had at least one or three severe disease(s) of the
Charlson comorbidity index, respectively. Most patients were hospitalized due to cardiovascular
disease (40%), gastrointestinal/liver diseases (15%) or oncology disorders (15%). The prevalence of
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CKD in this elderly morbid cohort was comparable to other studies that included probably less morbid
non-hospitalized patients ([43,44]). The prevalence for patients with no known kidney disease (NKD)
was lower than for CKD. NKD was associated with younger age, better kidney function and fewer
co-morbidities compared to CKD ≥ III. (Table 1).

Table 1. Epidemiological Characteristics from all Individuals and from Individuals with CKD ≥ III or
NKD Identified by the Reference Standard, Respectively.

Characteristics Cohort (n = 785) CKD ≥ III (n = 373) NKD (n = 129)

Age, years, mean [SD] 74.6
[12.2]

77.9
[10]

68.4
[13.7]

Sex, male 476
(60.6%)

215
(57.6%)

79
(61.2%)

eGFR at admission,
median, [quartiles], mL/min/1.73 m2

(n = 780) 1

49.6
[28.6–77.3]

(n = 372) 1

28.9
[18.1–41.8]

88.6
[78.5–99.6]

(n = 748)
Charlson morbidity category ≥1 711 (95.3%) 366 (98.1%) 113 (87.6%)
≥3 387 (49.3%) 224 (60.1%) 36 (27.9%)
Median 2 3 2
Myocardial infarction 128 (16.3%) 75 (20.1%) 11 (8.5%)
Chronic heart failure 419 (54.4) 247 (66.2%) 33 (25.6%)
Peripheral vascular disease 131 (16.7%) 75 (20.1%) 17 (13.2%)
Cerebrovascular disease 51 (6.5%) 28 (7.5%) 7 (5.4%)
Dementia 31 (3.9%) 18 (4.8%) 4 (3.1%)
Chronic pulmonary disease 183 (23.3%) 73 (16.9%) 23 (17.8%)
Rheumatic diseases 13 (1.7%) 4 (1.1%) 3 (2.3%)
Peptic ulcer disease 21 (2.7%) 11 (2.9%) 1 (0.8%)
Hemiplegia or paraplegia 29 (3.7%) 8 (2.1%) 6 (4.7%)
Liver disease 137 (17.5%) 44 (11.8%) 35 (25.1%)
Diabetes mellitus 332 (42.3%) 152 (40.7%) 51 (39.5%)
Any malignancy 137 (17.5%) 32 (8.6%) 38 (29.5%)
Hypertension 567 (72.3%) 270 (72.4%) 93 (72.1%)
Major cause for admission
Infectious diseases 58 (7.4%) 28 (7.5%) 6 (4.7%)
Oncology disorders 119 (15.2%) 30 (8.0%) 34 (26.4%)
Cardiovascular 315 (40.1%) 192 (51.5%) 40 (31.0%)
Diseases
Pulmonary diseases 82 (10.4%) 25 (6.7%) 12 (9.3%)
Gastrointestinal 118 (15.0%) 35 (9.4%) 27 (20.9%)
and liver diseases
Kidney diseases 47 (6.0%) 36 (9.7%) 2 (1.6%)
other 46 (5.9%) 27 (7.2%) 8 (6.2%)

1 eGFR at admission could not be calculated for all individuals because creatinine was massively interfered with by
bilirubin or hemoglobin at admission.

In 128 (34%) of patients, the cause of CKD ≥ III was further specified by ICD-10 billing codes. In
the remaining cohort of 245 patients with CKD ≥ III, 90% suffered from diabetes mellitus II and/or
hypertension. More than 33% of etiologies for CKD ≥ III had been documented only in discharge
summaries (Supplementary Materials).

There was a high incidence for AKI (33.6%) and AKI recovery (27.4%) in the CKD ≥ III cohort
(Supplementary Materials).

Most patients were assigned to CKD status by discharge summaries, followed by eGFR and
ICD-10 billing codes (Figure 1a). After manual review, less than 1% of the CKD cases identified by
discharge summaries and eGFR and ICD-10 billing codes did not suffer from CKD III–V (Figure 1b).
Patients identified by discharge summaries seemed to have a better kidney function at admission, while
patients assigned to CKD by eGFR or ICD-10 billing codes had a worse kidney function compared
to the reference standard. Similarly, patients identified by eGFR and discharge summaries were less
morbid than patients characterized as CKD by ICD-10 billing codes, as indicated by Charlson morbidity
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categories (Table 2). Of note, 19 patients were identified by manual review only, while each of the three
formal criteria failed.

 
(a) (b) 

Figure 1. Venn diagrams comparing identification of CKD ≥ III by laboratory results (eGFR values),
discharge summaries or ICD -10 billing codes within all patients (a) and within patients with CKD ≥ III
according to reference standard (b). (a) Numbers of patients from the study cohort with CKD recognized
by laboratory results (eGFR values), discharge summaries or ICD-10 billing codes. (b) Numbers of
patients from the study cohort with CKD correctly recognized by laboratory results (eGFR values),
discharge summaries or ICD -10 billing codes. A total of 19 patients were recognized by neither of the
three formal criteria, but by manual review only.

Table 2. Epidemiological characteristics from patients with CKD identified by reference standard or
recognized by laboratory results (eGFR values), discharge summaries or ICD-10 billing codes.

Characteristics
Reference

Standard (n = 373)
eGFR

(n = 333)
Discharge Summaries

(n = 421)
ICD-10 Billing
Codes (n = 300)

Age, years, mean [SD] 77.9
[10]

78.0
[9.7]

76.4
[10.9]

77.2
[10.3]

Sex, male 215
(57.6%)

189
(56.8%)

258
(61.3%)

182
(60.7%)

eGFR at admission,
median,
[quartiles], mL/min/1.73 m2

(n = 372) 1

28.9
[18.1–41.8]

26.8
[17.5–39.4]

(n = 420) 1

32.9
[19.6–50]

25.7
[15.2–39.6]

Charlson morbidity category
≥1 366 (98.1%) 326 (97.9%) 413 (98.1%) 297 (99%)

≥3 224 (60.1%) 198 (59.5%) 257 (61.1%) 220 (73.3%)
Median 3 3 3 3

1 eGFR could not be calculated for all individuals because creatinine was massively interfered with by bilirubin or
hemoglobin at admission.

Similar to CKD, the patient cohort was investigated for patients with no known kidney disease
(NKD). Numbers of patients assigned to NKD by laboratory values, ICD-10 billing codes or discharge
summaries are depicted in Figure 2a. Comparison with the reference standard (Figure 2b) confirms
65% of the patients assigned to NKD by all three categories. Patients identified by the laboratory NKD
criteria were younger, had a higher eGFR at admission and did therefore better correspond with the
reference standard compared to patients assigned to NKD by discharge summaries or ICD-10 billing
codes (Table 3).
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(a) (b) 

Figure 2. Venn diagrams comparing identification of no known kidney disease (NKD) by laboratory
results (eGFR values), discharge summaries or ICD -10 billing codes within all patients (a) and within
patients with CKD ≥ III according to reference standard (b). (a) Numbers of patients from the study
cohort with NKD recognized via the eHealth sources laboratory results (eGFR values), discharge
summaries or ICD-10 billing codes. (b) Numbers of patients from the study cohort with NKD correctly
recognized via laboratory results (eGFR values), discharge summaries or ICD-10 billing codes.

Table 3. Epidemiological characteristics from patients with NKD identified by reference standard or
recognized by sources laboratory results (eGFR values), discharge summaries or ICD-10 billing codes.

Chracteristics
Reference

Standard (n = 129)
eGFR

(n = 253)

Discharge
Summaries

(n = 334)

ICD-10 Billing
Codes (n = 437)

Age, years, mean [SD] 68.4
[13.7]

69.3
[13.3]

72.9
[13.3]

73.3
[13.0]

Sex, male 79
(61.2%)

161
(63.6%)

196
(58.7%)

265
(60.6%)

eGFR at admission,
median,
[quartiles], mL/min/1.73 m2

88.6
[78.6–99.3]

84.5
[75.7–96.2]

76.0 *,1

[53.8–89.5]
69.9 *,2

[50.0–87.7]

Charlson morbidity score ≥1 113 (87.6%) 232 (91.7%) 308 (92.2%) 403 (92.2%)
≥3 36 (27.9%) 91 (36.0%) 116 (34.7%) 145 (33.2%)
Median 2 2 2 2

* eGFR could not be calculated for all individuals because creatinine was massively interfered with by bilirubin or
hemoglobin at admission. 1 n = 331; 2 n = 434.

Tables 4 and 5 depict the specificities and sensitivities of the different rules applied for identification
of CKD or NKD, respectively. While ICD-10 billing codes show excellent specificity for identification
of CKD, the sensitivity was lower compared to discharge summaries and eGFR. Discharge summaries
had a better sensitivity, but a reduced specificity compared to ICD-10 billing codes (Table 4). Using
eGFR < 60 mL/min/1.73 m2 during the whole hospital stay results in good sensitivity and specificity.
If only the first eGFR at admission or the last eGFR measurement at discharge were used, overall
performance (AUROC) did only minimally change compared to the original rule.
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Table 4. Performance of different rules for identification of patients with CKD compared to the
reference standard.

Category Sensitivity Specificity PPV NPV AUROC (CI) AUCPR (CI)

ICD-10 billing codes 0.71 0.91 0.88 0.78 0.81
(0.78–0.84)

0.86
(0.83–0.90)

Discharge summary 0.86 0.76 0.76 0.86 0.81
(0.78–0.84)

0.84
(0.81–0.88)

eGFR <60 mL/min/1.73 m2 during
Index hospital stay

0.81 0.92 0.91 0.84 0.87
(0.84–0.90)

0.90
(0.87–0.93)

eGFR_at_admission
<60 mL/min/1.73 m2 0.96 0.75 0.77 0.95 0.85

(0.83–0.87)
0.88

(0.84–0.91)

eGFR_at_discharge
<60 mL/min/1.73 m2 0.91 0.82 0.82 0.91 0.86

(0.84–0.89)
0.89

(0.85–0.92)

Table 5. Performance of different rules for identification of patients with NKD compared to the
reference standard.

Category Sensitivity Specificity PPV NPV
AUROC

(CI)
AUPR

(CI)

ICD-10 billing codes 0.99 0.53 0.29 1
0.76 0.64

(0.74–0.78) (0.56–0.73)

Discharge summary 0.98 0.68 0.38 1
0.83 0.68

(0.81–0.86) (0.60–0.76)

eGFR ≥ 60 mL/min/1.73m2 during
Index hospital stay

1.00 0.82 0.52 1 0.91
(0.89–0.92)

0.75
(0.68–0.83)

eGFR_at_admission
≥ 60 mL/min/1.73 m2 1.00 0.71 0.41 1.00 0.86

(0.84–0.87)
0.70

(0.62–0.78)

eGFR_at_discharge
≥ 60 mL/min/1.73 m2 1.00 0.64 0.35 1.00 0.82

(0.80–0.84)
0.68

(0.59–0.76)

Regarding NKD, ICD-10 billing codes, discharge summaries and creatinine blood values, at
admission, at discharge and during hospital stay, have all excellent sensitivity. However, acceptable
specificity (>80%) was achieved only by using eGFR < 60 mL/min/1.73m2 during the whole hospital
stay. However, the PPV was still low at 0.52 (Table 5).

Combining laboratory measurements with discharge summaries and ICD-10 billing codes using
logistic regression developed in a training dataset resulted in a better overall performance for
identification of CKD (AUROC: 0.96[0.93–0.98]) or NKD (AUROC: 0.94[0.91–0.97]) in the test dataset
compared to estimated glomerular filtration rate (eGFR) values (CKD: AUROC 0.85[0.79–0.90];
NKD: AUROC 0.91[0.87–0.94]), discharge summaries (CKD: AUROC 0.87[0.82–0.92], NKD: AUROC
0.84[0.79–0.89]) or ICD-10 billing codes (CKD: AUROC 0.85[0.80–0.91], NKD: AUROC 0.77[0.72–0.83)
alone (Figure 3 and Supplementary Materials). Interestingly, the combination of all three categories,
however, did not (NKD) or only minimally (CKD ≥ III) increase the performance in comparison with
the combination of laboratory results and discharge summaries (CKD: AUROC 0.94[0.9–0.97]; NKD:
AUROC 0.95[0.92–0.97]).
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(a) 

(b) 

Figure 3. Area under the receiver operating characteristic (AUROC) and under the precision-recall
curve (AUCPR) for simple categorical classifiers based on combinations of EHR components for CKD
≥ III (a) and NKD (b) on the test dataset. eGFR values = “eGFR”, discharge summaries = “DS” and
ICD-10 billing codes = “ICD”. For the complete list of all combinations, see Supplementary Materials.
Logistic regression was calculated on the training dataset. Performance is calculated on the test dataset
(n = 156). * Indicates p < 0.05 for difference in AUROC compared to eGFR.

In NKD, AUROC values were quite high. However, AUCPR values that include sensitivity and
PPV were lower. It is therefore helpful to include several parameters, e.g., AUROC and AUCPR for
assessing test performance, particularly in imbalanced data [32].

To further improve performance for correct assignment of patients to CKD ≥ III or NKD, we
developed a logistic regression and three mL models using (1) all data from the index hospital stay
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including laboratory values with incidence of AKI and AKI recovery including staging, demographics,
ICD-billing codes and ICDs from discharge summaries; (2) laboratory values and demographics from
the index hospital stay; (3) and (4) in addition to (1) or (2) includes laboratory values from previous
hospital stays, respectively (for a detailed listing of variables, see Supplementary Materials).

Figure 4 shows the AUROCs and AUCPRs of the respective best logistic regression (LR) and best
different mL models for identification of CKD ≥ III and NKD compared to the best simple categorical
classifier for each scenario. In general, AUROCs of LR and of the different mL models were only
slightly different between each other (see Supplementary Materials for more details).
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Figure 4. AUROC (a,c) and AUCPR (b,d) of the simple categorical classifier and of models calculated
from logistic regression and the three mL methods for identification of CKD (a,b) and NKD (c,d) in
different scenarios of data availability. (a) AUROC and (b) AUCPR for identification of CKD ≥ III; (c)
AUROC and (d) AUCPR for identification of NKD. SC = simple categorical classifier, LR = logistic
regression, GLMnet = generalized linear machine network, RF = random forest, NN = Artificial
Neuronal Network. N = 156 patients (test dataset). Scenarios: (1) All data from the index hospital stay
including laboratory values, demographics, ICD-billing codes and ICDs from discharge summaries; (2)
laboratory values and demographics from the index hospital stay; (3) and (4) includes, in addition to (1)
or (2), laboratory values from previous hospital stays, respectively. * Indicates p < 0.05 for difference in
AUROC between SC and all other models.
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For identification of CKD ≥ III, the AUROCs of the LR and machine learning models were
not significantly better in scenario 1 (LR/ML: 0.97[0.95–1.00]) and scenario 3 (LR/ML: 0.97[0.94–1.00)
compared to the simple classifier in scenario 1 and 3 (0.96[0.94–0.99]), respectively. AUROCs of
the LR and mL models significantly (p < 0.05) improved in scenario 2 (LR/ML: 0.96[0.92–0.99) and
scenario 4 (LR: 0.96[0.93–0.99]/ML 0.97[0.94–0.99]) compared to the simple classifier in scenario 2 and 4
(0.86[0.81–0.91]), respectively. In scenarios 2 and 4, data were restricted to laboratory values alone.

For identification of NKD, AUROCs of the LR and mL models significantly (p < 0.05) improved
in scenario 3 (LR: 0.98[0.96–1.00]/ML: 1.00[1.00–1.00]) and scenario 4 (LR: 0.98[0.96–1.00]/ML:
0.99[0.98–1.00]) compared to the simple classifier in scenario 3 (0.95[0.92–0.97]) and scenario 4
(0.91[0.87–0.94]), respectively (Figure 4c). In scenarios 3 and 4, data from previous hospital stays were
included. AUCPRs of the logistic regression and mL models for identification of NKD also improved
in scenarios 3 and 4 compared to the simple classifier (Figure 4d, see Supplementary Materials for
more details). AUROCs of LR and mL models slightly improved in scenario 1 (LR/ML: 0.96[0.93–0.99])
and scenario 2 (LR/ML: 0.93[0.89–0.97]) compared to the simple classifier in scenario 1 (0.95[0.92–0.97])
and scenario 2 (0.91[0.87–0.94]), respectively (Figure 4c). However, AUCPR of LR and mL models
decreased in scenario 1 and 2 compared to the simple classifier.

In conclusion, the best LR and mL models slightly improved AUROCs for identification of CKD ≥
III and NKD compared to the best simple categorical classifier in each scenario. However, we observed
a significant improvement by models compared to the simple classifier for CKD > III only in scenarios
2 and 4 and for NKD only in scenarios 3 and 4.

4. Discussion

The results of our study demonstrate that laboratory values have the best performance for
identifying CKD ≥ III and NKD from EHRs compared to discharge summaries and ICD-10 billing codes
in an elderly multimorbid cohort of hospitalized patients. Combining classifiers based on laboratory
values (creatinine/eGFR), ICD-10 billing codes or ICD-10 codes extracted from discharge summaries
outperformed each component alone for identification of CKD ≥ III and NKD. Classification could
be further improved by calculation of logistic regression and mL models if data were restricted to
laboratory values (CKD ≥ III) or if additional values from previous hospital stays were added (NKD).

Although each of the mentioned EHR components have been investigated before, we could
demonstrate the extent to which the classification is improved by combining laboratory values with
ICD-10 billing codes and discharge summaries. Furthermore, we are the first, to our knowledge, to
describe classification performance for NKD.

The good sensitivity and specificity of laboratory values for the identification of CKD ≥ III and
NKD can be explained by the fact that both entities are mainly defined by blood creatinine and
eGFR values [3,26]. However, many epidemiological studies and clinical trials have utilized ICD-10
billing codes for defining CKD status [4]—more than 50% of cardiovascular trials do not report eGFR
measurement in respective study populations [45].

Previous studies have demonstrated a high specificity of billing codes. However, many CKD
patients will be overlooked by using billing codes alone and the identified cohort is biased towards
more advanced CKD stages with higher creatinine values [5,46,47]. These results have been replicated
and confirmed in the current study. A sensitivity of 75% indicates that approximately one-quarter
of patients with advanced CKD ≥ III had been missed by ICD-10 billing codes. Patients recognized
by ICD-10 billing codes had a lower eGFR and showed a higher morbidity in comparison to the
reference standard.

However, the sensitivity of ICD-10 billing codes was much better in our study than in a recent
study by Diamantidis et al. who reported a very low sensitivity of ICD-10 billing codes for recognizing
CKD > III [43]. The discrepancy might be explained by differences in the patient cohorts as the latter
study included non-hospitalized patients.

300



J. Clin. Med. 2020, 9, 2955

Gomez-Salgado et al., in contrast, recently showed good correlation between ICD-10 billing
codes and researchers’ judgment based on clinical documentation [48]. A possible explanation for the
conflicting results between our study and Gomez-Salgado et al. could be the extent to which laboratory
values were considered for identification of CKD.

Our study also confirms previous findings of slight under-documentation of CKD using discharge
summaries [49]. Indeed approximately 20% of patients with advanced CKD ≥ III were not identified
by discharge summaries. However, in line with the study of Singh et al., we could also show that the
sensitivity of discharge summaries is higher than the sensitivity of billing codes for CKD [9]. The
reduced specificity of discharge summaries could be explained by the fact that many patients with
CKD stage I and II were counted as CKD ≥ III. Differing definitions for chronic kidney disease might
also be the reason why a recent study by Hernandez-Boussard et al. observed a better accuracy for
unstructured discharge summaries for recognizing CKD compared to our study [50]. Other possible
explanations are different information sources and a different study cohort.

In a study by Nadkarni et al., an algorithm was developed and evaluated to identify patients with
CKD Stage III caused by hypertension or diabetes, using structured and unstructured information from
EHRs [51]. The algorithm based on keywords from medical notes and laboratory values outperformed
phenotyping by ICD-10 billing codes by a margin. These results resonate with the outcome of our
study that included advanced CKD from any cause in hospitalized patients.

Missing previous health records is a common problem in clinical studies and might affect correct
identification of diseases [52]. However, in contrast to the identification of patients with diabetes
mellitus [53], we can demonstrate good F1 score (>0.8), although using datasets restricted to the
current hospital stay for simple classifiers. For CKD ≥ III, mL models based on laboratory values
alone had a similar AUROC as the simple categorical classifiers including discharge summaries and
ICD-10 billing codes. This indicates that mL models might be able to—at least partly—compensate for
missing information.

The results of our study are encouraging, not only for stratification of patients for clinical and
epidemiological studies, but also in the context of, e.g., Healthcare-Integrated Biobanking, where
automated classifiers based on minimal clinical information are of great importance for early selection
of samples of specific disease entities.

Structured information such as laboratory values and billing codes are often readily available.
Results from our study show that a PPV of 0.77, 0.82 or 0.91 can be achieved for the identification of
CKD by using eGFR values at admission, at discharge or from the complete hospital stay, respectively.
This is in line with other studies demonstrating that a single measurement of eGFR might overestimate
the number of CKD cases [54]. The slightly higher PPV when using eGFR values at discharge compared
to admission can be explained by the fact that interfering acute kidney injury is more likely to be
present at admission than after a successful treatment at discharge.

Suboptimal PPV values associated with false classification can significantly impact the phenotyping
process and thus might cause severe bias in the outcomes of subsequent studies. Consequently, there
is a need for further optimization of CKD and NKD classification.

Wei et al. combined different sources of information (primary notes, medication and billing
codes) to improve phenotyping based on EHR for several chronic diseases (not CKD though) and
demonstrated that PPV and F1 score can be increased by combining different information sources [55].
Results from Wei et al. can be confirmed in our study in relation to CKD and NKD with the caveat that
eGFR should be included in any combination.

The addition of discharge summaries and/or ICD-10 billing codes to laboratory values not only
increases the performance of correct identification of CKD ≥ III but also helped to further specify the
cause of the disease in at least one-third of the cohort. There were more etiologies for CKD in the
discharge summaries compared to the ICD-10 billing codes.

Another novelty of this study is that, to the best of the authors’ knowledge, for the first time
the entity of NKD (no known kidney disease) was investigated using EHRs. Identifying NKD is a
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challenging task because ICD-10 billing codes and discharge summaries are designed to describe the
presence of illness rather than its absence. However, the question of NKD might be of particular interest
for scientific reasons. The validity of association studies and clinical trials depends on the correct
assignment of co-morbidities. If large cohorts of CKD patients are counted as NKD, studies might be
biased and results might thus be flawed. Our study demonstrates that single EHR sources had low PPV
and AUCPR for NKD assignment. Combining laboratory values with discharge summaries improved
PPV and AUCPR. Interestingly, the further addition of ICD-10 billing codes to this combination did
not result in a further improvement of PPV and AUCPR. Future epidemiological studies should take
these results in consideration for classification of NKD.

Finally, we demonstrated that logistic regression and mL algorithms have the potential to improve
recognition of CKD ≥ III and NKD, particularly in certain scenarios of data availability. This might
be helpful for the development of clinical decision support systems (CDSS) in the near future that
ultimately will allow clinicians and researches almost instantly to evaluate the chronic kidney status
of patients.

Direct comparison with other studies applying mL strategies for the detection of CKD is hampered
due to different definitions of CKD, different patient cohorts and data variables used. Almansour et al.
described an Artificial Neural Network with an accuracy of more than 99% [20]. Salekin et al. used the
same cohort and reduced the number of variables down to 12 and achieved an F1 score of 99% by using
a wrapper approach to identify the best subset of attributes and a random forest classifier [56]. However,
both studies rely on the same data source comprising 24 variables of 400 patients to build a predictive
model. In contrast to our study, the dataset does not include series of creatinine measurements or
information from discharge summaries or ICD-10 billing codes about CKD. Rashidian et al. used
laboratory values, demographics and ICD-10 billing codes to identify patients with CKD achieving
a F1 score of approximately 0.8 [57]. In our study, AUROC and AUCPR for identification of CKD
from mL algorithms surpassed 0.95 in all scenarios of unrestricted or restricted data availability. One
reason for these differences could be that the study by Rashidian et al. did not use discharge letters
as source of information. As mentioned before, in our study discharge summaries can add valuable
information to the classification process. This is also reflected by the result that mL algorithms did not
significantly improve performance of CKD ≥ III identification (AUROC 0.97) compared to a simple
classifier based on laboratory values, discharge summaries and ICD-10 billing codes (AUROC 0.96).

The mL algorithms used in our study failed to outperform rule-based classifiers for identification
of NKD if data were restricted to the index hospital stay: although AUROC is (non-significantly)
increasing, PPV is declining and thus superiority of the models has to be rejected. An explanation
for this result could be that the correct assignment of NKD mainly depends on the availability of the
complete dataset. Additionally, we cannot exclude that the low prevalence of NKD in our morbid
patient cohort affected the efficacy of mL strategies.

To the best of our knowledge, this is the first study trying to detect specifically CKD Stage ≥ III
and NKD by mL methods. Therefore, it is mandatory that the proof-of-concept presented here needs
further elaboration in larger independent patient cohorts.

The strength of the study is the comprehensive dataset including discharge summaries of the
index hospital stay and laboratory values with a reviewed reference standard.

Several limitations need to be acknowledged. The patient cohort included in the study was
quite morbid and not representative of a general hospital population or, even more so, an outpatient
population. Therefore, the extent of improvement by combining different information sources needs to
be prospectively validated in other independent cohorts.

The Averbis Health Discovery software tool was used for the extraction of information attributes
from discharge summaries that have been predefined by the authors. The use of natural language
processing (NLP) methods for information extraction and automated feature selection could have
resulted in an increased performance of the data extraction method.
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Similarly, the total number of patients was rather small for training mL classifiers. We may
guess that, in a larger patient cohort, the performance of the different models might further increase.
However, the scope of the present study was to demonstrate the feasibility and potential of using
eHealth sources and mL models to improve phenotyping of CKD and NKD.

The models presented in this manuscript focus on the detection of advanced CKD (Stage III or
higher) or on the absence of kidney disease. Patients with mild CKD (Stage I and II) are not taken
into consideration although the correct identification of this group might be important for clinical
treatment and research purpose. Future studies with larger patient cohorts might be able to develop
more granular models differentiating between mild and advanced CKD.

Another limitation is that neither a single rule nor a combination of them achieved a sensitivity
for identification of CKD ≥ III of 100%. This could be explained by the fact that most patients were
treated primarily for non-nephrological reasons during the index hospital stay and thus CKD was not
mentioned at all in the current discharge summaries or by the ICD-10 billing codes, although they had
a documented eGFR < 60 mL/min/1.73m2 for a period longer than 90 days.

Furthermore, data included in the analysis were incomplete, since laboratory results from primary
care or other institutions (for example, from general practitioners or other hospitals) were not available.
Most importantly albuminuria was available in less than 5% of the whole cohort and could therefore
not included in the analysis.

Missing data, however, reflects “real-world” conditions. Missing data can be, at least partly,
compensated for—as shown in our study—by the extraction of unstructured information from
the discharge summaries that usually contain a multitude of pre-existing health data from other
healthcare providers.

5. Conclusions

In summary, combining laboratory results (creatinine and eGFR) with discharge summaries and
ICD-10 billing codes had the best performance in a simple categorical classifier for phenotyping of
CKD ≥ III and NKD. Logistic regression or mL models had the potential to further improve the correct
identification of CKD ≥ III if only laboratory values were used and of NKD if data from previous
hospital stays were included into models.
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Abstract: There is ethnic inequity in access to living-donor kidney transplants in the UK. This study
asked kidney patients from Black, Asian and minority ethnic groups why members of their family
were not able to be living kidney donors. Responses were compared with responses from White
individuals. This questionnaire-based mixed-methods study included adults transplanted between
1/4/13–31/3/17 at 14 UK hospitals. Participants were asked to indicate why relatives could not donate,
selecting all options applicable from: Age; Health; Weight; Location; Financial/Cost; Job; Blood group;
No-one to care for them after donation. A box entitled ‘Other—please give details’ was provided
for free-text entries. Multivariable logistic regression was used to analyse the association between
the likelihood of selecting each reason for non-donation and the participant’s self-reported ethnicity.
Qualitative responses were analysed using inductive thematic analysis. In total, 1240 questionnaires
were returned (40% response). There was strong evidence that Black, Asian and minority ethnic group
individuals were more likely than White people to indicate that family members lived too far away to
donate (adjusted odds ratio (aOR) = 3.25, 95% Confidence Interval (CI) 2.30–4.58), were prevented
from donating by financial concerns (aOR = 2.95, 95% CI 2.02–4.29), were unable to take time off
work (aOR = 1.88, 95% CI 1.18–3.02), were “not the right blood group” (aOR = 1.65, 95% CI 1.35–2.01),
or had no-one to care for them post-donation (aOR = 3.73, 95% CI 2.60–5.35). Four qualitative themes
were identified from responses from Black, Asian and minority ethnic group participants: ‘Burden
of disease within the family’; ‘Differing religious interpretations’; ‘Geographical concerns’; and ‘A
culture of silence’. Patients perceive barriers to living kidney donation in the UK Black, Asian and
minority ethnic population. If confirmed, these could be targeted by interventions to redress the
observed ethnic inequity.
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1. Introduction

Living-donor kidney transplantation is the optimal treatment for most people with kidney failure
in terms of patient survival, graft survival and quality of life [1–6]. The healthcare costs associated
with living-donor kidney transplants (LDKTs) are less than for dialysis and deceased-donor kidney
transplants (DDKTs) [7,8]. The medium-term risks of donating a kidney are small [9–12], and the
quality of life of donors usually returns to pre-donation levels after donation [13,14].

Only 28% of all kidney transplants performed in the UK each year are from a living donor [6],
a proportion below that of the USA and the Netherlands [15]. Individuals from Black, Asian and
minority ethnic populations in the UK appear to be particularly disadvantaged as they are less likely
to receive a LDKT compared to White people with kidney disease [16,17]; only 18% of living donor
kidney transplant recipients in the UK between April 2019–March 2020 were from Black, Asian and
minority ethnic group backgrounds, despite individuals from these groups constituting 36% of the
kidney transplant waiting list [6]. Improving equity in living-donor kidney transplantation has been
highlighted as a UK and international research priority by patients and clinicians [18,19].

Specific religious and cultural beliefs, as well as a lack of specific knowledge about donation,
have been identified as reasons for ethnic disparity in deceased organ donation [20,21]. The barriers
specifically encountered by Black, Asian and minority ethnic group patients in accessing LDKTs in the
UK are not well described.

We have previously investigated reasons why individuals who start assessment for kidney
donation do not go on to donate in the UK. In this multicentre study, individuals from Black,
Asian and minority ethnic groups were more likely to withdraw from donor evaluation [22]. However,
transplant candidates and their families often make decisions regarding the suitability of potential
donors before they make contact with hospital services. The perceptions of transplant candidates,
regarding the suitability of family members for donation, function as an initial stage of donor screening.
Transplant candidates are often uncomfortable broaching the subject of organ donation and make
assumptions as to why individuals may or may not be able to donate. Transplant candidates may
perceive barriers to donation that prevent potential donors from starting donor assessment. It is
important to understand these perceptions in order to fully understand barriers to living-donor kidney
transplantation. In this multi-centre questionnaire-based study, we investigated the reasons why family
members were perceived by kidney patients as unsuitable as living kidney donors, comparing responses
between individuals from White and Black, Asian and minority ethnic groups. Ultimately we aimed to
identify potentially modifiable barriers to LDKTs specific to the UK Black, Asian and minority ethnic
populations that could be targeted to redress the observed disparity.

2. Experimental Section

2.1. Study Design

We designed this multi-centre questionnaire-based study to investigate the patient-identified
and reported reasons potential donors did not donate. We collected both quantitative (checklist item
selection) and qualitative (free-text) questionnaire data to gain a greater understanding than that
provided by one data type [23]. We collected data on whether participants asked potential donors to
donate, whether any offered, and whether any started donor assessment. We collected data from both
LDKT and DDKT recipients—LDKT recipients may have had other potential donors who volunteered
but did not donate, and we wanted to ensure we captured the reasons for non-donation for all.
We compared the responses of Black, Asian and minority ethnic individuals with White individuals to
identify barriers that might be specific to Black, Asian and minority ethnic populations and therefore
might explain the observed ethnic inequity.
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2.2. Participants

The study was based at 14 hospitals in England and Northern Ireland (Supplementary Study
Sites). We obtained from each hospital an anonymised list of all individuals who received kidney
transplants between 1/4/13 and 31/3/17, stratified by LDKT/DDKT status. Individuals < 18 years at
time of transplantation, or who lacked mental capacity according to the Mental Capacity Act 2005 were
excluded. We calculated the study sample size using a variable not analysed here: the patient activation
variable [24]. The study was designed to detect a 7-point difference in a continuous measure of patient
activation (analysis of this variable not presented here) between LDKT cases and DDKT controls with
90% power, assuming a 5% significance level. The calculation indicated that 170 patients would be
needed, and that, therefore, a total of 944 would be needed to allow analyses stratified by Index of
Multiple Deprivation rank quintile and allow for 10% missing data. This sample size allows for the
detection of a far smaller difference (0.16 Standard Deviation) for a dichotomous exposure or between
6–8% for a categorical outcome [24]. We performed stratified random sampling to select, on average,
110 LDKTs and 110 DDKTs from each site, weighted by the number of transplants performed at each
study site. Sex and 5-year age group strata matched sampling was used to try to ensure a similar
sample distribution by age and sex.

Between October 2017-November 2018, collaborators at study sites mailed paper questionnaires
to participants. Questionnaires were accompanied by an invitation letter, a return postage-paid
envelope, and a patient information sheet. A website-address was provided for participants who
preferred to complete the questionnaire online. Non-responders were sent a second questionnaire after
4–6 weeks. We extracted anonymised data from returned paper questionnaires at the University of
Bristol, and uploaded these onto a secure REDCap database [25].

2.3. Questionnaire Content

We have previously reported the development of the questionnaire alongside the findings of
a single centre pilot study [24]. Participants were asked to indicate the number of living relatives
≥18 years from a list (spouse/partner, parents, sisters/brothers, children, aunts/uncles, first cousins)
as a proxy for their potential living-donor pool. Friends and colleagues were not included, as they
contribute very small numbers to the donor pool: between 2006–2017 only 8% of UK living donors
were in this category (unpublished data provided by NHS Blood and Transplant to co-author P.B).
We asked participants how many relatives had (i) offered to donate, (ii) been asked to donate by the
respondent, and (iii) started donor assessment. Participants were asked for the reasons why any
of the listed relatives could not donate; individuals were asked to tick all options that applied and
were allowed to select multiple reasons from the following list, derived from previous qualitative
research into barriers to donation [26]: Age—too old or too young to donate; Health—not healthy
enough to donate; Weight—too over or underweight to donate; Location—they live too far away to be
able to donate; Financial/Cost—the financial impact of donation would be too much; Job—not able
to take the time off work to donate; Blood group—not the right blood group to donate; No-one to
care for them after donation. A box entitled “Other—please give details” was provided for free-text
entries. Individuals who the respondent considered suitable for donation but who did not donate
because another person did were not considered as “not able” to donate. The responses indicated the
patient-reported, and therefore the patient-identified, reasons for non-donation.

2.4. Main Exposure and Other Demographics

We collected data on self-reported ethnicity, religion, age, sex, and marital status. Participants could
select “Would rather not answer” for all demographic questions. Participants indicated their ethnicity
according to the UK’s Office for National Statistics (ONS) 2011 census categories [27]: White; Asian/Asian
British (Indian, Pakistani, Bangladeshi, Chinese); Black/African/Caribbean/Black British; Mixed/Multiple
(White and Black Caribbean, White and Black African, Any other Mixed/Multiple ethnic background);
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Other (Arab, Any other ethnic group). For the religion variable, participants were asked to select one
option from the following: No religion; Christian; Muslim; Jewish; Hindu; Sikh; Buddhist; Other. Age was
a categorical variable in 10-year age groups.

2.5. Statistical Analysis

We used descriptive statistics to summarise the characteristics of transplant recipients and
their reported reasons for non-donation from family members. Black, Asian and minority
ethnic group participants comprised “Asian/Asian-British”, “Black/African/Caribbean/Black British”,
“Mixed/Multiple ethnic groups”, and “Other Ethnic group”. We derived a binary variable of Black,
Asian and minority ethnicity (code = 1) versus White ethnicity (code = 0) as our primary exposure.
The Chi2 test was used to compare the characteristics of White and Black, Asian and minority ethnic
group participants, and the reasons given for non-donation. We used multivariable logistic regression
to describe the association between the reporting of each reason for non-donation with respondent
self-reported ethnicity. We used two models: (i) unadjusted and (ii) adjusted for potential confounders.
We specified, a priori, potential confounders including sex and age. We considered socioeconomic
position as a mediator on the causal pathway between ethnicity and living donation, rather than
a potential confounder: we did not adjust for it in our model as this would result in potential
over-adjustment and attenuation of the effect of ethnicity. We used robust standard errors to account
for clustering within kidney centres. We tested for interactions between ethnicity and age and sex.
We identified missing data and described patterns of missingness. We performed both a complete case
analysis and a sensitivity analysis using multiple imputation using chained equations to derive 40
imputed datasets per group, for the exposure variable and potential confounders and then combined
using Rubin’s rules. All statistical analyses were undertaken using Stata 15 [28].

2.6. Qualitative Analysis

Individuals were able to provide free-text qualitative data responses to the question “Thinking
about those people you think could not donate a kidney to you, what are the reasons for this?”.
All free-text responses from Black, Asian and minority ethnic group respondents were analysed, so no
sampling was required. The written free-text responses were typed onto the REDCap database [25].
Free-text responses and participant demographics were then downloaded from REDCap onto an Excel
spreadsheet file. NVivo qualitative software was used to facilitate analysis. Data were analysed using
inductive thematic analysis [29], as described by Braun and Clarke [30]. After familiarization with the
data, sections of text within the responses were coded by assigning descriptive labels. Codes were
collated on the basis of shared properties to create initial potential themes, which were then refined.
Themes were revisited and finalised during the preparation of the report for publication. Coding and
thematic analysis were undertaken independently by both K.W. and P.B. Coding discrepancies were
resolved by discussion to enhance rigour and reliability. All themes were reported using a minimum of
three illustrative quotes. After completing analysis for Black, Asian and minority group respondents
(n = 56), a matching number of White participants (n = 56) were purposively sampled aiming
for diversity in terms of age, sex and socioeconomic status, and qualitative responses analysed
for comparison.

The Strengthening The Reporting of OBservational studies in Epidemiology (STROBE) and
COnsolidated criteria for REporting Qualitative studies (COREQ) guidelines were used to prepare the
manuscript [31,32].

2.7. Ethical Approval and Consent

We received NHS Research Ethics Committee (REC) (REC reference 17/LO/1602) and Health
Research Authority (HRA) approval. A consent form formed the first page of the questionnaire.
The study was funded by a Kidney Research UK Project Grant (RP_028_20170302). The clinical and
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research activities being reported are consistent with the Principles of the Declaration of Istanbul as
outlined in the “Declaration of Istanbul on Organ Trafficking and Transplant Tourism”.

3. Results

3.1. Quantitative Findings

A total of 1240 questionnaires were returned from 3103 patients (40% response). The characteristics
of all respondents are described in Table 1. LDKT recipients were more likely to respond than DDKT
recipients and women were more likely to respond than men (Table S1). Study participants appeared to
be generally similar to the National population of DDKT and LDKT recipients though the study sample
had fewer Black, Asian and minority ethnic group participants (largest difference 9% for DDKT) (Table
S2). Overall, the proportion of missing data was small (<10% for all demographic variables) (Table S3).

Table 1. Participant demographics.

Characteristics
Participants

(n = 1240)
n (%)

Sex
Female 514 (41.5)

Male 705 (56.9)

Missing 21 (1.7)

Type of transplant

Living-donor kidney transplant 672 (54.2)

Deceased-donor kidney transplant 565 (45.6)

Missing 3 (0.2)

Age group (years) a

20–29 74 (6.0)

30–39 137 (11.1)

40–49 209 (16.9)

50–59 331 (26.7)

60–69 299 (24.1)

70–79 150 (12.1)

80–89 6 (0.5)

Missing 34 (2.7)

Self-reported Ethnicity b

White 1027 (82.8)

Asian/Asian-British 79 (6.4)

Black/African/Caribbean/Black British 58 (4.7)

Mixed/Multiple ethnic groups 10 (0.8)

Other Ethnic groups 24 (1.9)

Missing 42 (3.4)

Religion

Christian 717 (57.8)

Hindu 27 (2.2)

Sikh 13 (1.1)

Muslim 21 (1.7)

Jewish 6 (0.5)

No religion 335 (27.0)

Other 38 (3.1)

Missing 74 (6.0)
a No participants aged <20 years. b UK’s Office for National Statistics 2011 census categories.
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White participants were older than Black, Asian and minority ethnic group participants, and a
greater proportion of White participants were LDKT recipients compared to Black, Asian and minority
ethnic group respondents. Black, Asian and minority ethnic group participants were more likely
to report having a religion than White participants: of those with a religion, the majority of Black,
Asian and minority ethnic group participants reported a religion other than Christianity, whereas the
majority of White participants reported being Christian (Table S4). Black, Asian and minority ethnic
group participants reported a larger number of potential donors compared to White respondents
(median number of family members ≥ 18 years: 19 versus 16, Wilcoxon rank-sum test p = 0.02).

Most participants had not asked any of their relatives to donate (n = 848/1181, 71.8%). In total,
81.8% (n = 973/1189) reported that one or more relative had offered to donate, with 85.6% of these
actually starting donor assessment (representing 14.4% attrition).

Participant responses to the question “Thinking about those people you think could not donate a
kidney to you, what are the reasons for this?” differed by ethnicity (Table 2). Black, Asian and minority
ethnic group individuals were more likely than White respondents to indicate that family members
lived too far away to donate (p < 0.001), were prevented from donating by financial concerns (p < 0.001),
were unable to take time offwork (p < 0.001), were not the right blood group (p = 0.002), or had no-one
to care for them after donation (p < 0.001). We found no evidence that the proportion of respondents
who indicated that age (p = 0.96), donor health (p = 0.88), or donor weight (p = 0.36) were reasons for
non-donation differed between White and Black, Asian and minority ethnic group respondents.

Table 2. Participant reported reasons relatives could not donate a kidney to them.

Reported Reason Potential
Donor not Suitable for

Donation

White
n = 1027,

n (%)

Black, Asian and Minority
Ethnic Group n = 171,

n (%)

White vs. Black, Asian and
Minority Ethnic Group

Chi2 p-Value

Age—too old or too young
to donate 562 (54.8) 94 (55.0) 0.96

Health—not healthy enough
to donate 648 (63.2) 109 (63.7) 0.88

Weight—too over or
underweight to donate 152 (14.8) 30 (17.5) 0.36

Location—they live too far away
to be able to donate 188 (18.3) 72 (42.1) <0.001

Financial/cost—the financial
impact of donation would be

too much
98 (9.6) 40 (23.4) <0.001

Job—not able to take the time off
work to donate 106 (10.3) 29 (17.0) <0.001

Blood group—not the right
blood group to donate 199 (19.4) 51 (29.8) 0.002

No-one to care for them
after donation 63 (6.1) 32 (18.7) <0.001

There was strong evidence that even after adjustment for potential confounders of sex and age,
Black, Asian and minority ethnic group individuals were more likely than White respondents to
indicate that family members lived too far away to donate (adjusted odds ratio (aOR) 3.25 (95%
Confidence Interval (CI) 2.30–4.58)), were prevented from donating by financial concerns (aOR 2.95
(95% CI 2.02–4.29)), were unable to take time off work (aOR 1.88 (95% CI 1.18–3.02)), were not the
right blood group (aOR 1.65 (95% CI 1.35–2.01)), or had no-one to care for them after donation (aOR
3.73 (95% CI 2.60–5.35)) (Table 3). The associations did not differ substantially between the complete
cases analysis and the analyses with missing variables imputed (Table S5). In total, 11 individuals
who had not selected the “Health – not healthy enough to donate” response indicated in the free-text
that potential donors had or might develop the same kidney disease as them. In a sensitivity analysis,
when these individuals were recoded as selecting “Health” as a reason for non-donation, there was no
change in the direction or the size of associations observed in Table 3.
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Table 3. Multivariable logistic regression analysis comparing reasons potential donor unsuitability
between White and Black, Asian and minority ethnic participants a.

Reported Reason Potential Donor Not
Suitable for Donation

Black, Asian and Minority
Ethnicities vs. White Unadjusted

Odds Ratio (OR) [95%
Confidence Interval (CI)]

Black, Asian and Minority
Ethnicities vs. White Adjusted

for Sex and Age
OR [95% CI]

Age—too old or too young 1.00 [0.75–1.34] 0.98 [0.73–1.32]

Health—not healthy enough 1.02 [0.78–1.34] 0.96 [0.71–1.31]

Weight—too over or underweight 1.22 [0.84–1.77] 1.13 [0.78–1.65]

Location—live too far away 3.23 [2.23–4.68] 3.25 [2.30–4.58]

Financial/cost—financial impact of
donation would be too much 2.89 [2.07–4.03] 2.95 [2.02–4.29]

Job—not able to take time offwork 1.77 [1.15–2.71] 1.88 [1.18–3.02]

Blood group—not the right blood group 1.76 [1.43–2.17] 1.65 [1.35–2.01]

No-one to care for them after donation 3.51 [2.47–4.99] 3.73 [2.60–5.35]
a Complete case analysis.

There was a modest suggestion of interaction between sex and ethnicity (likelihood ratio test
p = 0.03) in the reporting of “no-one to care for them after donation” as a reason for non-donation
(Supplementary Interactions) so the increased risk seen for Black, Asian and minority ethnic group
was only seen in men.

3.2. Qualitative Findings

In total, 56 Black, Asian and minority ethnicity individuals provided free-text reasons for potential
donor unsuitability: respondent characteristics are presented in Table S6. Four overall themes were
identified (Table 4): (i) Burden of disease within the family, (ii) Differing religious interpretations,
(iii) Specific geographical concerns, and (iv) A Culture of Silence.

Table 4. UK Black, Asian and minority ethnic participant qualitative analysis themes and
illustrative quotes.

Theme Representative Quote

Burden of disease within family

“Very healthy but slight amount of protein in urine so not able to donate.” (Male,
50–59 years, Asian, Hindu, Living-donor kidney transplant (LDKT)

“They all have slight renal problem” (Female, 50–59 years, Black, Deceased-donor
kidney transplant (DDKT)

“Hereditary illness in the family” (Male, 50–59 years, Asian, DDKT)
“Mother and 2 sibling have same condition as mine (1 sister & 1 brother).” (Male,

30–38 years, Black, Christian, DDKT)

Differing religious interpretations

“Their religion/faith forbids them to donate 1. thought they were Christians like me.
2. our culture forbids them to donate . . . 3. some forbid blood transfusion and the

unbelievable reasons for that.” (Female, 60–69 years, Black, LDKT)
“Superstition/religion (distorted beliefs). Myth.” (Female, 50–59 years, Black,

Christian, DDKT)
“Their religion would not allow them to donate a kidney.” (Female, 40–49 years,

Black, Christian, LDKT)
“Religious/cultural . . . ” (Male, 50–59 years, Asian, Hindu, LDKT)

Geographical concerns

“All of my family apart from my spouse live in Ethiopia and other countries and
would not have access to healthcare or the means to come to the UK” (Male, 40–49

years, Black, Muslim, LDKT)
“All my people are in Nigeria, some of them, lack of transport to help them home is

the problem some of them have.” (Male, 70–79 years, Black, Christian, DDKT)
“I had a word with my mum, wife and my son but they couldn’t come to the UK
due to financial and other reasons.” (Male, 40–49 years, Black, Christian, DDKT)

A culture of silence

“I did not ask for a donation so do not have a reason.” (Female, 60–69 years, Asian,
Sikh, DDKT)

“I would not ask my cousins” (Female, 30–39 years, Asian, Muslim, LDKT)
“Other 3 cousins from my mother’s half sister do not have PKD but they would not

offer, they didn’t before, I would certainly not ask.” (Female, 60–69 years, Other
ethnic group, No religion, LDKT)

“Are unaware of my current condition.” (Male, 20–29 years, Asian, Hindu, LDKT)
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3.2.1. Burden of Disease within the Family

A large number of Black, Asian and minority ethnic group respondents stated that potential
donors were unable to donate due to presumed or perceived ill health. Respondents reported a heavy
burden of both hereditary and non-hereditary kidney disease precluding donation:

“Family history of PKD [polycystic kidney disease]—all siblings, all children and uncles affected.”

(Female|50–59 years|Asian|LDKT)

“Too old and unhealthy. Heart problem, Diabetes, high blood pressure, inheritance.”(Male|60–69
years|Asian|Sikh|DDKT)

Participants also reported that health problems were identified during donor assessment that
prevented donation:

“There were genetic issues that were contra-indications such as a cause of cancer which was discovered
during screening . . . ” (Male|20–29 years|Asian|Muslim|DDKT)

3.2.2. Differing Religious Interpretations

Several participants reported that a relative’s religion or faith had prevented them from donating:

“Their religion would not allow them to donate a kidney.” (Female|40–49 years|Black|Christian|
LDKT)

However, most participants considered the beliefs as unorthodox, describing what they perceived
as a distortion of a religious belief:

“Superstition/religion (distorted beliefs). Myth.” (Female|60–69 years|Black|LDKT)

and a discordance between the participants’ and their relatives’ interpretations of their faith:

“Their religion/faith forbids them to donate . . . thought they were Christians like me.”(Female|60–69
years|Black|LDKT)

No participants who reported religion as a barrier to donation for their relatives reported that
they shared their relatives’ beliefs. All but one of the respondents who reported religion as a reason for
non-donation self-identified as Christian and was Black/African/Caribbean/Black British.

3.2.3. Geographical Concerns

Several participants reported relatives being unable to donate due to geographical separation.
However, it was not the distance alone that was considered a barrier to donation for some:

“While some are abroad they were willing to travel.” (Male|60–69 years|Black|Christian|LDKT)

Rather, participants reported difficulties with immigration rules:

“Immigration rules can be problematic too.” (Male|40–49 years|Black|Muslim|LDKT)

prohibitive financial concerns:

“My blood relatives live outside the UK. The financial cost has been a major issue.”(Male|50–59
years|Other ethnic group|DDKT)

and concerns about the quality of post-donation healthcare in their potential donor’s country of
residence:

“I come from Papua New Guinea and health services are poor. People are afraid of death during and
after donating of their kidneys. After operations the care given is not very good and people end up
dying. We lost two relatives from sepsis.” (Female|50–59 years| Other ethnic group|Christian|LDKT)
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3.2.4. A culture of Silence

Several participants described a “culture of silence” around their illness, reporting that their
family were not aware they had kidney disease:

“Are unaware of my current condition.” (Male|20–29 years|Asian|Hindu|LDKT)

This was reported as a result of some participants personally not disclosing this information
to relatives:

“ . . . my reluctance to show how ill I was, to soldier on, accept my fate and manage accordingly.”

(Male|50–59 years|Asian|Sikh|LDKT)

As well as other family members controlling the disclosure of information to the wider family:

“The majority of my extended family do not ‘officially’ know that I am unwell/having dialysis or had a
transplant as my parents did not want them to know.” (Male|30–39 years|Other ethnic group|Other
religion|DDKT)

A summary model of barriers identified is presented in Figure 1.

Figure 1. A summary model of barriers to living kidney donation as reported by UK Black, Asian and
Minority Ethnic individuals.

3.2.5. Responses from White Participants

Comparing these free-text responses against those from the 56 purposively sampled White
participants (Table S7), only one theme proved common to both White and Black, Asian and minority
ethnic group respondents—”Burden of disease within the family”. Two further themes were identified
amongst White respondents that were not evident in the Black, Asian and minority ethnic group
dataset: (i) Lack of close family relationships—through relationship breakdown or dysfunction and
(ii) Protecting others. These themes and illustrative quotes are presented as Supplementary Material
(Table S7).
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4. Discussion

The majority of respondents indicated that they had not asked potential donors to donate,
suggesting that transplant candidates may make assumptions as to why individuals may or may not be
able to donate. Although 81.8% reported that one or more individuals had offered to donate, 14.4% of
these participants did not have a potential donor that proceeded to donor assessment. Whilst some
of these individuals may have received a DDKT before their potential donor started assessment,
others may have been deemed unsuitable for donation by the transplant candidate. These findings
highlight the importance of understanding patient-identified reasons as to why individuals are deemed
unsuitable as living kidney donors.

Black, Asian and minority ethnic group participants were more likely than White participants to
indicate that family members lived too far away to donate, and to report financial concerns in part
linked to geographical distance. The qualitative data provided insight into these identified barriers,
and as described they would appear to be surmountable. In the UK, NHS England allows potential
donors from overseas to be reimbursed for travel, accommodation and visa costs after the event [33].
However these large “up-front” costs may be prohibitive to potential donors, and previous qualitative
research has shown that many patients are unaware of the reimbursement policy [26]. Clarifying UK
immigration policy and highlighting the reimbursement scheme may help potential Black, Asian and
minority ethnic group recipients access their potential donor pool.

Previous research by the authors has suggested that Black, Asian and minority ethnic group
ethnicity and non-Christian religious affiliation are associated with greater uncertainty in beliefs about
living donation [34]. No respondents in our study reported perceiving a specific religion as forbidding
living donation. This may reflect the success of work by faith leaders to clarify positions on living
donation within the UK, including a new fatwa clarifying Islamic approval of organ donation and
transplantation published in the UK in 2019 [35]. However, the participants’ responses indicated that
some of their potential donors did perceive religion as a barrier to donation. In particular there were
several references to the distortion of religious beliefs being a barrier to donation. This highlights the
need to better understand and consider the beliefs of potential donors who belong to non-mainstream
religions, who may be outside the remit of denominational faith leaders.

A “culture of silence” about illness was an important theme identified in responses from Black,
Asian and minority ethnic group participants. Although not directly comparable to the UK Black,
Asian and minority ethnic group population, qualitative research in African-American LDKT recipients
and donors has suggested that restricting disclosure and maintaining privacy of health status can
protect against feelings of vulnerability [36], help to maintain self-perception and public identity, and is
linked with rejection of the sick role which is sometimes associated with better coping skills in patients
with kidney disease [37]. Potential African-American donors have also reported negative responses
from family and friends regarding donation, and encouraging the recipient not to disclose their health
status may be perceived as a protective act in that context [36]. We found that Black, Asian and minority
ethnic group participants have larger potential donor pools than White participants, but this “culture of
silence” may mean that Black, Asian and minority ethnic group individuals are less able to access their
pool and therefore a LDKT. It may also mean that Black, Asian and minority ethnic group individuals are
less able to access their social network during time of chronic illness: lack of social support and lack of
an informed social network are associated with reduced access to transplantation [26,38–40], and worse
transplant outcomes [41]. Interestingly, in White participants, lack of close relationships was identified
as reason for non-donation, but this was not reported by Black, Asian and minority ethnic group
participants, despite the geographical separation. Strategies to overcome this culture of silence could
include interventions that engage with a patient’s social network, such as the Dutch home-education
model shown to be effective at increasing access to living-donor kidney transplantation for minority
ethnic groups [42]. A focus on the potential benefits to family members from the education session
(detection of undiagnosed kidney disease, how to optimise own health) could be emphasised. The use
of “live donor champions” may also enable discussions to start: in this approach, a friend or family
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member is trained to undertake an advocate role, sharing information on the patient’s behalf with the
patient’s wider social network [43]. Other approaches that may overcome “cultures of silence” include
people with kidney disease, transplant recipients and donors sharing their experiences on an open
web-platform such as healthtalk.org (http://healthtalk.org) and the living donation storytelling project
(https://explorelivingdonation.org/) [44]. However, such approaches need to be formally evaluated
for effectiveness.

Black, Asian and minority ethnic group respondents were more likely to report that potential donors
were not the right blood group. Whether this represents true or perceived incompatibility requires
further investigation. A single-centre study from the USA in 2002 found that more African-American
donors than White donors were prevented from donating due to ABO incompatibility (9.7% vs. 5.6%,
p < 0.01) [45]; however, to our knowledge this has not been examined in the UK. If found to be
true, willingness to participate in the UK Living Kidney Sharing Scheme should be investigated,
and participation encouraged.

This was a large, multicentre study utilising both quantitative and qualitative data.
The questionnaire was evaluated in cognitive interviews prior to use and then piloted. The proportion
of missing data was very small. However, the study has some limitations: (i) There is a risk of
self-selection bias given our response rate, although this is comparable to other postal surveys in the
UK [46,47] and the 47% response to a survey sent to Dutch and Swedish transplant recipients [48].
There is some evidence that Black, Asian and minority ethnic group individuals may have been
under-represented but it is unclear whether the participants in the study would be different in respect
to the reported reasons for non-donation. We suspect, if anything they would be more knowledgeable
and engaged and so some of our results may underestimate the true associations. We did not have
data on the ethnicity of non-responders and so we were unable to ascertain if there was a difference in
response rate between the Black, Asian and minority ethnic group and White populations. (ii) Ethnicity
can be described as a form of collective identity that draws on notions of ancestry, cultural commonality,
geographical origins, and shared physical features. Ethnic identities are social constructs that are
fluid across space and time [49]. In this study, ethnicity was coded using the UK’s ONS 2011 census
categories, but individuals may self-identify with several or none of the ethnic categories used in
government statistics [49]. Any ethnic identify categorisation fails to respect the heterogeneity within
a group due to differing cultures, religions, languages, HLA-types, whether a person was born in
their place of residence or migrated to it, and for migrants, time resident. We analysed all Black,
Asian and minority ethnic group respondents as one group as our sample size prevented analysis
by more specific ethnic groups (e.g., Asian-Indian, Black British, Chinese). Study findings should be
considered an indicator of a signal that requires further detailed investigation. (iii) The questionnaire
was only available in English, as several survey tools had only been validated in English. Findings may
therefore not be applicable to patients who do not read English, who may be from White or Black,
Asian and minority ethnic group groups. (iv) Participants had all received a kidney transplant and
findings may not be generalisable to transplant eligible people active on the transplant waiting list.
Qualitative responses were limited to hand-written free-text entries and were all in English, which may
have restricted participants for whom this was not a first language. In-depth interviews would allow for
further investigation of the issues raised. This study describes patient-reported and patient-identified
reasons potential donors were not considered suitable for kidney donation. Patients are gatekeepers to
the process, making personal judgements as to suitability: both who to approach and whose offers
to accept or decline. However, surveying non-donors about their reasons for non-donation would
provide a different and important perspective, although such a study would be ethically and practically
challenging [50].
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5. Conclusions

We have identified multiple patient-identified barriers to living kidney donation in the UK Black,
Asian and minority ethnic group population, which should be further investigated and addressed to
reduce the ethnic inequity in living-donor kidney transplantation in the UK.
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Characteristics of Black, Asian and minority ethnic group participants providing qualitative responses. Table S7.
Themes and illustrative quotes from thematic analysis of White participant responses.
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Abstract: The PRO-C6 assay, a reflection of collagen type VI synthesis, has been proposed as
a non-invasive early biomarker of kidney fibrosis. We aimed to investigate cross-sectional and
longitudinal associations between plasma and urine PRO-C6 and proven histological changes after
kidney transplantation. The current study is a post-hoc analysis of 94 participants of the MECANO
trial, a 24-month prospective, multicenter, open-label, randomized, controlled trial aimed at comparing
everolimus-based vs. cyclosporine-based immunosuppression. PRO-C6 was measured in plasma
and urine samples collected 6 and 24 months post-transplantation. Fibrosis was evaluated in biopsies
collected at the same time points by Banff interstitial fibrosis/tubular atrophy (IF/TA) scoring and
collagen staining (Picro Sirius Red; PSR); inflammation was evaluated by the tubulo-interstitial
inflammation score (ti-score). Linear regression analyses were performed. Six-month plasma PRO-C6
was cross-sectionally associated with IF/TA score (Std. β = 0.34), and prospectively with 24-month
IF/TA score and ti-score (Std. β = 0.24 and 0.23, respectively) (p < 0.05 for all). No significant
associations were found between urine PRO-C6 and any of the biopsy findings. Fibrotic changes and
urine PRO-C6 behaved differentially over time according to immunosuppressive therapy. These results
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are a first step towards non-invasive fibrosis detection after kidney transplantation by means of
collagen VI synthesis measurement, and further research is required.

Keywords: kidney transplantation; fibrosis; inflammation; extracellular matrix; collagen type VI

1. Introduction

Kidney transplantation is the best available treatment for patients with end-stage kidney
disease [1,2]. In recent times, short-term graft survival has seen great improvement, which unfortunately
has not been paralleled by equivalent improvement in long-term graft survival [3]. An important
threat to long-term graft survival is progressive loss of kidney allograft function related to progressive
fibrosis [4]. Despite its clinical importance, early identification of fibrosis appearance remains a
challenge [5]. Currently, biopsy samples are the gold standard for the detection of established kidney
fibrosis, but this has the evident drawback as a follow-up measurement of requiring an invasive
procedure, which generates discomfort for the patients and can be complicated by bleeding. Other
drawbacks are sampling variability and sampling errors [5,6]. Therefore, great interest exists in finding
non-invasive biomarkers that can detect fibrosis formation, ideally at early stages [4].

Kidney allograft fibrosis reflects a pathological response to injury where the equilibrium between
extracellular matrix formation and degradation is deregulated and progressive deposition of collagens,
among other matrix constituents, takes place [7,8]. Assessment of active collagen formation may identify
kidney transplant recipients (KTRs) at high risk of fibrosis progression and therefore development of
chronic graft failure [9,10]. Among the different collagens, collagen type VI (COL VI) is found in the
kidney and is constantly produced by fibroblasts at relative low levels in the interstitium, the intima
and adventitia layers of the kidney vasculature, as well as in the glomeruli [11–13]. Under normal
conditions, COL VI has an important physiological role in maintaining extracellular matrix (ECM)
structure and function, controlling matrix and cell orientation [14]. However, under pathological
conditions (e.g., chronic kidney disease), its active deposition in the kidneys is massively increased [9,12].
During production of COL VI, the C5 domain at the C-terminal of the α3 chain is released from the
immediate pericellular matrix [15]. The PRO-C6 assay detects the C-terminal end of this domain and is
proposed as a surrogate biomarker for COL VI active formation [9]. Moreover, the cleavage of part of
this domain gives rise to a bioactive molecule, named endotrophin, which is also detected by the PRO-C6
assay [15,16]. Endotrophin has important biological effects, such as attracting macrophages, increasing
transforming growth factor-β (TGFβ) signaling, promoting epithelial–mesenchymal transition, adipose
tissue fibrosis, and metabolic dysfunction [17]. Increased plasma levels of PRO-C6 have previously been
associated with the progression of chronic kidney disease and, specifically in the post-transplantation
setting, with reduced graft function in KTR [4,9,18,19]. Whether associations between PRO-C6 and
decreased graft function indeed correspond to increased fibrotic or inflammatory changes in the
kidneys and whether it could be used as a non-invasive biomarker for fibrosis development in KTR
remain unknown.

In the current study, we aimed to investigate the cross-sectional and longitudinal associations
between PRO-C6 in plasma and urine, and proven histological changes in KTR of the minimization
of maintenance immunosuppression early after kidney transplantation (MECANO) trial, which
is a randomized, controlled, open-label, multicenter trial testing early cyclosporine A (CsA)
elimination. Furthermore, since it is known that CsA nephrotoxicity includes pathological increased
production and decreased degradation of extracellular matrix proteins, including collagen, and TGF-β
up-regulation [20–22], we explored a potential differential role of PRO-C6 as a biomarker of fibrosis
among patients under different immunosuppressive regimens.
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2. Materials and Methods

2.1. Study Design and Population

Between November 2005 and June 2009, 361 de novo KTRs were recruited in three Dutch
transplantation centers to participate in the MECANO trial (trial registration: NTR1615). The study
was conducted according to the Good Clinical Practice guidelines, in accordance with the ethical
principles of the Declaration of Helsinki, and was approved by the Dutch Medical Ethical Board for
medical research (METC 04/154, 1 October 2004) [23,24]. All patients signed written informed consent
forms. This study was a 24-month, prospective, multi-center, open-label, randomized, controlled trial,
aiming at optimizing maintenance immunosuppression and reducing side effects. During the first six
months after enrollment, all patients had a similar quadruple immunosuppressive regimen: induction
with basiliximab, followed by CsA, mycophenolate sodium (MPS), and prednisolone [24]. At month
six, a protocol biopsy was performed. When no histological signs of rejection were seen, patients were
randomized to receive dual immunosuppressive therapy with CsA (n = 89), MPS, or everolimus (EVL)
(n = 96), all in combination with prednisolone. In case of (borderline) rejection patients, were not
randomized. The primary endpoint of the MECANO study was the development of interstitial fibrosis
at the 24-months protocol biopsy.

After enrollment of 39 patients, the MPS-group was prematurely stopped by the Data Safety
Monitoring Board because of an unacceptably high rejection percentage (21%). The trial continued as
a two-group trial, comparing CsA and EVL. The results of the primary outcome of the study were
published in 2016 [23].

2.2. Protocol Kidney Biopsies and Histological Analyses

Protocol biopsies were scheduled at 6 and 24 months after transplantation. At six months, biopsies
were obtained in 99% and 98% of patients in the CsA group and the EVL group, respectively. Of the
available biopsies, 78% and 81% in the CsA group and the EVL group were considered adequate,
respectively. At 24 months, biopsies were obtained in 84% and 79% of patients in the CsA group and
the EVL group, respectively. The prevalence of adequate samples was 81% and 73% in the CsA group
and the EVL group, respectively (p = 0.4, two-tailed). The current study reports the results of the 94
patients (51 in the CsA group and 43 in the EVL group) whose 6-month biopsies met the minimal
adequacy threshold of seven glomeruli and one artery.

Tissues were formalin-fixed and paraffin-embedded and stained with periodic-acid Schiff diastase,
hematoxylin/eosin, and Jones’ methenamine silver. Two independent kidney pathologists (Amsterdam
University Medical Center (UMC) and Leiden UMC, The Netherlands), unaware of any clinical data,
classified the biopsies according to the 2015 update of the Banff classification [25] and assigned a
Banff interstitial fibrosis/tubular atrophy (IF/TA) score. Morphometric analysis of cortical interstitial
fibrosis was centralized at the Amsterdam UMC. Adequate protocol biopsy sections were stained
with Picro Sirius Red (PSR, Aldrich, Munich, Germany), which is used for the detection of collagen
fibers. PSR-stained slides were digitalized using a slide virtual microscope system (Olympus, Tokyo,
Japan) with a 20×magnification objective and saved in Tagged Image File Format (TIFF format). Image
analyses were performed with the ImageJ software package (National Institutes of Health, Bethesda,
MD, USA) where the PSR-stained area was aut omatically assessed by means of a macro. All input
was verified manually. Inflammation was evaluated by the total percentage of inflamed cortical area
(ti-score) as a continuous score [26].

2.3. PRO-C6 Detection

Plasma and urine PRO-C6 concentrations were measured using a competitive enzyme-linked
immunosorbent assay (Nordic Bioscience, Herlev, Denmark) that specifically detects the last 10 amino
acids of the alpha-3 chain of COL VI (3168′KPGVISVMGT3177′) and is validated for both sample
matrices [27]. The assay has a detection limit of 0.15 ng/mL and a 95% confidence interval for inter-
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and intra-assay variability in plasma samples reported as 3.4%–12.4% and 1.1%–5.3%, respectively [19].
For urine samples, the detection limit was the same as plasma, and inter- and intra-assay variability are
reported as 7.9% and 3.2%, respectively [9]. To account for variations in urine concentration, urinary
PRO-C6 was divided by urinary creatinine, measured by the QuantiChrom™ Creatinine Assay Kit
(BioAssay Systems, Hayward, CA, USA), and the PRO-C6/creatinine ratio was used in all analyses.

2.4. Statistical Analyses

Data analyses, computations, and graphs were performed with SPSS 25.0 software (IBM
Corporation, Chicago, IL, USA). To test whether variables were normally distributed, a histogram was
generated for each variable. For descriptive statistics data were presented as mean (standard deviation
(SD)) for normally distributed data, and as median (interquartile range (IQR)) for variables with a
non-normal distribution. Categorical data were expressed as number (percentage).

Differences in plasma and urine PRO-C6 and biopsy changes (IF/TA score, PSR, and ti-score)
among subgroups of KTRs according to their treatment regimen and to their primary kidney disease
were tested by one-way ANOVA for continuous variables with normal distribution, Mann–Whitney U
test for continuous variables with skewed distribution, and X2 test for categorical variables. Linear
regression analyses were performed to study the association of plasma and urine PRO-C6 with biopsy
changes at 6 and 24 months and the delta between the two visits. Furthermore, subgroup analyses
were performed by dividing patients by the immunosuppressive regimen used. We also performed
sensitivity analyses, in which patients who were grouped under “unknown cause” as primary kidney
disease were recoded as if they have been suffering from glomerulonephritis as primary kidney disease.
For all statistical analyses, a 2-sided p < 0.05 was considered significant.

3. Results

3.1. Baseline Characteristics

The characteristics at enrollment and at randomization of a total of 94 patients, 51 in the CsA group
and 43 in the EVL group, are displayed in Tables 1 and 2. At enrollment, in the overall population,
the mean (SD) age was 52 (13) years-old, and most patients were male and Caucasian. The main
cause of end-stage kidney disease in this trial was polycystic kidney disease (24%), followed by
glomerulonephritis (17%) and hypertension (16%). The mean donor age was 50 (13) years old, and the
most frequent type of donors was living unrelated (31%), followed closely by deceased after brain
death (30%). The median antigen mismatch was 3, and the median (IQR) of total time on kidney
replacement therapy was 24 (5–46) months.

At randomization, 6 months after the beginning of the trial, patients had a mean graft function, as
assessed by the estimated glomerular filtration rate (eGFR), of 49 (42–62) mL/min/1.73 m2. Patients had
a mean weight of 79 (14) kg and a mean systolic blood pressure of 144 (20) mmHg. Mean low-density
lipoprotein (LDL) was 3.19 (2.39–3.75) mmol/L, and 59% of patients were statin users. Mean glycated
hemoglobin was 6.08% (1.10), and only two patients had the diagnosis of diabetes mellitus. Fifteen
patients (16%) were active smokers. Concerning subgroup differences, patients in the CsA group
had an apparent higher weight (81 vs. 78 kg), a more frequent use of statins (63% vs. 54%), and a
higher percentage were active smokers (20% vs. 12%) when compared to the EVL group. Also, the two
diabetic patients were both in the EVL group. None of these differences was of statistical significance.
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Table 1. Characteristics at enrollment of study population, overall kidney transplant recipients (KTRs),
and randomization groups.

Characteristics at Enrollment Overall
Randomized Group

p Value
CsA EVL

Number of patients, n 94 51 43
Age, years (SD) 52 (13) 51 (13) 54 (12) 0.30

Sex (male), n (%) 64 (68) 33 (65) 31 (72) 0.44
Race (Caucasian), n (%) 83 (88) 47 (92) 36 (84) 0.21

Primary kidney disease, n (%) 0.81
Polycystic kidney disease 24 (26) 13 (26) 11 (26)

Glomerulonephritis 16 (17) 9 (18) 7 (16)
Hypertension 15 (16) 7 (14) 8 (19)

Urologic 8 (9) 3 (6) 5 (12)
Vascular 5 (5) 2 (4) 3 (7)

Focal segmental
glomerulosclerosis 3 (3) 1 (2) 2 (5)

Diabetes mellitus 3 (3) 2 (4) 1 (2)
Unknown cause 16 (17) 11 (22) 5 (12)

Donor type, n (%) 0.81
Living unrelated 29 (31) 15 (29) 14 (33)

Deceased after brain death 28 (30) 15 (29) 13 (30)
Living related 22 (23) 14 (28) 8 (19)

Deceased after cardiac death 14 (15) 7 (14) 7 (16)
Donor age, years (SD) a 50 (13) 51 (13) 49 (12) 0.55

Antigen mismatch, n (IQR) 3 (2–4) 3 (2–3) 3 (2–4) 0.52
TTKRT, months (IQR) 24 (5–46) 18 (6–46) 24 (5–48) 0.53

a Data available in 87 patients. CsA: cyclosporine A; EVL: everolimus; TTKRT: total time on kidney
replacement therapy.

Table 2. Characteristics at randomization of study population, overall KTRs, and randomization groups.

Characteristics at
Randomization Overall

Randomized Group
p Value

CsA EVL

eGFR, mL/min/1.73 m2 49 (42–62) 49 (43–57) 49 (40–67) 0.89
Weight, kg (SD) a 79 (14) 81 (15) 78 (13) 0.24
BMI, kg/m2 (SD) a 26.7 (3.5) 26.0 (3.9) 25.4 (3.1) 0.44
SBP, mmHg (SD) b 144 (20) 144 (20) 145 (21) 0.82
DBP, mmHg (SD) b 84 (12) 84 (11) 83 (12) 0.68
LDL, mmol/L (SD) b 3.19 (2.39–3.75) 3.19 (2.37–3.95) 3.15 (2.40–3.70) 0.84
HDL, mmol/L (SD) b 1.39 (1.20–1.73) 1.30 (1.17–1.71) 1.49 (1.20–1.76) 0.49

Cholesterol, mmol/L (SD) b 5.13 (4.34–6.10) 5.16 (4.26–6.23) 5.08 (4.40–6.07) 0.92
Statins use, n (%) 55 (59) 32 (63) 23 (54) 0.36

Glucose, mmol/L c 5.10 (4.50–5.80) 5.10 (4.70–5.80) 4.90 (4.50–5.90) 0.35
HbA1c, % (SD) c 6.08 (1.10) 6.14 (1.25) 6.01 (0.88) 0.60

Diabetes mellitus, n (%) 2 (2) 0 (0) 2 (5) 0.12
Smoking current, n (%) 15 (16) 10 (20) 5 (12) 0.29

Data available in a 90, b 92, and c 88 patients. eGFR: estimated glomerular filtration rate; BMI: body mass index; SPB:
systolic blood pressure; DBP: diastolic blood pressure; LDL: low-density lipoprotein; HDL: high-density lipoprotein;
HbA1c: glycated hemoglobin.

3.2. PRO-C6 and Biopsy-Proven Histological Changes over Follow-Up

Mean (SD) plasma PRO-C6 at 6 and 24 months was 9.5 (3.4) and 9.4 (4.3) ng/mL, respectively,
without significant differences between the two groups. As for urine, median (IQR) PRO-C6 at 6 and 24
months after correction by creatinine was 6.7 (4.8–12.4) and 5.9 (3.4–21.5) ng/mg, respectively. Plasma
and urine PRO-C6 did not correlate at either 6 or 24 months (Spearman’s ρ 0.226, p = 0.09; Spearman’s
ρ 0.311, p = 0.11; respectively). No difference in urine PRO-C6 between the two study groups was
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present at 6 months, but at 24 months mean urine PRO-C6 was significantly higher in the EVL group
compared to the CsA group (7.5 vs. 4.5 ng/mg; p = 0.02). Delta plasma PRO-C6 was positive in both
subgroups and was not significantly different. As for delta urine PRO-C6, it was positive in the EVL
group and negative in the CsA group; this difference was statistically significant (0.9 vs. −1.4 ng/mg;
p = 0.01). (Table 3).

Table 3. Biomarkers and histological characteristics during follow-up of overall KTRs and
randomization groups.

Biomarkers and Histological
Characteristics Overall

Randomized Group
p

CsA EVL

Biomarkers

6 Months
Plasma

PRO-C6 (ng/mL) a 9.5 (3.4) 9.5 (3.1) 9.4 (3.9) 0.93
Creatinine, μmol/L (SD) 130 (33) 130 (31) 130 (35) 0.96

Urine
PRO-C6 (ng/mg creat) b 6.7 (4.8–12.4) 6.6 (4.9–12.9) 6.8 (3.8–12.8) 0.70

24 Months
Plasma

PRO-C6 (ng/mL) c 9.4 (4.3) 9.6 (4.5) 9.1(4.3) 0.72
Creatinine, μmol/L (SD) 143 (49) 149 (46) 136 (53) 0.22

Urine
PRO-C6 (ng/mg creat) b 5.9 (3.4–21.5) 4.5 (3.2–10.2) 7.5 (4.6–40.7) 0.02

Delta24-6

Plasma
PRO-C6 (ng/mL) c 0.3 (3.9) 0.6 (3.1) 0.01 (4.6) 0.67

Urine
PRO-C6 (ng/mg creat) b −0.5 (−2.6–4.8) −1.4 (−3.6–0.27) 0.9 (−2.2–23.9) 0.01

Histological analyses

6 Months
IF/TA-score 1 (0–1) 1 (0–1) 1 (1–2) 0.56

PSR, % 13.3 (6.0) 13.0 (6.1) 13.6 (6.0) 0.65
ti-score, % 10.0 (5.0–15.8) 10.0 (5.0–10.0) 10.0 (5.0–20.0) 0.38

24 Months
IF/TA-score 1 (1–2) 1 (0–1) 1 (1–2) 0.36

PSR, % 17.3 (10.6) 19.7 (11.7) 14.5 (8.5) 0.02
ti-score, % 20.0 (10.0–41.3) 20.0 (10.0–50.0) 15.0 (10.0–30.0) 0.16

Delta24-6

IF/TA-score 0.5 (0–1) 1 (0–1) 0 (0–1) 0.23
PSR, % 4.0 (11.4) 6.7 (13.1) 0.9 (7.9) 0.01

ti-score, % 10 (0–30) 10 (0–45) 5 (0–20) 0.09

Data available in a 73, b 62, c 36 patients. CsA: cyclosporine group; EVL: everolimus group; PRO-C6: released
pro-peptide of collagen type VI (endotrophin); IF/TA: interstitial fibrosis/tubular atrophy; PSR: Picro Sirius Red;
ti-score: total inflammation score.

Histological analyses at 6 months showed a median IF/TA score of 1 (0–1) points and a mean PSR
staining percentage of 13.3% (6.0), with no significant differences between patients in the CsA and
EVL groups. Inflammation, as evaluated by the ti-score, was also not significantly different between
the two groups. At 24 months, the overall population showed a higher IF/TA score, PSR percentage,
and ti-score when compared to the previous biopsy. At this time point, the PSR staining percentage
was higher in the CsA group compared to the EVL group (19.7% vs. 14.5%; p = 0.02); no significant
difference was present in the other histological parameters (Table 3).

330



J. Clin. Med. 2020, 9, 3216

When patients were stratified by their primary kidney disease, no significant differences were found
in the plasma and urine concentrations of PRO-C6 at any time point during follow-up. No significant
difference was found either in fibrosis (IF/TA and PRO-C6) or inflammation (ti-score) at 6 and 24
months (Table S1). Also, no significant differences were found in sensitivity analyses in which all KTRs
with unknown cause of primary kidney disease were considered as patients with glomerulonephritis
as primary kidney disease (Table S2).

3.3. Association between PRO-C6 and Biopsy Changes

Plasma PRO-C6 at 6 months post transplantation was significantly associated with 6-month and
24-month IF/TA scores (Std. β = 0.34 and 0.24, respectively; both p < 0.05). A prospective association
was also present for 6-month plasma PRO-C6 with 24-month biopsy proven inflammation (ti-score)
and the delta inflammation between the two biopsies (Std. β = 0.23 and 0.22, respectively; both
p < 0.05). No association was found between 6-month plasma PRO-C6 and 6- or 24-month PSR.
Also, no cross-sectional association was found between 24-month plasma PRO-C6 and histological
evidence of fibrosis or inflammation. Urine PRO-C6 at 6 months only showed a prospective and
inverse association with 24-month PSR (Std. β = −0.30; p < 0.05), and there were no cross-sectional
associations at 24 months. Delta plasma and urine PRO-C6 did not correlate with either histological
evidence of fibrosis or inflammation (Table 4).

Table 4. Association of histological analyses with plasma and urine PRO-C6.

Histological
Analyses

6-Months PRO-C6 24-Months PRO-C6 Delta24-6 PRO-C6

Plasma,
ng/mL

Urine,
ng/mg

Plasma,
ng/mL

Urine,
ng/mg

Plasma,
ng/mL

Urine,
ng/mg

Std. β Std. β Std. β Std. β Std. β Std. β

6 Months
IF/TA 0.34 ** 0.20
PSR 0.11 −0.18

ti-score 0.04 0.08

24 Months
IF/TA 0.24 * 0.06 0.08 0.13 −0.04 0.02
PSR 0.01 −0.30 * 0.06 −0.24 −0.01 0.04

ti-score 0.23 * 0.23 0.16 0.09 0.05 −0.03

Delta24-6

IF/TA −0.03 −0.08 −0.20 −0.07 −0.16 0.01
PSR −0.06 −0.17 −0.009 −0.19 0.04 −0.04

ti-score 0.22 * 0.20 0.11 −0.02 0.01 −0.02

* p value < 0.05; ** p value < 0.01. Linear regression analyses were performed. Std. β coefficients represent the
difference (in standard deviations) in each biomarker per 1 standard deviation increment in each individual biopsy
score. PRO-C6: pro-peptide of collagen VI (endotrophin); Std. β: standardized beta coefficient; IF/TA: interstitial
fibrosis/tubular atrophy; PSR: Picro Sirius Red; ti-score: total inflammation score.

When patients were divided by randomization group, no significant associations were found
between 24-month plasma PRO-C6 and histological changes. Urine PRO-C6 was significantly and
inversely associated with the delta of IF/TA score in patients among the CsA group, and no other
significant association was found. Delta plasma and urine PRO-C6 were not significantly associated
with any histological changes (Table 5).
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Table 5. Association of histological analyses with plasma and urine PRO-C6 among CsA and
EVL groups.

Histological
Analyses

24 Months Delta24-6

Plasma PRO-C6,
ng/mL

Urine PRO-C6,
ng/mg

Plasma PRO-C6,
ng/mL

Urine PRO-C6,
ng/mg

CsA EVL CsA EVL CsA EVL CsA EVL

Std. β Std. β Std. β Std. β Std. β Std. β Std. β Std. β

24 Months
IF/TA −0.11 0.32 −0.25 0.30 −0.31 0.16 0.13 −0.11
PSR −0.07 0.18 −0.09 −0.31 −0.47 0.25 0.12 −0.11

ti-score −0.07 0.40 0.18 0.14 −0.37 0.32 0.08 −0.07

Delta24-6

IF/TA −0.30 −0.07 −0.43 * 0.07 −0.40 −0.01 0.12 −0.003
PSR 0.001 −0.06 −0.10 −0.27 −0.28 0.25 0.03 −0.18

ti-score −0.08 0.33 0.07 0.05 −0.35 0.25 0.09 0.04

* p value < 0.05. Linear regression analyses were performed. Std. β coefficients represent the difference (in
standard deviations) in each biomarker per 1 standard deviation increment in each individual biopsy score.
PRO-C6: pro-peptide of collagen type VI (endotrophin); CsA: cyclosporine group; EVL: everolimus group; Std.
β: standardized beta coefficient; IF/TA: interstitial fibrosis/tubular atrophy; PSR: Picro Sirius Red; ti-score: total
inflammation score.

4. Discussion

This study shows, in a homogeneous well-characterized cohort of KTRs who were participants of
the MECANO clinical trial, that 6-month post-transplant plasma concentration of PRO-C6 associates
with graft biopsy-proven fibrotic and inflammatory changes, both cross-sectionally (IF/TA score) and
longitudinally (IF/TA score and ti-score). Further, we show that these same associations are not found
with 6-month urine PRO-C6, and that at 24 months, no cross-sectional association was present between
fibrotic changes and either urine or plasma PRO-C6. Subgroup analyses comparing patients under
CsA vs. EVL immunosuppressive therapy showed higher urinary concentration of PRO-C6 in the EVL
group compared to the CsA groups during follow-up, despite lower fibrosis scorings.

The progression of kidney diseases is characterized by the appearance of progressive fibrosis, which
reflects a pathological disequilibrium between the synthesis and degradation of ECM constituents,
including collagens, within scarred kidneys [8,28]. COL VI is an ECM molecule distributed in the
kidney interstitium, vasculature, and in the glomeruli, which is constantly produced by fibroblasts
at relative low levels [12,13]. Under healthy conditions, it has an important physiological role in
maintaining structure and function of the ECM by controlling organization and cell orientation [14].
However, its markedly increased synthesis and deposition has been reported under a wide spectrum
of kidney pathologies [29,30].

COL VI biosynthesis and assembly involves a complex multi-step pathway [14,31]. During active
deposition in the ECM, a pro-peptide in the α3 chain of COL VI is released; in turn, this gives rise to the
bioactive molecule endotrophin [15,27], which is known to have a role in shaping a pro-inflammatory
and pro-fibrotic microenvironment by, amongst other processes, triggering an increase in cytokines
such as TGFβ [16]. The PRO-C6 assay measures both the release of endotrophin and of the pro-peptide,
reflecting newly formed molecules of mature COL VI [9,27]. In the post-transplantation setting, the
assessment of active collagen formation has been proposed as a way of early identifying KTRs that
are at high risk of fibrosis progression [9,10], and since allograft function loss is closely related to the
appearance and progression of interstitial fibrosis and tubular atrophy [10,32,33], it could identify also
KTRs at future risk of developing chronic graft failure [9,10].

Clinically, increased deposition of COL VI has been reported in multiple scenarios of chronic
kidney disease [28,31], and specifically in the post-transplantation setting, a strong association was
found between increased plasma concentration of PRO-C6 and a decrease in graft function over time [4].
In agreement with this evidence, we found a positive prospective association between 6-month
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PRO-C6 concentration and biopsy evidence of increased graft fibrosis (IF/TA). However, no associations
were found with PSR staining. Following the evidence that patients receiving CsA are at risk of
developing nephrotoxicity, which is also a condition with unregulated ECM deposition and TGF-β
upregulation [20–22,34], we performed exploratory analysis by subgroups of immunosuppressive
therapy. When dividing the population into subgroups, we found that patients in the CsA group had
higher PSR% at 24 months, but urine PRO-C6 was higher in the EVL group.

This analysis shows that PRO-C6 measurement, as reflection of collagen VI synthesis, is associated
with, but not identical to, quantification of fibrosis in transplanted kidneys, especially not under
different treatment conditions. The next considerations should be taken into account: first, by
measuring plasma or urine PRO-C6, the cells/tissues where the existing collagen VI synthesis takes
place cannot be identified and might be (partially) different from the transplanted kidney. Second,
PRO-C6, by definition, only measures a collagen split product of the alpha3 chain of collagen VI [15,27],
whereas PSR staining is the resultant of all collagen deposits. As we know, there are >20 different types
of collagens, all of which can be stained by PSR [35]. So, changes in PSR staining do not necessarily
correspond with changes in COL VI synthesis. Third, the PRO-C6 assay measures a split product of
collagen VI that is cleaved off after cellular synthesis and thus reflects synthesis of collagen VI. Collagen
deposition in a tissue, however, is the resultant of collagen synthesis and collagen degradation (mainly
by metalloproteinases). So, the PRO-C6 assay shows one side of the coin (synthesis), whereas the other
side of the coin (degradation) is not measured. We anticipate that various treatment regimens might
not only influence collagen VI synthesis but collagen VI degradation as well. Next, since we did not
perform immunofluorescent studies, we cannot assure that there was recurrence or enhanced interstitial
inflammation; however, when stratified analyses by primary kidney disease were performed, there was
no significant difference in biomarkers or histological evidence of inflammation. Also, the possibility
that incidence of glomerulonephritis was underestimated due to low use of immunofluorescence in the
evaluation of biopsy materials in the regular clinical setting in which the current study was performed,
and the possibility that such potential underestimation may have biased our results, is a limitation
of our study. Although we performed sensitivity analyses in which we found no indication of the
presence of such bias, it can, of course, not be excluded. Future studies are warranted to confirm our
findings, and it would be relevant to apply immunofluorescence in such studies in order to maximize
the accuracy of estimation of glomerulonephritis recurrence. It would also be interesting if future
studies would compare the pre- and post-transplantation behavior of PRO-C6. Furthermore, patients
receiving CsA had a more marked decline in eGFR compared to the EVL group, as was shown in the
main outcomes of the MECANO publication [23]. This might have influenced both plasma and urine
PRO-C6 values and differences between both treatment arms. Finally, we do not have information on
eGFR at inclusion, therefore the eGFR changes before randomization could not be evaluated, and this
prevents us from exploring the causes underlying early fibrotic lesions.

The present study has several strengths. Being a randomized clinical trial, we have a very
homogenous population regarding time since transplantation and initial immunosuppressive regimen.
Also, we studied PRO-C6 against the current gold standard for fibrosis detection, which is kidney
biopsy [5,6], taken at the same time point as the biomarkers, allowing both cross-sectional and
longitudinal analyses. Several limitations must also be considered. Most of our patients are from
a European background, and care should be taken when extrapolating our findings to other ethnic
groups. Also, especially at 24 months, we had a reduced number of available samples and a longer
follow-up would have allowed us to further explore the prospective behavior of PRO-C6.

In conclusion, 6-month post-transplantation plasma concentration PRO-C6 has a good longitudinal
association with graft biopsy-proven IFTA scores, which could make it potentially useful as a follow-up
tool. On the other hand, urine PRO-C6 did not associate with fibrotic parameters measured at time
of biopsy or in future protocol biopsies. Additionally, we showed a differential evolution of PRO-C6
during follow-up dependent on immunosuppressive regimen. For the first time, this study provides
biopsy-controlled data of PRO-C6 as a potential non-invasive biomarker of graft fibrosis in KTRs.
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This is a first step towards non-invasive detection by plasma PRO-C6 of pro-fibrotic ECM turnover
early after transplantation. The potential utility of the implementation of PRO-C6 in clinical follow-up
of KTRs requires further clinical studies.t The detection of causes underlying early kidney fibrosis was
not the scope of the current study, yet we hold a plea for future studies aiming at evaluating whether
primary kidney disease may influence he performance of PRO-C6 as a biomarker in KTRs. Furthermore,
it would be interesting if future studies would also compare the pre- and post-transplantation behavior
of PRO-C6.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/10/3216/s1:
Table S1. Biomarkers and histological characteristics during follow-up on KTRs by primary kidney disease.
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assuming all patients with unknown cause would have had glomerulonephritis as primary kidney disease.
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Abstract: Living kidney donation is the best treatment for end-stage renal disease, however, the best
surgical approach for minimally-invasive donor nephrectomy (DN) is still a matter of debate. This
bi-centric study aimed to retrospectively compare perioperative outcomes and postoperative kidney
function after 257 transperitoneal DNs including 52 robot-assisted (RDN) and 205 laparoscopic
DNs (LDN). As primary outcomes, the intraoperative (operating time, warm ischemia time (WIT),
major complications) and postoperative (length of stay, complications) results were compared.
As secondary outcomes, postoperative kidney and graft function were analyzed including delayed
graft function (DGF) rates, and the impact of the surgical approach was assessed. Overall, the type of
minimally-invasive donor nephrectomy (RDN vs. LDN) did not affect primary outcomes, especially
not operating time and WIT; and major complication and DGF rates were low in both groups.
A history of smoking and preoperative kidney function, but not the surgical approach, were predictive
for postoperative serum creatinine of the donor and recipient. To conclude, RDN and LDN have
equivalent perioperative results in experienced centers. For this reason, not the surgical approach,
but rather the graft- (preoperative kidney function) and patient-specific (history of smoking) aspects
impacted postoperative kidney function.

Keywords: minimally-invasive donor nephrectomy; robot-assisted surgery; laparoscopic surgery;
kidney transplantation; organ donation; living kidney donation

1. Introduction

Living kidney donation is the ultimate treatment for end-stage renal disease (ESRD) [1]. Since the
first successful living kidney donation in 1955 was carried out by Murray et al., many advances in
surgical techniques and immunosuppressive therapy have led to substantial improvements in life
expectancy and quality of life, not only for kidney recipients, but also for kidney donors [2]. In particular,
minimally-invasive approaches for donor nephrectomy (DN) have increased the incidence of living
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kidney donation since the first laparoscopic DN (LDN) in 1995 and the first robot-assisted DN (RDN) in
2000 [3–5]. Unfortunately, higher donation rates have not been able to compensate for higher demand,
which has led to at least 120,000 patients worldwide waiting for a kidney transplant today.

Many variations of minimally-invasive DN techniques have been described so far. Apart from
hand-assisted methods as a bridge to open surgery, DN has also been performed in a
retroperitoneoscopic (hand-assisted) manner [6,7]. In line with shorter flank incisions for open
DN (“minimally invasive” open DN), Gill et al. conducted the first LDN via a LESS approach
(laparoendoscopic single site surgery) in 2008 and inserted all trocars through the umbilicus [8,9].
Others have even tried to perform DN as a NOTES (natural orifice transluminal endoscopic surgery),
and Pietrabissa et al. were the first to report a transvaginal extraction of the kidney after RDN in
2010 [10]. Today, some high-volume centers have performed more than 100 RDNs or LESS single-port
RDNs, and employ specialized robotic single-site platforms [11,12]. However, the robotic approach
still accounts for less than 5% of all minimally-invasive DNs, with increasing incidence compared to
conventional transperitoneal LDN at more than 50% [13].

Irrespective of this magnitude of variations, minimally-invasive approaches for donor nephrectomy
represent the standard of care, and are recommended as “the preferential technique”, according to
the current guidelines for renal transplantation of the European Association of Urology (EAU) [14,15].
Multiple studies have shown that LDN is superior to open DN (ODN) in terms of hospital stay or
postoperative pain, but the operating and warm ischemia time (WIT) are longer [16]. Importantly,
LDN is not inferior in terms of complication rates, short- and long-term graft function. On the other
hand, when comparing LDN with the robotic approach, RDN appears to have even less postoperative
pain and less blood loss, but a longer WIT and operating time [17]. Nonetheless, analyses of cohorts
with big sample sizes are still lacking, and the high variability of minimally-invasive DN renders it
difficult to draw direct conclusions.

With this in mind, we conducted a retrospective bi-centric comparison of transperitoneal LDN
with RDN and included more than 250 interventions. We aimed to compare perioperative outcomes as
well as short- and mid-term kidney function of the donor and recipient up to four years after surgery.
Alongside sub-analyses controlling for inherent learning, regression analyses to predict postoperative
kidney and graft function were performed. All LDNs were conducted at the largest German kidney
transplant program run by a urologic department that has been performing LDNs since 1999. All RDNs
including the very first RDN in Germany in 2007, were performed at a urologic department highly
specialized in robotic surgery [18].

2. Materials and Methods

In total, 257 DNs performed at two tertiary referral centers were retrospectively analyzed. All 205
LDNs were conducted by 11 surgeons with a median caseload of 11 (range 2–43) at a urologic
department specialized in laparoscopic kidney surgery including LDNs. The 52 RDNs were performed
at another urologic department, which is specialized in robotic surgery in general. All RDNs were
conducted by five surgeons with a median caseload of 10 (range 2–29). The interventions were
performed in a transperitoneal fashion between 2007–2020 (RDN) and 2011–2016 (LDN).

At the robotic department, the very first RDN in Germany was conducted [18]. Before 2007,
all donor nephrectomies had been held in an open fashion, so none of the robotic surgeons had prior
expertise in LDN, but in a large variety of other robotic interventions. Thereafter, DN was standardized
to a robot-assisted approach. The other department in this study has been performing LDNs since 1999.
Both departments always conducted DNs in a minimally-invasive fashion during the study period,
unless the donor had a significant amount of prior abdominal surgeries and consequently high risk for
conversion. The corresponding kidney transplantations were held in an open fashion, except for the
last 18 (34.6%) cases at the robotic department. As a part of the EAU-RAKT working group (European
Association of Urology working group for robotic kidney transplantation), the first RAKT in Germany
was performed there in June 2016 [19,20]. From then, all RDNs were followed by RAKTs.
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This entire analysis was conducted in adherence with the correct scientific research work terms
of the Charité Medical University of Berlin and Saarland University including full anonymization of
patient data. All the patients included in the analysis provided written informed consent.

2.1. Surgical Technique

All RDNs were performed using a transperitoneal approach, with either a DaVinci® Si or X
system with four arms. The ports were placed pararectally. For the first RDNs, the graft was removed
in a hand-assisted manner without a specimen bag via a Pfannenstiel incision, and later on via
a periumbilically placed GelPOINT® trocar (Applied Medical, Los Angeles, CA, USA). For LDN,
the approach was purely laparoscopic, without the hand-assisted technique, which has been described
previously [21,22]. In brief, four ports were used, and the kidney was extracted through an enlarged
lateral trocar incision measuring 5 to 6 cm.

2.2. Data Collection and Outcome Measures

For the donor characteristics, age, gender, body mass index (BMI, kg/m2), pre-existing arterial
hypertension, diabetes, and history of smoking were obtained. The graft’s side, scintigraphic
split-renal function (DTPA), and number of arteries and veins served as organ-specific factors. For the
recipient characteristics, age, gender, BMI, implantation side, and individual number of prior kidney
transplantations were obtained.

Intraoperative (operating time, WIT, complications) and postoperative (length of stay, major
postoperative complications based on Clavien–Dindo grade≥3 within 30 days after surgery) results were
analyzed as primary outcomes. The comparison and prediction of postoperative kidney function of the
donor and of the recipient up to four years after transplantation served as secondary outcomes. Delayed
graft function (DGF), defined as dialysis within one week after transplantation or insufficient serum
creatinine decline not below 2 mg/dL, was analyzed as a further kidney-related secondary outcome.

2.3. Statistical Analysis

Primary and secondary outcomes were compared between the LDN and RDN group. To assess
whether perioperative outcome was affected by an inherent learning curve, both groups were split in
half and the outcomes were compared within each group. The first 34 (65.4%) RDNs were followed by
an open transplantation, but the last 18 (34.6%) were followed by a robot-assisted kidney transplantation.
To ensure that RAKT did not affect the perioperative results of RDN, the last 18 RDNs were excluded
in another sub-analysis. The impact of patient-, graft- or surgery-specific factors on postoperative
kidney function of the donor at discharge was assessed by linear regression analysis. To predict
kidney function of the recipient one week after surgery, donor and recipient characteristics, DN,
and transplantation-specific aspects were included in another uni- and multivariate regression analysis.

Categorical variables were reported as frequencies and proportions, and continuous data as the
median and range. Fisher’s exact test and the Mann–Whitney U test were used to compare between
groups. Covariates were included in the multiple regression analysis only if their respective effect
was significant in the univariate analysis. The statistical analysis was performed by SPSS version 25
with Fix pack 2 installed (IBM, Armonk, NY, USA). All tests were two-sided, and p-values < 0.05 were
considered significant.

3. Results

3.1. Overall Results: Primary Outcomes

In the RDN and LDN groups, most kidney donors were female (63–68%), 51–54 years old, and had
a BMI of 25.4–25.9 (see Table 1). Donor characteristics only differed concerning the individual history
of smoking, as there were more smokers in the LDN group (52.7 vs. 9.6%, p < 0.001). Donor organs
were 20% right-sided and had a split-renal function of 50%. The number of organs with multiple
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arteries was no different between RDN and LDN (11.5% vs. 18.5%), but significantly more grafts in the
LDN group had multiple veins (12.7% vs. none, p < 0.01). The groups did not differ regarding recipient
characteristics. Most were male (67–70%), 42–45 years old, and had a BMI of 24.7–25.3. For more than
90% of recipients, it was their first kidney transplantation.

Table 1. Comparison of donor, graft, and recipient characteristics.

RDN (n = 52) LDN (n = 205) p-Value

donor

age (yr) 54 (20; 70) 51 (21; 78) n.s.
male gender 16 (30.8%) 75 (36.6%) n.s.
BMI (kg/m2) 25.4 (17.6; 36.7) 25.9 (17.6; 36.1) n.s.
pre-existing

hypertension 15 (28.8%) 44 (21.5%) n.s.
diabetes 1 (1.9%) 3 (1.5%) n.s.

history of smoking 5 (9.6%) 108 (52.7%) <0.001

graft

right side 11 (21.2%) 45 (22%) n.s.
multiple arteries 6 (11.5%) 38 (18.5%) n.s.
multiple veins 0 26 (12.7%) <0.01
scintigraphic

function 50% (39; 57) 50% (38; 58) n.s.

recipient

age (yr) 42 (18; 66) 45 (6; 76) n.s.
male gender 35 (67.3%) 144 (70.2%) n.s.
BMI (kg/m2) 25.1 (17.6; 37) 24.7 (16.8; 40.8) n.s.

side left 8 (15.4%) 46 (22.4%) n.s.
first transplantation 48 (92.3%) 187 (91.2%) n.s.

Concerning primary outcomes, neither the median operating time (RDN 223.5 vs. LDN 213 min),
WIT (3 vs. 2.45 min), nor intraoperative complication rate (5.7 vs. 2.9%) were significantly different
between groups (see Table 2). One RDN had to be converted to open surgery because of massive
obesity and multiple trocar dislocations. In two other cases, a malfunction of the stapler and a lumbal
vein caused bleeding, which could be managed robotically without the need for blood transfusions.
In the LDN group, in one case, bleeding from a dorsal branch of the renal vein could not be controlled
laparoscopically, leading to a conversion to open surgery. In another LDN case, the renal vein was torn
during kidney removal, but could be reconstructed. Once, the donor’s spleen and the renal parenchyma
were accidentally cut, and a small hole in the descending colon had to be sutured. A previously
undetected obstructed ureteropelvic junction made one pyelovesicostomy necessary for a recipient in
the LDN group.

The median length of stay of five days was no different between the LDN and RDN groups,
nor was the postoperative major complication rate. In the RDN group, one patient had an ileus
that dissolved after gastroscopy. In the LDN group, a bronchoscopy had to be performed because
of dyspnea, and a retention of chylous ascites had to be punctured. In another case, continuous
arterial bleeding from the abdominal internal oblique muscle made electrocoagulation necessary in the
LDN group.

3.2. Learning Curve

When comparing the first half of the RDNs with the second half to analyze for inherent learning
effects, the WIT, intra- and postoperative complication rate, and length of stay remained unchanged
(see Table 3). Operating time significantly increased from 185 to 265 min in the RDN group (p < 0.001).
This difference no longer remained significant when the last 18 RDN cases were excluded; in these
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cases, RDN was followed by robot-assisted kidney transplantation (185 vs. 226 min, n.s.). In the LDN
group, the surgical results remained unchanged over time.

Table 2. Outcomes of 257 donor nephrectomies.

RDN (n = 52) LDN (n = 205) p-Value

Intraoperative

operating time (min) 223.5 (127; 363) 213 (120; 392) n.s.
WIT (min) 3 (0.5; 1) 2.45 (0.4; 5.27) n.s.

complications 3 (5.7%) 6 (2.9%) n.s.
conversions 1 (1.9%) 1 (0.5%) n.s.

postoperative

length of stay (d) 5 (2; 12) 5 (3; 18) n.s.
Clavien–Dindo n.s.

grade 3 1 (1.9%) 1 (0.5%) n.s.
grade 4 - 2 (1%) n.s.
grade 5 - - n.s.

recipient

DGF 6 (11.5%) 13 (6.3%) n.s.

Table 3. Assessment for the inherent learning curves in RDN and LDN by comparing the first with the
second half of cases within each group.

RDN LDN

1st half
(n = 26)

2nd half
(n = 26)

p 1st half
(n = 102)

2nd half
(n = 103)

p

Intraoperative

operating time 185 (148; 284) 265 (127; 363) <0.001 1 213 (135; 392) 216 (120; 363) n.s.
WIT (min) 3 (0.5; 9) 2 (1; 10) n.s. 2.4 (0.4; 5) 2.5 (0.5; 5.2) n.s.

complications 2 (7.7%) 1 (3.8%) n.s. 3 (2.9%) 3 (2.9%) n.s.
conversions 1 (3.8%) - n.s. - 1 (0.9%) n.s.

postoperative

length of stay (d) 5 (3–12) 5 (2–7) n.s. 5 (3; 18) 5 (3; 11) n.s.
Clavien–Dindo 0 (0; 2) 0 (0) n.s. 0 (0; 4) 0 (0; 4) n.s.

grade 3 1 (3.8%) - n.s. 1 (1%) - n.s.
grade 4 - - n.s. 1 (1%) 1 (1%) n.s.
grade 5 - - n.s. - - n.s.

recipient

DGF 4 (15.4%) 2 (7.7%) n.s. 6 (5.9%) 7 (6.8%) n.s.
1 When excluding the last 18 cases, where RDN was followed by robot-assisted kidney transplantation, the difference
was no longer significant (185 vs. 226 min, n.s.).

3.3. Kidney Function of the Donor and Recipient: Secondary Outcomes

The type of surgical approach of DN did not impact the postoperative kidney function either
of the donor or the recipient (see Figure 1). Among the donors, kidney function did not differ
preoperatively or at discharge between groups. For recipients, kidney function significantly improved
after transplantation, irrespective of the type of DN, and stayed stable thereafter.

DGF rates were 6.3 to 11.5% (LDN vs. RDN), and did not significantly differ between groups and
did not change over time (see Tables 2 and 3). In the RDN group, DGF was caused by three (5.7%)
suspected transplant renal artery stenoses, one (1.9%) perirenal hematoma due to double anticoagulation
of the mechanic aortic valve and prolonged serum creatinine decline (no dialysis needed), one (1.9%)
prolonged CIT (cold ischemia time) due to vascular complications during transplantation, and one
(1.9%) insufficient serum creatinine decline without other cause. In the LDN group, DGF resulted from
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seven (3.4%) acute rejections, one (0.5%) lesion of the arterial anastomosis after the Fogarty maneuver,
and one (0.5%) case of donor-related pre-existing vascular damage. One (0.5%) patient needed dialysis
for depletion of potassium only, and in three (1.5%) other cases, the cause for DGF in the LDN group
was unknown.

  
(a) (b) 

Figure 1. Follow-up of kidney function of the donor (a) and graft (b). The kidney function did not
differ between robot-assisted (RDN) and laparoscopic donor nephrectomy (LDN).

In the multivariate regression analysis, only patient-specific factors were found to have an impact
on postoperative kidney function, but not surgical factors (see Table 4). Concerning the kidney function
of the donor at discharge, male patient gender was predictive for worse kidney function (B-value 0.14,
p < 0.001). Furthermore, worse preoperative kidney function was associated with worse postoperative
function (B-value 1.0, p < 0.001). A history of smoking only had an impact on postoperative kidney
function in the univariate analysis. No other (surgical) factors such as approach (LDN vs. RDN),
operating time, intraoperative complications, WIT, kidney side, or number of arteries or veins, had an
impact on the kidney function of the donor at discharge.

Table 4. Multivariable regression analysis to predict the serum creatinine (1) of the donor at discharge
(“donor kidney function”) or (2) of the recipient one week after transplantation (“graft function”).

Variable B-Value p-Value

donor kidney function

gender 0.14 (0.09; 0.19) <0.001
preTX serum creatinine 1.00 (0.82; 1.18) <0.001

surgical approach - n.s.

graft function

smoking donor 0.63 (1.21; 0.05) <0.05
preemptive Tx - n.s.

preTX serum creatinine 0.22 (0.12; 0.31) <0.001
surgical approach - n.s.

A history of donor smoking also had a significant impact on the kidney function of the recipient
in the multivariate regression analysis: a kidney donor with a history of smoking caused worse graft
function one week after transplantation (B-value 0.63, p < 0.05, see Table 4). Again, the preoperative
kidney function of the recipient was predictive for their postoperative graft function (B-value 0.22,
p < 0.001). In the univariate, but not the multivariate analysis, a preemptive kidney transplantation
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predicted better graft function (B-value −0.72, p < 0.05). Again, no surgical factors, either the type of
donor nephrectomy (LDN vs. RDN) or the type of transplantation (open vs. robot-assisted), had an
impact on graft function one week after transplantation.

4. Discussion

In this bi-centric study, a comparison of 257 minimally-invasive donor nephrectomies with 205
laparoscopic and 52 robot-assisted DNs was conducted. Of note, this analysis included the very first
RDN in Germany, and all LDNs were performed at a urologic department where LDNs have been
conducted since 1999 [18].

Concerning the primary outcomes, operating time was no different between RDN and LDN (223.5
vs. 213 min, see Table 1). Most studies describe shorter operating times for LDNs, but report highly
variable results [17]. Mean operating times for RDNs range from 144 to 306 min [23,24], and for LDNs
between 178 and 270 min [25,26], even when only studies with cohorts larger than 100 patients are
included. These differences could result from inherent learning curves: Horgan et al. and Janki et
al. have shown that operating times in RDN shorten with growing expertise [27,28]. Interestingly,
our data do not show an inherent learning effect, either in the RDN or in the LDN cohort. Outcomes
remained unchanged over time (see Table 3). Conversely, operating time became significantly longer
within the second half of the RDNs (185 vs. 265 min, p < 0.001).

This counterintuitive development resulted from the way transplantations were organized, as both
institutions perform DNs and transplantations in different operating rooms simultaneously, but not
sequentially. Two surgical teams work in parallel, but the graft is not removed unless the transplantation
team is ready, to avoid long cold ischemia times. The RDN cohort not only comprised the first RDN,
but also the first robot-assisted kidney transplantation in Germany (procedure #35) [18,20]. Operating
times in the RDN cohort became longer from that point, as the learning curve for RAKTs had not
yet been passed. Naturally, the RDN team started more than 30 min before the transplantation team,
but RAKT proved to be much more challenging and time-consuming. When excluding the last 18
cases, when RDN was followed by RAKT, the operating times of the RDNs did not change over time.
Thus, the obvious lack of a typical learning curve illustrates that for LDNs, the learning curve had
already been passed and for RDNs, significant prior expertise in robotic surgery made it possible to
reach stable results from the start [29].

As with the operating time, WIT was not different between RDNs and LDNs (3 vs. 2.45 min).
In the RDNs, most grafts were extracted via a GelPOINT® trocar (Applied Medical, Los Angeles,
CA, USA), which is an easy and fast, yet expensive method. Wang et al. illustrated significantly
longer WIT for RDNs than LDNs in their meta-analysis, which is an often-stated argument against
RDNs [17,30]. However, it is unlikely that differences of 30 or 60 s in WIT will harm the graft function
in the long-, mid- or even short-term. It has clearly been shown that a WIT longer than 45 min impairs
graft survival in living kidney donation [31]. Fortunately, neither our results nor those from other
studies have documented WIT longer than 15 min for RDNs, keeping in mind that the consecutive CIT
is again followed by another WIT during transplantation.

Intraoperative complication rates were low in both RDNs (5.7%) and LDNs (2.9%), and did not
significantly differ. In line with others, most intraoperative complications were bleedings, whereof
one in the LDN group made a conversion to open surgery necessary, but none in the RDN group [17].
In contrast, a patient with massive obesity had multiple trocar dislocations within the first minutes of
surgery, so the RDN had to be converted to open surgery. Due to a technical defect of the stapler system
for one patient in the RDN group, which made it cut but not staple, locking Hem-o-Lok clips were
predominantly used later on, as described elsewhere [32]. During LDNs, Hem-o-Lok and titanium
clips are used for the renal artery, a stapler for the right vein, and two Hem-o-Lok clips for the left vein.
Not only intraoperative but also postoperative complication rates, according to Clavien–Dindo, were
low and did not differ between LDN and RDN. Therefore, both surgical approaches had equivalent
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complication rates, while LDN has less costs, but RDN appears to be superior in complex situations
such as bleedings.

The kidney donors were discharged five days after DN, irrespective of the type of surgery (see
Table 2). Consequently, the median length of stay was longer than in most other works, ranging from
2–3 days for LDNs and RDNs [11,17,24]. This can be attributed to differences in national health care
systems as (i) the German reimbursement system covers a longer hospital stay and (ii) most donors
wanted to stay longer as inpatients for psychological reasons. In fact, only 15 (5.8%) patients were
discharged two or three days after DN. Early discharge after RDN and LDN is possible from a surgical
point of view, however, it has not been a crucial parameter for our perioperative approach, as long as
neither patient satisfaction nor health care costs are affected.

As a secondary outcome, the impact of the surgical approach on postoperative kidney function
was assessed. Kidney donors had a worse kidney function at discharge, which was comparable
between groups and similar to results found in other studies (RDN 1.1 mg/dL vs. LDN 1.23 mg/dL;
see Figure 1) [28,33]. Correspondingly, the preoperative kidney function, but not the type of surgical
approach for DN, was predictive for the postoperative kidney function of the donor at discharge (see
Table 4). Interestingly, patient gender also had a significant impact on postoperative kidney function.
However, this should not be over-interpreted, as male kidney donors had a worse kidney function
than women, with higher serum creatinine values preoperatively (0.9 vs. 0.72 mg/dL, p < 0.001)
and postoperatively (1.42 vs. 1.1 mg/dL, p < 0.001) in this analysis. For this reason, (male) patient
gender was predictive for (worse) postoperative kidney function; this may not be representative for
other cohorts.

Similarly, Benoit et al. created a model to predict 1-year postoperative renal function of kidney
donors after LDN, which has been externally validated [34,35]. The authors predicted postoperative
eGFR by preoperative eGFR and patient age (postoperative eGFR = 31.71 + (0.5 × preoperative eGFR)
− 0.314 × age at donation). In our model, patient age was not predictive for postoperative kidney
function, potentially because we evaluated the short-term kidney function at discharge and not one
year after DN.

Concerning recipients, the DGF rates of 6.3% (LDN) and 11.5% (RDN) did not significantly differ
between groups. In general, there is a large variety of reported DGF rates in living kidney donation,
ranging from 4 to 10% [36,37]. This not only results from center-specific differences, but also from
inconsistent definitions: DGF can be defined by urine output per day, serum creatinine decline, or the
need for dialysis after transplantation [36]. We applied a considerably broad definition for DGF
(postoperative dialysis within one week after transplantation for any cause or insufficient creatinine
decrease not below 2 mg/dL). DGF rates in the RDN group were 11.5% due to transplantation-related
surgical, mainly vascular causes. One (1.9%) patient with a mechanic aortic valve developed a perirenal
hematoma, causing prolonged creatinine decline without the need for dialysis. In the LDN group, DGF
was mainly caused by acute rejections (3.4%), and also comprised one patient (0.5%) who required
dialysis for potassium depletion only. Consequently, DGF did not result from the type of DN, but
rather transplantation-specific causes.

Regardless, the kidney function of the recipients significantly improved after transplantation, and
did not differ between groups during follow-up (see Figure 1). In the multiple regression analysis,
not only the preoperative kidney function of the recipient, but also a history of donor smoking,
had a significant impact on graft function one week after transplantation (see Table 4). Smoking is a
well-known modifiable risk factor for the development of chronic and end-stage kidney disease [38,39].
A history of donor smoking has a negative impact not only on the survival of the donor, but also of
the recipient [40]. In our cohort, a positive history of donor smoking increased serum creatinine one
week after transplantation by 0.63 mg/dL. This highlights, again, the importance of informing not
only transplant patients, but also potential kidney donors, about the risks of tobacco use, and the
importance of helping patients to stop smoking.
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This analysis is not devoid of limitations. As a bi-centric study, experienced but different surgeons
and different teams conducted the RDNs and LDNs. Patient cohorts did not significantly differ in
terms of characteristics, but were not equally balanced in terms of caseload. Although surgical results
were not affected by inherent learning curves, at least the results in the RDN group were affected by
simultaneous robot-assisted kidney transplantation. This procedural aspect highlights the complexity
of comparing minimally-invasive donor nephrectomies: the surgical part itself is in high demand,
but the high variability of the technical, procedural, and underlying ethical aspects also have to be
taken into account [41].

5. Conclusions

Minimally-invasive surgical techniques have increased the acceptance of living kidney donation,
but its high variability renders head-to-head comparisons of surgical approaches a complex task.
In this bi-centric study, we compared more than 250 cases of 52 transperitoneal robotic DNs with 205
laparoscopic DNs. Operating time and length of stay were no different between groups, but slightly
longer than elsewhere, as DNs and transplantations were conducted simultaneously to reduce CIT,
and most other national health systems do not allow longer inpatient stays. Other perioperative
results (complication rates, WIT) and mid-term kidney function including DGF rates were comparable
with published data, and did not differ between RDN and LDN. This was possible because both
centers already had prior expertise in either LDN itself or robotic surgery in general. For this reason,
patient-specific factors (preoperative kidney function, history of donor smoking) were the more relevant
impacts upon donor and graft function.
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Abstract: Health care systems worldwide have been facing major challenges since the outbreak of
the SARS-CoV-2 pandemic. Kidney transplantation (KT) has been tremendously affected due to
limited personal protective equipment (PPE) and intensive care unit (ICU) capacities. To provide
valid information on risk factors for ICU admission in a high-risk cohort of old kidney recipients from
old donors in the Eurotransplant Senior Program (ESP), we retrospectively conducted a bi-centric
analysis. Overall, 17 (16.2%) patients out of 105 KTs were admitted to the ICU. They had a lower
BMI, and both coronary artery disease (CAD) and hypertensive nephropathy were more frequent.
A risk model combining BMI, CAD and hypertensive nephropathy gained a sensitivity of 94.1% and a
negative predictive value of 97.8%, rendering it a valuable search test, but with low specificity (51.1%).
ICU admission also proved to be an excellent parameter identifying patients at risk for short patient
and graft survivals. Patients admitted to the ICU had shorter patient (1-year 57% vs. 90%) and graft
(5-year 49% vs. 77%) survival. To conclude, potential kidney recipients with a low BMI, CAD and
hypertensive nephropathy should only be transplanted in the ESP in times of SARS-CoV-2 pandemic
if the local health situation can provide sufficient ICU capacities.

Keywords: kidney transplantation; organ donation; deceased donor; Eurotransplant Senior Program;
risk stratification; intensive care

1. Introduction

Health care systems all over the world have been facing major and unprecedented challenges
since the outbreak of Coronavirus Disease 2019 (COVID-19). Extensive restrictions and nation-wide

J. Clin. Med. 2020, 9, 1835; doi:10.3390/jcm9061835 www.mdpi.com/journal/jcm349



J. Clin. Med. 2020, 9, 1835

lockdowns were implemented to contain the spread of the novel coronavirus SARS-CoV-2. Its special
features contributed to its fast and widespread transmission, including (1) being highly contagious,
(2) the possible transmission from asymptomatic individuals and (3) causing mild symptoms in most of
the infected patients [1,2]. Some countries were unexpectedly overwhelmed by a considerable increase
in patients admitted to hospitals in need of intensive care [3]. Meanwhile, a worldwide shortage
of personal protective equipment (PPE) in conjunction with limited bed capacities at intensive care
units (ICU) resulted in suspension of elective surgeries. PPE and ICU beds were urgently needed as
scarce medical resources for the management of COVID-19 cases and for the protection of the medical
staff [4,5]. Another reason for postponing elective surgeries was the fear that patients admitted to
hospital for elective surgery would become vectors for the transmission of a nosocomial infection with
SARS-CoV-2 [3,4].

The outbreak of the pandemic also resulted in restrictions and cancellations in terms of kidney
transplantation (KT) [6–9]. In Italy, a notable decrease in solid organ transplantation and procurement
has already been observed in the first four weeks of the pandemic [10]. Currently, decisions on
prioritizing certain procedures—including KT—are based on expert opinions rather than on evidence,
contributing to different spread-dependent restrictions between regions [7]. In addition, it is unclear
which immunosuppressive induction regimen can be administered safely. Especially, the administration
of thymoglobulins causing long-lasting lymphopenia has been discussed critically, as a low lymphocyte
count has been negatively associated with the disease severity of SARS-CoV-2 infection [1,11,12]. Even
planned immunosuppression in living donation has been questioned [1]. The American Society of
Transplantation and the European Association of Urology currently recommend to defer non-urgent
KTs with living donors, but to perform urgent KTs—depending on the local situation [13,14]. However,
the main aim should be rationing scarce medical resources, especially PPE, ventilators and ICU beds,
while providing the best possible medical care to our patients [4].

The costs and benefits of a kidney transplantation during a pandemic should be counterbalanced [2].
We know that KT is the best treatment option for patients suffering from end-stage kidney disease
(ESKD), with an improved survival rate and quality of life [15]. On the other hand, we lack information
about the risk for admission to ICU after KT. In the context of scarce ICU resources, knowing about risk
factors for ICU admission is crucial. Especially, older patients with comorbidities could have a higher
risk for admission to ICU. The Eurotransplant Senior Program (ESP) is a special kidney transplant
program which was initiated in 1999 to reduce waiting times by allocating kidneys from deceased
donors aged ≥65 years to old recipients aged ≥65 years. Before that date, only 3% of patients aged
65 years or older actually received a KT offer within the Eurotransplant region, because younger
patients with more favorable outcomes were prioritized [16]. In ESP, organ allocation is not based on
immunological compatibility, but on local, regional or national allocation and AB0-compatibility, in
order to reduce cold ischemia time (CIT). For this reason, risk assessment scores such as the Kidney
Donor Risk Index (KDRI) are not integrated into the standard allocation protocols [17]. Double kidney
allocation is not allowed at the beginning of the allocation procedure. Within the regular Eurotransplant
Kidney Allocation System (ETKAS), kidneys can be allocated for donation after brain death (DCB) and,
if allowed by national law, donation after cardiocirculatory death (DCD). Within the first 10 years, ESP
has significantly increased the number of old kidney recipients. Local allocation resulted in shorter
CITs and lower delayed graft function (DGF) rates compared to old kidney recipients in the regular
Eurotransplant Kidney Allocation System (ETKAS) [18,19].

We lately had to decide whether or not to accept an allocated kidney from a 66 year old donor
with a negative SARS-CoV-2 test result, allocated within ESP. The recipient was a 70 year old male
with a solitary kidney who had an underlying hypertensive nephropathy. He had been on dialysis
for 36 months and additionally suffered from coronary artery disease (CAD). This was the first organ
offer within the ESP program at our department since the beginning of the SARS-CoV-2 pandemic.
To provide valid information and thereby help decision-making in times of SARS-CoV-2, we conducted
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the first risk assessment for post-operative ICU stay among patients in the ESP so far. Additionally, the
impact of an ICU admission on further outcome was assessed in this bi-center study.

2. Materials and Methods

In total, 105 KTs in the ESP performed at two tertiary referral centers were retrospectively analyzed.
From 2010 to 2020, 40 (38.1%) and 65 (61.9%) kidneys were locally allocated to two transplant centers.
In accordance with local law, all donors were brain-dead. No double kidney transplantations were
included. All KTs were conducted in an open fashion by experienced transplant surgeons. After KT,
the patients were admitted to an intermediate care unit by default. Only in the case of severe
complications which could not be treated in an intermediate care unit, patients were admitted to
the ICU. All kidney recipients received basiliximab as an induction treatment in combination with
tacrolimus, mycophenolate mofetil and (methyl)prednisolone as the standard immunosuppressive
regimen in both transplant centers.

This entire analysis was conducted in adherence with the correct scientific research work terms of
the Charité Medical University of Berlin and Saarland University. Patients provided written informed
consent and patient data was fully anonymized.

2.1. Data Collection and Outcome Measures

For the recipient characteristics, age, gender, BMI (kg/m2) and relevant health-conditions (arterial
hypertension, CAD, diabetes mellitus, history of smoking) were obtained. The underlying cause
for ESKD, duration and type of dialysis, and number of prior kidney transplantations characterized
recipient’s nephrological history. For the graft characteristics, donor age, number of HLA-mismatches
and cold ischemia time (CIT) were obtained. Regarding KT, operating time, warm ischemia time (WIT)
and intraoperative complications served as surgical outcomes. Admission to ICU, length of ICU stay,
complications based on Clavien Dindo within 30 days after surgery (major complications defined as
≥grade 3a) and length of hospital stay characterized the recipient’s postoperative course. The graft
function was assessed by DGF rates, defined as the need for dialysis within 7 days after transplantation,
and serum creatinine during follow-up. Over 10 years, graft and patient survival were compared.

As the primary outcome, risk factors for ICU admission after KT in ESP were identified. Therefore,
patients with ICU admission were compared with patients without an ICU stay. To assess the
influence of recipient and donor age on ICU admission, age-dependent comparisons were conducted,
considering very old donors ≥75 years (very old-for-old vs. old-for-old) and very old recipients
≥70 years (old-for-very old vs. old-for-old). A multivariate binary logistic regression analysis identified
significant risk predictors for ICU stay, which were used to create a risk model.

As the secondary outcome, the impact of ICU admission on further outcome was assessed. For this
objective, survival and regression analyses identifying factors impacting graft and overall survival
were calculated. Graft survival was always censored for death with functioning graft (DWFG).

2.2. Statistical Analysis

Categorical variables were reported as frequencies and proportions, and continuous data as the
median and range. Fisher’s exact test and Mann-Whitney U test were conducted to compare between
the groups. Kaplan Meier analyses compared graft and patient survival between groups by log-rank test.
For binary logistic and cox regression analyses, covariates were included in multivariate regression
analysis only if the respective effect was significant in the univariate analysis. For multivariate
regression analyses, forward Wald selection was applied. The best cut-off for predicted probability of
ICU stay in the multivariate risk model was estimated via ROC-analysis and Youden index. Statistical
analyses were performed by SPSS version 25 with Fix pack 2 installed (IBM, Armonk, NY, USA).
All tests were two-sided, and p-values < 0.05 were considered significant.
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3. Results

3.1. Overall Results Regarding ICU Admission

Overall, 17 (16.2%) patients were admitted to the ICU for a median length of 2 days (range 1–27).
The main reason for ICU admission was significant hypotension requiring catecholamines in the
absence of acute bleeding in five (29.4%) patients. Three (17.6%) patients were admitted for respiratory
insufficiency, three (17.6%) for sepsis with multiple organ failure, and two (11.7%) for cardiac infarction.
One (5.9%) patient had hyperkalemia, another a compartment syndrome due to occlusion of iliac
arteries. One (5.9%) patient had a significant bleeding requiring surgical re-exploration, another had
his graft surgically removed because of arterial stenosis and consecutive graft necrosis, and required
intensive care thereafter. The median time between KT and ICU admission was 0 days, as 10 (58.8%)
patients were admitted to the ICU immediately after KT. In total, 4 (23.5%) patients were admitted
on postoperative day (POD) 2 to 4, and 2 (11.7%) patients on POD 8 and 9. One (5.9%) patient was
admitted to the ICU on POD 36; he suffered from a late-onset sepsis. The admission rate to the ICU did
not differ between the two transplant centers.

Patients admitted to the ICU were insignificantly older than patients without an ICU stay (71 vs.
69 years, n.s.) (see Table 1). They had a lower BMI (24.2 vs. 26.7, p < 0.05) and CAD twice as often
(64.7% vs. 35.2%, p < 0.05). Regarding the underlying renal disease, hypertensive nephropathy was
more common in patients admitted to the ICU (35.3% vs. 10.2%, p < 0.05). In both groups, the median
number of HLA-mismatches was four (range 1–6, n.s.). There was a tendency towards longer CIT for
patients admitted to the ICU (667.8 vs. 552.3 min), but it was not significant.

Table 1. Comparison of patient characteristics with or without ICU stay after kidney transplantation in
the ESP program.

∑
(n = 105) ICU Yes (n = 17) ICU No (n = 88) p

Recipient
age (year) 69 (65; 82) 71 (65; 80) 69 (65; 82) n.s.

male gender 68 (64.8%) 10 (58.8%) 58 (65.9%) n.s.
BMI (kg/m2) 26.3 (19.2; 37.9) 24.2 (19.3; 31) 26.7 (19.2; 37.9) 0.014

Pre-transplant
hypertension 101 (96.2%) 17 (100%) 84 (95.5%) n.s.

CAD 42 (40%) 11 (64.7%) 31 (35.2%) 0.031
diabetes 41 (39%) 6 (35.3%) 35 (39.8%) n.s.

history of smoking 18 (17.1%) 2 (11.8%) 16 (18.2%) n.s.

Cause for ESKD
chronic GN 23 (18.9%) 1 (5.9%) 22 (25%) n.s.
diabetic NP 17 (13.9%) 2 (11.8%) 15 (17%) n.s.

hypertensive NP 15 (12.3%) 6 (35.3%) 9 (10.2%) 0.015
other * 50 (47.6%) 9 (52.9%) 46 (52.2%) n.s.

time on dialysis (d) 918.5 (2; 3830) 1384 (484; 3830) 855.5 (12; 3302) n.s.
hemodialysis 84 (80%) 16 (94.1%) 68 (77.3%) n.s.

first Tx 101 (96.2%) 17 (100%) 84 (95.5%) n.s.

Graft
donor age (year) 71 (65; 85) 71 (66; 82) 71 (65; 85) n.s.
HLA-mismatches 4 (1; 6) 4 (1; 6) 4 (1; 6) n.s.

CIT (min) 571.8 (181.2; 1236) 667.8 (228; 1166.4) 552.3 (181.2; 1236) 0.053

* see Appendix A Table A3 for further information.

Regarding KTs, patients admitted to the ICU had slightly longer operating times (212 vs. 180 min,
p = 0.053), and neither WIT nor intraoperative complication rates differed (see Table 2). During the
postoperative course, patients with an ICU stay suffered from more frequent and higher complications
based on Clavien Dindo, although this was not significant. Although there were fewer minor
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complications, 9 (52.9%) patients admitted to the ICU had more complications at grade 5 (17.6% vs. 0,
p < 0.01). Patients with an ICU stay were discharged insignificantly later (21.5 vs. 18 days, n.s.).

Table 2. Perioperative outcome.

∑
(n = 105) ICU Yes (n = 17) ICU No (n = 88) p-Value

Transplantation
operating time (min) 184 (116; 436) 212 (129; 268) 180 (116; 436) n.s.

WIT (min) 46.5 (21; 126) 47 (35; 70) 46 (21; 126) n.s.
complications 12 (11.4%) 2 (11.8%) 10 (11.4%) n.s.

Postoperative
complications n.s.

none 42 (40%) 5 (29.4%) 37 (42%) n.s.
minor 28 (26.7%) 3 (17.6%) 25 (28.4%) n.s.
major 35 (33.3%) 9 (52.9%) 26 (29.5%) n.s.

length of stay 19 (8–66) 21.5 (12–66) 18 (8–62) n.s.

Graft Function
DGF rate 42 (40%) 9 (52.9%) 33 (37.5%) n.s.

DGF rates were higher for patients admitted to the ICU (52.9% vs. 37.5%, n.s.) (see Table 2).
Serum creatinine significantly declined after KT (p < 0.05) and did not differ between patients with or
without ICU stay (see Figure 1).

Figure 1. Graft function during follow-up. w: week; mo: month; y: year.

3.2. Donor- and Recipient-Age-Dependent Comparison

In total, 28 (26.7%) patients received a graft from very old donors ≥75 years, compared to 77
(73.3%) old donors (‘old-for-old’) (see Table 3). When stratifying for donor age (very old-for-old vs.
old-for-old), neither recipient nor graft characteristics differed. Grafts from very old donors had a
tendency towards a longer CIT, which was not significant (677.1 vs. 540.6 min). Kidney recipients of
very old donors had a tendency to be admitted to the ICU more frequently (21.4% vs. 14.3%, n.s.),
but were discharged significantly earlier (16 vs. 20 days, p < 0.05). Neither DGF rates nor the kidney
function differed during follow-up.

When stratifying for recipient age (old-for-very old vs. old-for-old), 47 (44.7%) recipients were
≥70 years old, and thereby were considered as very old (see Table 3). Regarding recipient characteristics,
only the history of smoking differed, as fewer very old recipients had a history of smoking (8.5% vs.
24.1%, p < 0.05). Neither graft nor transplantation-specific factors were different. Very old recipients
were admitted to the ICU insignificantly more often (21.3% vs. 12.1%). Graft function one week
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after KT was the only parameter that differed when comparing very old to old recipients, as very old
recipients had a lower serum creatinine than old recipients (3.35 vs. 5.36, p < 0.01). During follow-up,
the kidney function became equivalent.

Table 3. Age-dependent comparison stratifying for donor age (very old donors ≥75 years vs. old
donors) or recipient age (very old recipients ≥70 years vs. old recipients).

Donors:
Very Old-For-Old vs. Old-For-Old

Recipients:
Old-For-Very Old vs. Old-For-Old

Very Old
(n = 28)

Old
(n = 77)

p Very Old
(n = 47)

Old
(n = 58)

p

Transplantation

operating time 180 (120; 281) 188 (116; 436) n.s. 190 (128;
268)

181 (116;
436) n.s.

WIT (min) 46 (21; 126) 49.5 (32; 85) n.s. 48 (32; 104) 46 (21; 126) n.s.
complications 4 (14.3%) 8 (10.4%) n.s. 6 (12.8%) 6 (10.3%) n.s.

Postoperative
ICU admission 6 (21.4%) 11 (14.3%) n.s. 10 (21.3%) 7 (12.1%) n.s.
Clavien–Dindo n.s. n.s.

none 13 (46.4%) 29 (37.7%) 16 (34%) 26 (44.8%)
minor 10 (35.7%) 18 (23.4%) 13 (27.7%) 15 (25.9%)
major 5 (17.9%) 30 (39%) 18 (38.3%) 17 (29.3%)

length of stay 16 (12; 46) 20 (8; 66) 0.028 20 (10; 66) 18.5 (8; 65)

Graft Function
DGF 14 (50%) 28 (36.4%) n.s. 19 (40.4%) 23 (39.7%) n.s.

3.3. Risk Model for ICU Stay

Among recipient and graft characteristics as well as transplantation-specific outcomes, the BMI of
the recipient, an underlying hypertensive nephropathy and CAD were the only significant predictors
for ICU admission in univariate and multivariate analysis (see Table 4). A higher BMI lowered the
OR for ICU admission (OR 0.8, p < 0.01), but a hypertensive nephropathy (OR 4.0, p < 0.05) and CAD
(OR 4.46, p < 0.05) significantly increased the OR for ICU admission during the hospital stay. Donor or
recipient age did not impact the risk for ICU admission.

Table 4. Multivariate regression analysis to predict an ICU admission during the hospital stay.

Variable OR (95% CI) p-Value

BMI 0.80 (0.68; 0.94) 0.008
hypertensive nephropathy 4 (1.02; 15.67) 0.046

coronary artery disease 4.46 (1.32; 15.07) 0.016

When combining these three factors in a risk model to estimate the probability for ICU admission,
the c-index reached 0.789 (p < 0.001) (see Figure A1). When setting the cut-off for the predicted
probability of ICU admission to 0.08, which had highest Youden-index, the risk model reached a
sensitivity of 94.1%, specificity of 51.1%, false positive rate (FPR) of 48.9%, false negative rate (FNR)
of 5.9%, positive predictive value (PPV) of 27.1% and negative predictive value (NPV) of 97.8%
(see Table A1).

3.4. Survival Analysis

For all 105 patients, the median length of follow-up was 49.5 months. The overall graft survival at
1, 5 and 9 years was 84%, 73% and 42%, respectively, with a median death-censored graft survival of
113.9 months. Median patient survival was 108.2 months, with a 1-, 5- and 9-year survival of 85%, 62%
and 38%, respectively.
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When stratifying for ICU admission, patients admitted to the ICU had a significantly shorter graft
survival (59.1 vs. 115.7 months, p = 0.049) (see Figure 2a). Their 1- and 5-year graft survivals were
75% and 49%, and thereby worse compared to patients without an ICU stay (86% and 77%). Over
the whole study period, the death-rate for patients with an ICU stay was almost three times higher
compared to patients without an ICU stay (70.6% vs. 26.1%, p < 0.001). Consequently, the median
patient survival for patients admitted to the ICU was significantly shorter (ICU 36.9 vs. 114.9 months,
p < 0.001) (see Figure 2b). 1- and 5-year patient survival for patients admitted to an ICU was 57% and
0% and for patients without an ICU stay 90% (1 year), 72% (5 years) and 44% after 9 years, respectively.
In total, 17 (48.6%) patients died with a functioning graft, and the DWFG rate did not differ between
groups (ICU 50% vs. 47.8%, n.s.). Neither the age of the donor nor the recipient affected graft or patient
survival (see Table A2).

(a) (b) 

Figure 2. Death-censored graft survival (a) and patient survival (b) comparing patients admitted to the
ICU (dashed line) vs. patients not admitted to the ICU (solid line) after kidney transplantation in the
ESP program.

In a multivariate cox regression, higher numbers of prior KTs and HLA-mismatches significantly
shortened graft survival (hazard ratio (HR) for graft loss 9.66, p = 0.001; HR 1.53, p < 0.05) (see Table 5).
Additionally, higher serum creatinine 1 month after KT was associated with worse graft survival
(HR 1.37, p < 0.05). ICU admission during the hospital stay after KT did not affect graft survival.
Regarding patient survival, a pre-transplant diabetes mellitus and an ICU admission during the
hospital stay were significant predictors for worse outcomes in the multivariate analysis (HR for patient
death 2.22, p < 0.05, HR 4.7, p < 0.001). Major complications during the hospital stay and the serum
creatinine 1 month after KT were only associated with patient survival in univariate analysis.

Table 5. Significant impact factors on graft loss and patient death in multivariate cox regression.

Variable HR (95% CI) p-Value

Graft Loss
number of Tx 9.66 (2.48; 37.69) 0.001

HLA-mismatches 1.53 (1.03; 2.27) 0.033
serum creatinine 1 mo 1.37 (1.01; 1.87) 0.04

Patient Death
pre-transplant diabetes 2.22 (1.02; 4.86) 0.046

ICU admission 4.72 (2.02; 11.03) <0.001
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4. Discussion

In this bi-centric study, an analysis of 105 kidney transplantations of deceased donors, allocated
within the Eurotransplant Senior Program, was conducted. We aimed to identify risk factors for ICU
admission after KT during a hospital stay in times of shortened PPE and ICU capacities because of the
SARS-CoV-2 pandemic.

Overall, recipient and graft characteristics were comparable with other cohorts [19–22]. CIT was
lower, lasting on average 9.5 h, while most other ESP programs have CITs averaging 10 to 12 h [19,20].
ESP aims to reduce CIT by prioritizing local organ allocation, as longer CITs have been clearly linked
with higher DGF rates. Nonetheless, our DGF rate of 40% is higher than that of one of the largest ESP
cohorts so far, with 1406 KTs, by Frei et al. They reported a median DGF rate of 29.7% [19]. In contrast,
other groups have comparable DGF rates ranging between 34.7 to 41.1% in their ESP cohorts [22,23].
Chavalitdhamrong et al. even stated a DGF rate of 60.4% for 601 KTs, but for organs allocated by ECD
(extended criteria donors) for donors aged 50–69 years, and 63.9% for donors aged ≥70 years [24].

In a high-risk cohort like ESP recipients, complications are common. There were 11.4%
intraoperative complications, and 26.7% minor and 33.3% major complications occurred postoperatively,
according to Clavien–Dindo. Reports on complication rates state highly variable results, mainly due
to inconsistent definitions. Bentas et al. have “surgical complications” in 47% of cases in their ESP
program, whereas Bahde et al. reported 15.7% intraoperative and 22.5% post-operative surgical
complications among their recipients [23,25]. Only Gallinat et al. defined postoperative complications
according to Clavien–Dindo. In their comparison of very old donors in the ECD program, the rate for
major complications was 48%, defined as ≥grade 3b [26].

During follow-up, death-censored graft survival (1- and 5-year: 84% and 73%) and patient survival
(1- and 5-year: 85% and 62%) were superior to Frei et al. and comparable with Quast et al., who
retrospectively analyzed 217 ESP transplantations at their department from 1998 to 2014, considering
donor age [19,20] (see Table 6). In accordance with Boesmueller and Giessing et al., the main reason
for graft loss was death with functioning graft [18,22]. Our analysis comprises one of the longest
follow-ups in ESP so far. Overall, graft-survival after 9 years was 42%, and patient survival was 38%.
Quast et al. reported a 10-year patient survival of 40% for old donors, and 35% for very old donors,
whereas graft survival was 30% and 10%, respectively.

Table 6. Comparison of death-censored graft and patient survival in ESP programs.

Frei [19]
n = 1406

Quast [20]
n = 217

Bahde [23]
n = 89

Jacobi [21]
n = 89

Our Results
n = 105

Graft Survival

1-year 75% 76.4% 1 n.a. 87% 84%
5-year 47% 57.3% 1 77% 63% 73%

Patient
Survival

1-year 86% 88.2% 1 n.a. 87% 85%
5-year 60% 71.8% 1 69.8% 63% 62%

1 Only considering old, but not very old, donors.

Based on this data, we have identified risk factors for ICU admission during a hospital stay in
the ESP. In times of the SARS-CoV-2 pandemic with a shortage of ICU capacities, risk stratification
is crucial to identify patients at high risk for ICU admission (after KT). This aspect has rarely been
addressed so far. To the best of our knowledge, only three working groups have stratified their data
for ICU admission [27–29]. Two working groups focused on ICU admission at any time after KT,
even years after KT, which clearly does not help when trying to decide whether or not to perform
a KT during the present SARS-CoV-2 pandemic. Abrol et al. retrospectively analyzed 1527 kidney
transplantations between 2007 and 2016 and found higher age, increasing BMI, pre-transplant dialysis
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and deceased donor transplantation to be associated with ICU admission in their multivariate analysis.
Living donor KT and preemptive KT were associated with a lower risk [27]. Nonetheless, 82.8% of the
included KTs were living kidney transplantations. As such, we are the first to report on the risk for
ICU admission immediately after kidney transplantation in the ESP.

17 (16.2%) patients in our cohort were admitted to the ICU for a mean time of 2 days. More than
80% of patients were admitted directly postoperatively or within four days after KT. The main cause
for ICU admission was significant hypotension requiring catecholamines. Overall, patients admitted
to the ICU had a lower BMI, and CAD as well as hypertensive nephropathy were more common. Graft
characteristics and surgical outcomes during transplantation did not differ. The DGF rate of patients
admitted to the ICU was high, with 52.9%, but did not significantly differ from patients without an
ICU stay (37.5%).

As stated elsewhere, neither the donor nor the recipient’s age had an impact on the postoperative
course [18,20]. Therefore, age did not affect ICU admission rates in the regression analysis. We assume
that within this (very) old patient cohort, age differences were not as important as in younger patient
cohorts due to preselection during the workup for listing. As patients admitted to the ICU had a
lower BMI, an increasing BMI lowered the risk for ICU admission (OR 0.8, see Table 4). This is an
interesting finding, referring to the ‘obesity paradox’, which describes the association of obesity with
higher mortality in the general population on the one hand, but with a survival advantage among
obese patients with several diseases on the other hand. In this regard, meta-analyses have shown that
patients with a higher BMI might have (i) a reduced risk of ICU admission or death when suffering
from pneumonia, (ii) a reduced adjusted mortality when admitted to the ICU with sepsis, severe sepsis
or shock, and (iii) a lower mortality on mechanical ventilation in an ICU [30–32]. Although the concept
of the obesity paradox has been questioned, there is also convincing evidence for underlying molecular
mechanisms, i.e., that a lower energy reservoir in underweight patients cannot equally counteract the
adverse influence of increased catabolic stress [33,34].

As further variables, hypertensive nephropathy and CAD increased the OR for ICU admission by
4 and 4.5, respectively. Most patients were admitted to the ICU because of hypotension as a major
symptom for cardiac insufficiency, which is more likely in patients with CAD. In addition, hypertensive
nephropathy has been linked with a higher risk for cardiovascular events and death [35]. When
combining these three independent risk factors in a risk model, it gained a c-index of 0.789 with a
sensitivity of 94.1%, a FNR of 5.9% and a NPV of 97.8% (see Table A1). For this reason, our risk
model is highly valuable for the identification of patients at high risk for ICU admission. When
applied to our cohort, the risk model was false negative in only one case. We are aware that it has a
rather low specificity and PPV, whereas the FPR is high. Furthermore, the confidence intervals for
the corresponding odds ratios are large, because only 17 (16.2%) patients were admitted to the ICU
and not all of them suffered from hypertensive nephropathy or CAD (see Table 1). However, the high
sensitivity and NPV of more than 94% render our risk model an ideal search test.

Our patient who had an organ offer in ESP during the SARS-CoV-2 pandemic had a probability of
92.8% to be admitted to the ICU according to our risk model, with a hypertensive nephropathy, CAD
and BMI of 29.4 kg/m2 (see A1 for further explanation). Of note, this patient was not included within the
analyzed cohort. Indeed, after transplantation, he had to be admitted to the ICU on postoperative day
seven due to urosepsis and suspected cardiac infarction. Infectious complications are common among
old kidney recipients and have been shown to be their second most frequent cause for DWFG [16].
In our cohort, 3 out of 17 (17.6%) patients had to be admitted to the ICU because of sepsis. Especially in
the context of the ongoing SARS-CoV-2 pandemic, the question of how to manage immunosuppression
for KT recipients is still a matter of debate [11,12].

As standard, all patients were administered tacrolimus, mycophenolate mofetil,
(methyl)prednisolone and basiliximab for induction therapy. Consequently, the regimen did not affect
ICU admission rates. Since lymphopenia has been associated both with a higher risk for SARS-CoV-2
infection and for severe forms of Covid-19, the questions (i) whether or not to perform the transplantation
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at all and (ii) whether the induction therapy should be reduced were intensively discussed at the
transplant center which had an organ offer in ESP during the SARS-CoV-2 pandemic [11]. Finally,
the patient was transplanted and received an induction therapy with basiliximab, and unfortunately
suffered from sepsis and neutropenia. For this reason, mycophenolate mofetil was stopped and the
dose of prednisolone reduced. Of note, SARS-CoV-2 had been ruled out prior to transplantation and
after the onset of sepsis again; as we have not experienced a major shortage of ICU capacities, we could
guarantee maximum care for this patient at all times. However, we might decide differently if we
receive another organ offer in the ESP program during the ongoing SARS-CoV-2 pandemic again.

Interestingly, ICU admission also proved to be an excellent indicator for the identification of
patients at risk for short graft and patient survival. In Kaplan–Meier analysis, patients admitted to
the ICU had a significantly shorter graft survival of 59.1 months; all of them died within five years
(see Figure 2). Consequently, ICU admission impacted patient survival with a HR of 4.72, but did not
impact graft survival in Cox regression (see Table 5). Diabetes mellitus was the only other covariate
impacting patient survival. Other studies were inconclusive about the effect of pre-transplant diabetes
mellitus or new-onset diabetes mellitus (NODAT) on patient survival. Some studies have found
associations with NODAT, but not pre-transplant diabetes, with mortality and graft failure, and others
the inverse [36–38]. By contrast, ICU admission did not impact death-censored graft survival in
Cox regression. The individual number of kidney transplantations per patient (HR 9.66), number
of HLA-mismatches (HR 1.53) and the serum creatinine one month after transplantation (HR 1.37)
were significant. The negative impact of increasing HLA-mismatches on graft survival was reported
more than two decades ago [39]. To shorten waiting times for old recipients, ESP does not integrate
HLA-matching in the allocation algorithm.

This analysis is not devoid of limitation. To exclude center-specific factors and enlarge cohort size,
we performed a bicentric analysis and included 105 patients. This is a rather low sample size, but big
sample sizes in ESP programs are rare. Due to its retrospective nature, we could not test our new risk
model for ICU admission in a prospective, independent manner. Before extrapolating our results to
other centers, an external validation of our risk model will be needed. For this reason, we encourage
other transplantation centers to test our risk model to further enhance its validity. With a bigger
cohort size, the confidence intervals for the risk factors BMI, CAD and hypertensive nephropathy will
potentially be reduced. Currently, our risk model is an excellent search test, but has a rather low PPV
and therefore cannot replace individual and local risk assessment in times of reduced ICU capacities
during the SARS-CoV-2 pandemic.

5. Conclusions

The SARS-CoV-2 pandemic has impacted health care systems tremendously worldwide, making
the deferral of elective and non-urgent surgical interventions necessary due to limited PPE and ICU
capacities. To provide a valid risk assessment tool concerning the risk of ICU admission for old patients
in the Eurotransplant Senior Program, we have identified a low BMI, coronary artery disease and
hypertensive nephropathy as significant predictors for ICU admission. For this reason, each transplant
center should always carefully discuss whether local ICU capacities allow high-risk KT or not.

Author Contributions: Conceptualization, P.Z., J.M., F.F.; methodology, P.Z.; software, P.Z.; validation, P.Z.,
J.M., F.F.; formal analysis, P.Z.; investigation, P.Z. and F.F.; data curation, P.Z., J.M., F.F.; writing—original draft
preparation, P.Z.; writing—review and editing, all authors, P.Z., U.S., M.S. (Michael Stöckle), M.S. (Matthias Saar),
I.Z., N.E.-B., L.L., K.B., R.Ö., P.R., T.S., J.M. and F.F.; visualization, P.Z.; supervision, F.F., All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

358



J. Clin. Med. 2020, 9, 1835

Appendix A

Appendix A.1. Risk Model for ICU Admission

In a multivariate binary logistic regression analysis, BMI, hypertensive nephropathy and coronary
artery disease had significant impact on ICU admission. The prediction probability (P) of an ICU stay
for each individual patient was calculated with the equation

P =
1

1 + e−z

in which the logit z is

z = 3.557 + 4.004×HN + 1.495×CAD− 0.221× BMI

• HN: presence of hypertensive nephropathy (binary: no = 0, yes = 1)
• CAD: presence of coronary artery disease (binary: no = 0, yes = 1)
• BMI: body-mass-index in kg/m2 (continuous)

The optimal cut-off for the predicted probability of ICU admission was calculated via ROC
analysis by using a Youden index (see Figure A1). By setting the cut-off to 0.08, this risk model gained
a sensitivity of 94.1%, specificity of 51.1%, false positive rate of 48.9%, false negative rate of 5.9%,
positive predictive value of 27.1% and negative predictive value of 97.8% (see Table A1).

Figure A1. ROC analysis examining the relationship between the predicted probability of ICU stay
and actual ICU admission.

Table A1. Crosstabulation illustrating case assignment in our cohort by risk model.

ICU Yes ICU No
∑

risk model: ICU yes 16 43 59
risk model: ICU no 1 45 46

∑
17 88 105
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Appendix A.2. Graft and Patient Survival Stratified for Donor and Recipient Age

Table A2. Mortality table with age-dependent comparison stratified for donor age (very old donors
≥75 vs. old donors) or recipient age (very old recipients ≥70 years vs. old recipients).

Donors:
Very Old-For-Old vs. Old-For-Old

Recipients:
Old-For-Very Old vs. Old-For-Old

Very Old
(n = 28)

Old
(n = 77)

p Very Old
(n = 47)

Old
(n = 58)

p

Graft
Survival

n.s. n.s.

1 year 22 (78%) 61 (86%) 37 (87%) 46 (82%)
5 years 11 (78%) 25 (72%) 18 (73%) 18 (75%)
9 years 2 (58%) 6 (41%) 108 (60%) 4 (35%)

Patient
Survival

n.s. n.s.

1 year 25 (78%) 63 (90%) 39 (82%) 49 (87%)
5 years 12 (74%) 28 (59%) 21 (60%) 19 (63%)
9 years 1 (36%) 6 (54%) 2 (55%) 5 (33%)

Appendix A.3. Underlying Renal Diseases

Table A3. Underlying renal diseases for patients with or without ICU stay after KT.

∑
(n = 105) ICU Yes (n = 17) ICU No (n = 88) p-Value

ADPKD 11 (10.5%) 2 (11.8%) 9 (10.2%) n.s.
amyloidosis 3 (2.9%) - 3 (3.4%) n.s.

analgesic nephropathy 3 (2.9%) 1 (5.9%) 2 (2.3%) n.s.
chronic glomerulonephritis 23 (21.9%) 1 (5.9%) 22 (25%) n.s.

cardiac cirrhosis 1 (1%) 1 (1.1%) n.s.
diabetic nephropathy 17 (16.2%) 2 (11.8%) 15 (17%) n.s.

FSGS 2 (1.9%) - 2 (2.3%) n.s.
goodpasture syndrome 2 (1.9%) - 2 (2.3%) n.s.

hypertensive nephropathy 15 (14.3%) 6 (35.3%) 9 (10.2%) <0.05
IgA nephropathy 3 (2.9%) - 3 (3.4%) n.s.
kidney cirrhosis 8 (7.6%) 2 (11.8%) 6 (6.8%) n.s.
nephrosclerosis 7 (6.7%) 2 (11.8%) 5 (5.7%) n.s.

other cystic disease 3 (2.9%) 1 (5.9%) 2 (2.2%) n.s.
renal cell carcinoma 2 (1.9%) 1 (5.9%) 1 (1.1%) n.s.

vascular nephropathy 7 (6.7%) 3 (17.6%) 4 (4.5%) n.s.
vasculitis 2 (1.9%) 1 (5.9%) 1 (1.1%) n.s.

not known 13 (12.5%) - 13 (14.8%) n.s.
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