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Clusterin as a New Marker of Kidney Injury in Children Undergoing Allogeneic Hematopoietic
Stem Cell Transplantation—A Pilot Study †

Reprinted from: J. Clin. Med. 2020, 9, 2599, doi:10.3390/jcm9082599 . . . . . . . . . . . . . . . . . 175

Eun Seop Seo, Se In Sung, So Yoon Ahn, Yun Sil Chang and Won Soon Park

Changes in Serum Creatinine Levels and Natural Evolution of Acute Kidney Injury with
Conservative Management of Hemodynamically Significant Patent Ductus Arteriosus in
Extremely Preterm Infants at 23–26 Weeks of Gestation
Reprinted from: J. Clin. Med. 2020, 9, 699, doi:10.3390/jcm9030699 . . . . . . . . . . . . . . . . . . 187

Tara K. Sigdel, Andrew W. Schroeder, Joshua Y. C. Yang, Reuben D. Sarwal, Juliane M.

Liberto and Minnie M. Sarwal

Targeted Urine Metabolomics for Monitoring Renal Allograft Injury and Immunosuppression
in Pediatric Patients
Reprinted from: J. Clin. Med. 2020, 9, 2341, doi:10.3390/jcm9082341 . . . . . . . . . . . . . . . . . 197

vi



Camilo G. Sotomayor, Charlotte A. te Velde-Keyzer, Martin H. de Borst, Gerjan J. Navis and

Stephan J.L. Bakker

Lifestyle, Inflammation, and Vascular Calcification in Kidney Transplant Recipients:
Perspectives on Long-Term Outcomes
Reprinted from: J. Clin. Med. 2020, 9, 1911, doi:10.3390/jcm9061911 . . . . . . . . . . . . . . . . . 211

J. Casper Swarte, Rianne M. Douwes, Shixian Hu, Arnau Vich Vila, Michele F. Eisenga,

Marco van Londen, António W. Gomes-Neto, Rinse K. Weersma, Hermie J.M. Harmsen and

Stephan J.L. Bakker

Characteristics and Dysbiosis of the Gut Microbiome in Renal Transplant Recipients
Reprinted from: J. Clin. Med. 2020, 9, 386, doi:10.3390/jcm9020386 . . . . . . . . . . . . . . . . . . 231

Gerold Thölking, Nils Hendrik Gillhaus, Katharina Schütte-Nütgen, Hermann Pavenstädt,
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Philip Zeuschner, Urban Sester, Michael Stöckle, Matthias Saar, Ilias Zompolas, Nasrin

El-Bandar, Lutz Liefeldt, Klemens Budde, Robert Öllinger, Paul Ritschl, Thorsten Schlomm,
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Abstract: Kidney diseases form part of the major health burdens experienced all over the world.
Kidney diseases are linked to high economic burden, deaths, and morbidity rates. The great
importance of collecting a large quantity of health-related data among human cohorts, what scholars
refer to as “big data”, has increasingly been identified, with the establishment of a large group
of cohorts and the usage of electronic health records (EHRs) in nephrology and transplantation.
These data are valuable, and can potentially be utilized by researchers to advance knowledge in
the field. Furthermore, progress in big data is stimulating the flourishing of artificial intelligence
(AI), which is an excellent tool for handling, and subsequently processing, a great amount of data
and may be applied to highlight more information on the effectiveness of medicine in kidney-related
complications for the purpose of more precise phenotype and outcome prediction. In this article, we
discuss the advances and challenges in big data, the use of EHRs and AI, with great emphasis on
the usage of nephrology and transplantation.

Keywords: artificial intelligence; machine learning; big data; nephrology; transplantation; kidney
transplantation; acute kidney injury; chronic kidney disease

1. Introduction

Kidney diseases, such as acute kidney injury (AKI) and chronic kidney disease (CKD) are
major medical and public health issues worldwide, associated with high death and morbidity rates,
together with great economic loss [1–6]. CKD is linked with a higher danger of argumentative outcomes,
like cardiovascular complications, death, decreased quality of life, and substantial healthcare resource
utilization [7–11], and it has been assessed that around 850 million individuals suffer different types
of kidney diseases globally [12,13]. If left untreated, CKD may evolve into end-stage kidney disease
(ESKD), which is associated with high mortality [14–16]. It is well-known that kidney diseases are very
much multifactorial, with overlapping and complex clinical phenotypes, as well as morphologies [17].

J. Clin. Med. 2020, 9, 1107; doi:10.3390/jcm9041107 www.mdpi.com/journal/jcm1
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The global distribution of nephrologists usually differs from one country to another, with bigger
differences in its overall capacity [18]. Various nations across the world have established surveillance
systems for kidney-related infections. Despite such attempts, the literature highlights that surveillance
systems within third world countries are still not very strong [19]. In certain areas of some countries,
basic records offices for transplantation and dialysis, as well as expert pathologists, are not even
available [18,20]. Given how major gaps are always found in the main workforce in nephrology,
the current eminence of kidney health management and research evidence in nephrology needs to be
strengthened globally [21].

Traditionally, the randomized controlled trial (RCT) has always been used as the point of reference
for offering evidence-based treatment. The numerical formulae applied in analyzing randomized
control data have equally offered essential insights from numerous observational data. In the past
few years, great emphasis has been placed on the pragmatic RCT, an essential component of real
global research, which is applied when evaluating the great interventions within the actual clinical
setting based on a great amount of samples so as to stimulate their individual practical value. A great
amount of differences have been reported within nephrology, as well as some other relevant specialties.
For instance, the literature indicates that nephrology trials were very limited in number and possessed
minimally optimal features of high-quality designs [22]. Despite the fact that the already existing
studies, as well as implemented works, have made major additions to a highly reliable prognostication,
as well as an extensive understanding of the general histologic pathology, there is still a great amount
of work which needs to be undertaken, as well as specific problems to be solved. The general capacity
for undertaking cohort studies that involve a large sample size or Rapid Control trial is very much
present across various parts of the globe, and has thereby resulted in the absence of research evidence
within nephrology. In addition, limited activity in kidney research has impacted the evidence base for
the treatment of kidney diseases, resulting in a lack of useful surrogate end-points for progression
from the early stages of kidney disease-hindered trials [14,15]. On the same note, a great amount of
cohort data could also be applied in generating relevant hypotheses and provide major insights into
the etiology, pathogenesis, and prognosis of kidney diseases [23,24].

Those needs that are classified as unmet require provision of some ample spaces for the purpose of
imagination in relation to leveraging the strength associated with big data, as well as relevant artificial
intelligence (AI) to improve the overall status of patients with kidney diseases [25]. In this article,
we discuss the big data concepts in nephrology, describe the potential use of AI in nephrology
and transplantation, and also encourage researchers and clinicians to submit their invaluable
research, including original clinical research studies [26–30], database studies from registries [31–33],
meta-analyses [34–44], and artificial intelligence research [25,45–48] in nephrology and transplantation.

2. Big Data in Nephrology and Transplantation: Registries and Administrative Claims

Table 1 demonstrates known and commonly used databases that have provided big data in
nephrology and transplantation [49–51]. For example, the United States Renal Data System (USRDS)
is recognized as a state reconnaissance system that has the responsibility of collecting, analyzing,
and subsequently distributing information regarding CKD and ESKD, all based on numerous big
datasets. By delivering the yearly data report, the USRDS continuously tracks both the epidemiologic
and economic burden linked to kidney diseases [52]. An important database in transplantation
in the United States is the United Network for Organ Sharing (UNOS). The Organ Procurement
and Transplantation Network (OPTN) data are linked by UNOS to the Social Security Death Master
File for the purpose of augmenting ascertainment of different groups of candidates, as well as relevant
deaths. The final data are attainable by different groups of researchers, and have always been applied
in various studies regarding transplantation [50]. In addition to these databases in the United States,
other countries worldwide also have big data within nephrology for researchers, such as the National
Kidney Disease Surveillance Program in Ireland [53], the surveillance project on CKD management in
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Canada [54], and the China Kidney Disease Network (CK-NET), a comprehensive CKD surveillance
system for China [55].

Table 1. Nephrology and transplant databases and organizations.

Renal and Transplant Databases Organizations

• United States Renal Data System (USRDS)
(https://www.usrds.org)

• Organ Procurement and Transplantation Network (OPTN)
(https://optn.transplant.hrsa.gov)

• United Network for Organ Sharing (UNOS)
(https://unos.org)

• Scientific Registry of Transplant Recipients (SRTR)
(https://www.srtr.org)

• National Health and Nutrition Examination Survey Database
(NHANES) (https://www.cdc.gov/nchs/nhanes/index.htm)

• Chronic kidney disease database (CKDd)
(http://www.padb.org/ckddb/)

• National Death Index (NDI)
(https://www.cdc.gov/nchs/ndi/index.htm)

• Nephrotic Syndrome Study Network (NEPTUNE)
(https://nephcure.org/2015/12/nephrotic-syndrome-study-
network-neptune/)

• National Inpatient sample (NIS) (https://www.hcup-us.ahrq.
gov/news/exhibit_booth/nis_brochure.jsp)

• Polycystic Kidney Disease Consortium Data Base (PKD)
(https://pkdcure.org/research-medical-professionals/pkdoc/)

• Kidney Early Evaluation Program Data base (KEEP)
(https://www.kidney.org/news/keep)

• Diabetes mellitus Treatment for Renal Insufficiency
Consortium Database (DIAMETRIC)
(https://www.diametric.nl/diametric-database/)

• Center for Medicare And Medicaid Services (CMS)
(https://www.cms.gov)

• Jackson Heart Study (JHS)
(https://www.jacksonheartstudy.org)

Gene Based Databases:

• CKD- Gen Consortium Database
(https://ckdgen.imbi.uni-freiburg.de)

• Genome Wide Association Studies (GWAS)
(https://dceg.cancer.gov/research/how-we-study/genomic-
studies/gwas-overview)

• Nephro Seq (https://www.nephroseq.org/resource/login.html)
• Renal gene Expression Database (http://rged.wall-eva.net)
• Humana Kidney and Urine Proteome Project (HKUPP)

(http://www.hkupp.org)
• Urine protein Biomarker Database

(http://122.70.220.102/biomarker)
• Urinary Peptidomics and Peak- maps

(http://www.padb.org/updb/)
• Kidney and Urinary Pathway Knowledge Database (KUPKB)

(http://www.kupkb.org)

• ESRD Networks (https://esrdnetworks.org)
• American Society of Nephrology (ASN)

(https://www.asn-online.org)
• National Kidney Foundation (NKF)

(https://www.kidney.org)
• International Society of Nephrology (ISN)

(https://www.theisn.org)
• American Transplant Congress (ATC)

(https://atcmeeting.org)
• Renal Physician Association (RPA)

(https://www.renalmd.org)
• International Society of Peritoneal Dialysis (ISPD)

(https://ispd.org)
• National Renal Administrators Association (NRAA)

(https://www.nraa.org/home)
• Kidney and Urology Foundation of America

(http://www.kidneyurology.org)
• American Kidney Fund

(https://www.kidneyfund.org/about-us/)
• American Society of Artificial Internal Organs

(https://asaio.org/about/)
• Organ Procurement Organization (OPO) (https:

//unos.org/transplant/opos-increasing-organ-donation)
• Acute Dialysis Quality Initiative (ADQI)

(http://www.adqi.net/)
• National Institute of Health (NIH)

(https://www.nih.gov)
• National Institute of Diabetes and Digestive

and Kidney Diseases (https://www.niddk.nih.gov)
• National Center for Health Statistics (NCHS)

(https://www.cdc.gov/nchs/about/index.htm)

Numerous networks of international collaboration, like the International Network of CKD
cohorts [56], the Therapeutic Evaluation of Steroids in IgA Nephropathy Global study [57],
and the Chronic Kidney Disease Prognosis Consortium [58] have grown immensely within the last few
years. There are possible advantages of introducing a traditional data element that are linked to kidney
infections, like escalating the overall power of the groups which are under-represented [59]. There is,
however, great need to address numerous challenges, like standardization of data, identification of
the patient, plus some other additional infrastructure-related challenges. Additionally, the cadre of
genomics is developing at a very rapid rate towards realizing an analysis of single cells, and subsequent
great advances within metabolomics and proteomics have been developed within the past few years.
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A great amount of progress has equally been realized within technological developments within
the areas of large-scale molecular data generation in various databases that are gene-based (Table 1).
The most recent advancements in technology have made it possible for us to produce larger amounts
of data, more specifically regarding the omics data. Further development of somehow less expensive
genotype arrays and the subsequent presence of samples within biobanks made it possible to undertake
genome-wide association studies among numerous groups of patients, offering highly essential insights
into the great risk factors and the pathogenesis of multiple kidney diseases [60–63].

Within nephrology, numerous consortia-collecting biopsy biobanks of kidney tissue have been
started to undertake such forms of collaborative study. Several initiatives that are aimed at extensive
characterization of the relevant kidney biopsies for various groups of kidney diseases subtypes
have subsequently been launched, comprising of the NEPTUNE (Nephrotic Syndrome STudy
Network), ERCB (European Renal cDNA Bank), EURenOmics, C-PROBE (Clinical Phenotyping
and Resource Biobank), PKU-IgAN, and more recently, TRIDENT (for diabetic nephropathy), CureGN
(for glomerulopathies), and the NIDDK (National Institute of Diabetes and Digestive and Kidney
Diseases) Kidney Precision Medicine Project (KPMP) [64].

Big data within the medicine field might offer the opportunity to envision patients suffering from
kidney diseases in a more holistic manner, using numerous lenses, each of which adequately presents
the great opportunity of studying various scientific queries. Such data within the big databases might
subsequently comprise of the general administrative health-related data, biometric data, biomarker
data, as well as imaging, and might subsequently come from various sources, comprising of electronic
health records, biobanks, reports in the internet, and various clinical registries [65]. These data
from the large databases are collected and updated overtime. These data are valuable and can be
used by researchers to answer numerous research questions and advance knowledge in nephrology
and transplantation [66–68].

3. Using Electronic Health Record Data in Nephrology

Two major events have been reported within the last 10 years that seem to have changed the whole
situation. To begin with is making it possible to digitalize all relevant medical information—more specifically,
the initiation of EHRs that have the medical histories of the patients—and facilitate the processing of
medical information using computers. This helps to make information-processing become automated
by the use of given specialized software. EHRs have been greatly utilized with major regularity, clinical
informatics strategies have subsequently been refined, and subsequently, the EHR field enabled [69,70].

The wide application of EHRs, when put together with the relevant novel of big data, tends
to create some forms of unique opportunities for the purpose of nephrology research, as well
as improvement in care for individual patients who might be suffering from kidney complications
and transplantation. The data which is there within the EHR is considered big insofar as its volume is
concerned. Such interventions have resulted in a new era of big data which has subsequently fueled
precision medicine. These types of approach have already indicated an improved level of diagnosis,
risk assessment, as well as treatment and management of numerous health conditions. With medicine
getting digitalized, a great amount of data has since been developed from all aspects of health care,
comprising the laboratory tests, EHR, together with medical imaging.

For instance, in the instance of electronic AKI, the automated diagnostic strategy tends to create
a great opportunity to initiate predictive strategies, optimize the relevant AKI alerts, and subsequently
trace AKI events across various institutions, as well as administrative datasets. The growth in
the adoption of EHR and subsequent maturation of the relevant clinical informatics techniques might
provide some sort of unique opportunity to advance the general predictive capabilities. Immediately,
AKI has been properly diagnosed within real time, and several EHR-enabled interventions have
become so viable. One of such great prospects is actually the prediction of detecting events prior to
their occurrence [71]. AKI events might temporarily get anchored within the EHR, which develops
a pre-disease phase of care, having the information which had accumulated before the development of
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AKI. With a greater amount of content, high-throughput strategies can be applied to such a group of data
so as to help in identifying a form of pre-AKI signal, which can subsequently assist in discriminating
between patients who are of high risk and low risk for the AKI. The capability to predict AKI risk in this
manner might subsequently have some forms of dramatic impact, as presently there is no scientifically
proven treatment for AKI once one develops such conditions [72]. As patients who are considered
to be of high risk get identified, the extent of care can get modified, and further strategies for harm
prevention implemented. In the long run, such groups of patients, institutions, and population-based
techniques will result in better long- and short-term outcomes for the respective hospitals, patients,
and the whole of the healthcare system. Despite the fact that potential barriers are always there,
and several nuanced groups need to be taken into consideration, such approaches that are EHR-enabled
have the ability to greatly improve AKI-associated knowledge and care.

Patients suffering from kidney complications are reported to have the highest level of heterogeneity
in manifestation of the disease, treatment response, and overall progression. The growth in big data
actually tends to stimulate the general boom of artificial intelligence that is a perfect tool that
helps in handling, and also processing the big data. AI can assist in shedding light on the specific
accuracy of medicines used to treat kidney diseases, for outcome prediction, and also to gain a more
precise phenotype.

4. Artificial Intelligence in Nephrology and Transplantation

AI presently shows a very important function in nearly all areas of the day-to-day lives of human
beings, as well as within different academic disciplines. Based on the fact that there has been growth in
the power of computers, developments in techniques and methods, and the overall blast of the quantity
of medicine, data has never been an exemption. Literature clarifies that artificial intelligence can be
used in disease risk assessment. Actually, disease risk assessment has a very important influence on
the general prognosis, as well as clinical intervention strategies. Accurate and rapid assessment can
assist clinicians in determining the conditions of the patient, out of which optimal treatment strategies
can be implemented. Links between prognosis and risk factors of the diseases are very complex.
The same risk factors can be experienced within different groups of diseases, and a single disease can
actually be composed of several risk factors. In such case, the links between the known risk factors
and the disease has very strong correlativity, instead of simple causality. Artificial intelligence can hence
be applied in doing disease risk assessment in order to understand the main factors linked to disease
prognosis so as to offer effective treatment for tertiary prevention of the disease. One of the important
sections of AI is machine learning, which is characterized as the study of algorithms and statistical
models that computer systems utilize to learn from sample data and previous experience without being
explicitly programmed to achieve particular assignments. With the ability to identify obscure patterns in
the data, we can use machine learning to solve many problems, including assessing relationships of two
variables, creating predictions based on baseline characteristics, identifying objects with comparable
patterns, and incorporating subjects by specific criteria. Machine learning techniques have the capacities
of managing complex datasets and tremendous numbers of variables that are exceeding the capability
of classical statistical methods [17]—see Figure 1A. Machine learning algorithms are usually utilized
without initiating as many presumptions of the underlying data. In addition, a machine-learning
method can determine complex patterns of health trajectories of immense numbers of characteristics
and patients, which has exhibited high predictive certainty, and been confirmed and replicated with
various validation investigations [73]. Well-known machine-learning algorithms include the artificial
neural network (ANN), random forest, gradient boosting trees, and support vector machine [17].
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Figure 1. (a) Relationships between artificial intelligence, machine learning, and deep learning.
(b) Types of machine learning. CNN, convolutional neural network; RNN, recurrent neural network.

Inspired by the idea of mimicking the biological structure of human brains, deep learning is
a subfield of machine learning based on ANN [74]. Deep-learning models can learn many levels
of data design with a multiple-processing-layers model structure, attaining more powerful model
performance. This cutting-edge technology has significantly changed the paradigm of visual object
recognition, speech recognition, and many other domains, such as genomics and drug discovery.
Deep learning techniques are increasingly being applied to biomedical data, from image processing
to genomic data analysis [75]. Such methods might outperform pathologists’ fibrosis scores from
histological renal biopsy images [76]. Well-known techniques include the convolutional neural network
(CNN), fully connected neural network, generative adversarial network (GAN), deep reinforcement
learning, and recurrent neural network (RNN) [17,77], shown in Figure 1B. AI-based clinical decision
support systems (CDSS) can be implemented employing the expert system strategy, data-driven
approach, or an ensemble approach by coupling both. An expert system consolidates a knowledge
base containing a set of rules for specific clinical scenarios, and the initial rule set may be acquired
from domain experts or learned from data through machine learning algorithms [72,78–80].

AI has recently been adopted for the prediction, diagnosis, and treatment of kidney
diseases [76,81–85], as shown in Table 2. For example, a prediction model based on the combination
of a machine learning algorithm and survival analysis has recently developed and can stratify
risk for kidney disease progression among patients with IgA Nephropathy [86]. For AKI research,
Tomasev et al. [83] recently used deep-learning methods to make a continuous prediction of AKI by
developing a RNN model on the sequential health record data of>700,000 veterans, allowing physicians
to practise with adequate data and sufficient time. In addition, regarding utilization of ANN and CNN
methods, Kolachalama et al. [76] recently provided a perspicacity into the association of pathological
fibrosis identified from histologic images with clinical phenotypes for patients with CKD, helping
the diagnostics and prognostics of these phenotypes. Subsequently, there has been an increasing
number of AI studies, with great emphasis on the usage of nephrology and transplantation [85,87–89].
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5. Potential Directions and Future Scope

In order to reinforce the usage and subsequent transformation of AI as well as data–based
CDSSs in nephrology, AI, as well as big data, offers the chance to actually source knowledge from
expert knowledge and big data and subsequently transform it into some form of intelligent system,
which can be applied in risk classification, disease diagnosis, drug discovery, and prognostic evaluation,
among some other things. AI might be useful in establishing the type of kidney disease and subsequently
help in solving problems related to survival analysis of the patients who have gone through kidney
transplants [106–114]. Renal biopsy images may be a good data base for application of machine
learning algorithms.

Despite having numerous imperfections, big data, as well as artificial intelligence have been
applied in the field of medication from numerous parts [115,116]. There are numerous possible
guidelines of using big data and artificial intelligence in nephrology that requires greater attention,
as well as further consideration [74,78,117–125].

6. Conclusions

In summary, the present status of kidney health care, and subsequently, research evidence in
nephrology requires strengthening. Big data research that is problem-driven in nephrology is very
much essential in promoting the interdisciplinary incorporation and subsequent improvements in
kidney disease, and it may subsequently offer some greater insights to further studies in the future.
Within the present era of using big data, it is strongly believed that big data and artificial intelligence
will greatly reshape research done on kidney disease and consequently improve the general clinical
practice of nephrology in the near future.
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Abstract: Background: Macrophage Migration Inhibitory Factor (MIF) is highly elevated after
cardiac surgery and impacts the postoperative inflammation. The aim of this study was to analyze
whether the polymorphisms CATT5–7 (rs5844572/rs3063368,“-794”) and G>C single-nucleotide
polymorphism (rs755622,-173) in the MIF gene promoter are related to postoperative outcome.
Methods: In 1116 patients undergoing cardiac surgery, the MIF gene polymorphisms were analyzed
and serum MIF was measured by ELISA in 100 patients. Results: Patients with at least one extended
repeat allele (CATT7) had a significantly higher risk of acute kidney injury (AKI) compared to
others (23% vs. 13%; OR 2.01 (1.40–2.88), p = 0.0001). Carriers of CATT7 were also at higher risk
of death (1.8% vs. 0.4%; OR 5.12 (0.99–33.14), p = 0.026). The GC genotype was associated with
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AKI (20% vs. GG/CC:13%, OR 1.71 (1.20–2.43), p = 0.003). Multivariate analyses identified CATT7

predictive for AKI (OR 2.13 (1.46–3.09), p < 0.001) and death (OR 5.58 (1.29–24.04), p = 0.021).
CATT7 was associated with higher serum MIF before surgery (79.2 vs. 50.4 ng/mL, p = 0.008).
Conclusion: The CATT7 allele associates with a higher risk of AKI and death after cardiac surgery,
which might be related to chronically elevated serum MIF. Polymorphisms in the MIF gene may
constitute a predisposition for postoperative complications and the assessment may improve risk
stratification and therapeutic guidance.

Keywords: acute kidney injury; genetic polymorphisms; risk prediction; (cardiac) surgery;
inflammatory cytokines; clinical studies

1. Introduction

Conventional open-heart surgery is performed annually in more than one million patients
worldwide, and the incidence of postoperative sequelae including acute organ dysfunction remains
high [1,2]. A more precise identification of patients’ risk for postoperative complications is desirable
both for prognostic guidance and for the application of earlier and more effective interventions.
While clinical scoring systems such as the well-established EuroSCORE were primarily developed for
the preoperative risk stratification of mortality in cardiac surgery patients, only limited evidence exists
about its value for postoperative organ dysfunction and other complications [3]. The identification of
genomic risk alleles could be especially helpful to more accurately predict outcomes and to enable
personalized medicine approaches.

Oxidative stress and a systemic inflammatory response contribution to the pathogenesis of
postoperative organ dysfunctions following cardiac surgery [4]. Macrophage migration inhibitory
factor (MIF) is a stress-regulating cytokine that increases in the circulation after cardiac surgery [5].
Within the MIF gene promoter, two polymorphisms, a G>C single nucleotide polymorphism 270 bases
before MIF transcription start (−270) (originally described as −173; HGVS nomenclature: NM_002415.2
c.−270G>C, rs755622) and a CATT tetranucleotide repeat CATT5-7 (rs3063368), have been associated
with disease severity of multiple chronic inflammatory diseases, including osteoporosis, ankylosing
spondylitis, and multiple sclerosis [6–8]. A higher number of CATT repeats has been reported to
increase MIF promotor activity and to be associated with higher circulating MIF concentrations
in different autoimmune and chronic inflammatory conditions [9–12]. The clinical significance of
functional polymorphisms in MIF for postoperative outcome after cardiac surgery is unknown. In this
study, we analyzed 1116 patients who underwent elective cardiac surgery with a cardiopulmonary
bypass. We analyzed whether MIF promoter polymorphisms impact the risk of postoperative organ
dysfunction and mortality in patients undergoing cardiac surgery. In a subset of patients, we also
examined the correlation between MIF genotypes and circulating MIF levels.

2. Materials and Methods

2.1. Study Design and Patients

The present study is a predefined sub-study performed in cardiac surgery patients of the Remote
Ischemic Preconditioning Heart (RIPHeart) study (January 2011–May 2014), which investigated whether
upper limb remote ischemic conditioning reduced mortality and the incidence of myocardial infarction,
stroke, and acute kidney injury (AKI) in adults scheduled for elective cardiac surgery requiring a
cardiopulmonary bypass [13]. As the initial intervention study did not show group differences, this MIF
polymorphism study includes all patients irrespective of the initial group assignment [13]. The trial
was undertaken in compliance with International Conference on Harmonisation Good Clinical Practice
guidelines, the Declaration of Helsinki (2008), and European Directive 2001/20/CE regarding the

16



J. Clin. Med. 2020, 9, 2936

conduct of clinical trials (4 April 2001). The study was registered at ClinicalTrials.gov (NCT01067703).
The study protocol was approved by the ethics committees of the University of Kiel, Aachen, and all
participating centers of this prospective multicenter study.

Patients scheduled for elective cardiac surgery with use of cardiopulmonary bypass (e.g., coronary
artery bypass graft (CABG), valve surgery, ascending aorta replacement) were eligible for this
study. Of the 1403 patients screened for the study, blood samples were available from 1196 patients.
Seven patients were excluded due to missing outcome data and 70 patients were excluded due to
missing genotype information (Supplemental Figure S1). Thus, data from 1119 patients were included
in the current study. The CATT8 genotype was excluded from analysis because of its low frequency
(N = 3), which is in accord with prior reports [14].

Blood samples were collected before surgery, at 45 min after cardiopulmonary bypass (CPB)
initiation, at 2 min after opening of the cross-clamp (reperfusion), at 15 min after weaning from CPB,
and at 1, 6, and 24 h after admission to ICU. Blood samples were processed no later than 2 h after
collection and were stored at −70 ◦C or −20 ◦C until further transfer. The final study visit took place
either before hospital discharge, or at the latest 30 days after ICU admission.

2.2. Outcome Measures

The primary exposure was the MIF genotype, which we analyzed according to the following
groups: alleles (e.g., carriers of at least one C allele), genotypes (e.g., GC), and individual genotype
combinations (e.g., CATT5,7-GC). The endpoints were the association between the MIF genotype and
the incidence of postoperative organ dysfunctions, including AKI, myocardial infarction, new onset of
atrial fibrillation, stroke, delirium, and death. Each of these outcome parameters were analyzed as
single events, and in the composite outcome “multiple organ dysfunction”, when patients suffered
from more than one organ dysfunction.

According to the KDIGO Clinical Practice Guideline 2012, AKI was defined as a ≥ 5-fold increase
of serum creatinine from baseline, and a urine output of ≤0.5 mL/kg/h for more than 6 h, or the use of
renal replacement therapy within 72 h [15]. However, a total creatinine increase of ≥ 0.3 mg/dL was
not considered a diagnostic criterion for AKI, as this criterion had not yet been established in 2011
when the data collection started. Non-fatal myocardial infarction was defined by biomarker values
more than five times higher than the 99th percentile of the normal reference range combined with new
pathological Q-waves or new left bundle branch block within the first 72 h, standard clinical criteria
for myocardial infarction from 72 h on, new ischemic finding by echocardiography or angiography,
or myocardial infarction diagnosed at autopsy [16]. New onset of atrial fibrillation was defined as a
new onset within the first four days after surgery [13]. The occurrence of postoperative delirium was
assessed with the CAM-ICU score (preoperative, 24, 48, 72, and 96 h after surgery) [17]. Stroke was
defined by any new, temporary or permanent, focal or global neurological deficit, or evidence of
stroke on autopsy, and was evaluated according to the National Institutes of Health Stroke Scale
(≥4 points) [18].

Myocardial infarction, atrial fibrillation, and stroke were analyzed until hospital discharge with a
maximum of 14 days after surgery.

2.3. ELISA

Serum was available from 100 patients in the RIPheart Study. Serum MIF levels were quantified
by ELISA in duplicates as previously described and according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN, USA) ([5]). Samples were diluted 1:10 before analysis to obtain
measures in the valid assay range.

2.4. Nomenclature and Genotyping of the Tetranucleotide Repeat Polymorphism CATTn (rs3063368)

In adherence to the U.S. National Library of Medicine dbSNP database (ncbi.nlm.nih.gov/snp/),
the tetranucleotide repeat polymorphism formerly described as rs5844572, referring to the CATT6
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allele, will be referred to with the reference SNP number rs3063368, which comprises the multiallelic
repeat polymorphism CATTn present at this site. The tetranucleotide repeat polymorphism is located
at position chr22:23893566-23893569: (GRCh38.p12) (ncbi.nlm.nih.gov/snp/rs3063368), and based on
older transcript annotations (NM_002415.2) -794 nucleotides, or based on more accurate transcript
annotations (NM_002415.2) -909 nucleotides upstream of the start codon. The repeat polymorphism
is a deletion, or respectively a duplication, of TTCA tetranucleotide repeats. In parallel with former
publications, in this study this SNP will be referred to as a tetranucleotide 5-, 6-, 7-, or 8- fold repeat
of CATT. The DNA sequence of this SNP is illustrated in Supplemental Figure S2 (UCSC Genome
Browser, genome.ucsc.edu).

EDTA-anticoagulated whole blood was used for genotyping. DNA was extracted with the Autopure
LS automated system according to the manufacturer’s recommendations (Qiagen, Hilden, Germany).

For the analysis of the tetranucleotide repeat (rs3063368), as formerly described, a fragment length
polymorphism PCR with fluorescently labeled primers and fragment length analysis via capillary
electrophoresis was applied [10]. Of note, with this technique a phase analysis with the rs755622
single nucleotide polymorphism (SNP) is not possible. DNA was amplified in a Mastercycler gradient
(Eppendorf AG, Germany). The PCR reaction mix contained 2.5μL 10×PCR buffer, 3μL (25 mM) MgCl2,
2 μL dNTP Mix, 0.8 μL of each primer, 0.15 μL (1 U) Taq polymerase, and 13.75 μL of purified DNA,
in a total end volume of 25 μL. The PCR consisted of the following steps: an initial denaturation step
(95 ◦C, 12 min), 35 amplification cycle (95 ◦C, 30 s; X (primer annealing temperature see Supplemental
Table S1, 30 s; 72 ◦C, 30 s) and a final elongation step (72 ◦C, 10 min). The reverse primer was labeled
with 6-Carboxyfluorescein (6-FAM) [19]. The PCR was performed in a SimpliAmp Thermal Cycler
(Life Technologies, Carlsbad, CA, USA). The PCR products were subjected to capillary electrophoresis
on an ABI 3730XL Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Data collection was
performed with Data Collection v3.0 software (Applied Biosystems, Foster City, CA, USA) and the
results were analyzed by GeneMapper ID v5 software (Applied Biosystems, Foster City, CA, USA).

2.5. Nomenclature and Genotyping of the SNP G>C Substitution (rs755622)

The SNP rs755622 is a substitution of G>C in the non-coding region at position chr22:23,894,205
(GRCh38.p12). Based on the older transcript annotations (NM_002415.1), this SNP has been
formerly described with the position NM_002415.1:m.-173. According to the more accurate transcript
annotation (NM_002415.2), the G>C substitution is located at position NM_002415.2:m.-178 and
NM_002415.2:c.-270 G>C. (The start codon is located at position chr22:23,894,475.)

DNA was extracted from EDTA-anticoagulated whole blood with Autopure (Qiagen,
Hilden, Germany). Genotyping of the SNP rs755622 G>C was performed using an Assays-on-Demand®

allelic discrimination on a TaqMan platform according to the manufacturer’s instructions (ThermoFisher
Scientific, Waltham, MA, USA). The polymerase chain reaction (PCR) contained 10 ng of genomic DNA,
10 μL TaqMan master mix, and 0.125 μL of 40× assay mix. PCR was performed using 96-well plates on
an ABI 9700 thermal cycler (Applied Biosystems, Foster City, CA, USA) (reaction conditions 50 ◦C for
2 min, 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min). The TaqMan 7700
platform was used to perform an end-plate reading using the allelic discrimination option.

Sample and marker quality control (QC) was performed with PLINK (v1.9; https://www.cog-
genomics.org/plink/1.9)(PMID:25722852).

2.6. Statistics

Baseline characteristics were analyzed using of Wilcoxon Rank Sum test for continuous variables
and Fisher’s exact test for binary variables. Associations between MIF polymorphisms and outcome
parameters were analyzed using univariate logistic regression and results are presented together with
odds ratios and 95% confidence intervals.

Multivariable logistic regression analysis was performed to analyze the influence of relevant
baseline variables. Model selection was based on the postoperative complication (dependent variable)
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and the genotype (independent variable). Further variables were selected on the basis of univariate
analyses and significant differences. Model selection was accomplished by a backward elimination or
a stepwise procedure.

Serum MIF levels at individual time points were compared using Wilcoxon Rank Sum test according
to the MIF genotype. Analyses were calculated with SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and
SPSS (IBM SPSS, version 21.0, Armonk, NY, USA). All p-Values refer to two-sided tests, and p < 0.05
was considered statistically significant.

2.7. Study Approval

Each patient provided written informed consent prior to inclusion in the study.

3. Results

3.1. Patients, Baseline Characteristics, and Postoperative Complications

The median age was 68 years and 25.1% were females (Table 1). Postoperative AKI was associated
with older age (p < 0.001), female gender (p = 0.007), the intake of aspirin (p = 0.01), lower baseline
hemoglobin (<14 g/dL) (p < 0.001), peripheral artery disease (p = 0.02), hypertension (p = 0.01),
insulin-dependent diabetes mellitus (IDDM) (p = 0.01), and a higher EuroSCORE (p < 0.001) (Table 1).
Death was associated with older age (p = 0.03) and IDDM (p = 0.03) (Table 1).

Table 1. Baseline and operative characteristics by AKI and death.

AKI Death
Yes

(N = 170)
No

(N = 946)
p-Value

Yes
(N = 8)

No
(N = 1108)

p-Value

Demographics

Age, years 72 (66–77) 67 (58–73) <0.001 73 (70–80) 68 (59–73) 0.03
Sex (female) 57 (33.5) 223 (23.6) 0.007 3 (37.5) 277 (25.0) 0.42

Active smokers 32 (18.8) 198 (20.9) 0.61 1 (12.5) 229 (20.7) 1.00

Medication

Beta blockers 109 (64.1) 587 (62.1) 0.67 6 (75.0) 690 (62.3) 0.72
ACE inhibitors 91 (53.5) 478 (50.5) 0.51 3 (37.5) 566 (51.1) 0.50

Cholesterol-lowering drug 110 (64.7) 624 (66.0) 0.79 6 (75.0) 728 (65.7) 0.72
Insulin 21 (12.4) 77 (8.1) 0.08 3 (37.5) 95 (8.6) 0.03
Aspirin 128 (75.3) 619 (65.4) 0.01 4 (50.0) 743 (67.1) 0.45

Clopidogrel 17 (10) 76 (8.0) 0.37 2 (25.0) 91 (8.2) 0.14

Comorbidities

Hypertension 153 (90.0) 772 (81.6) 0.01 6 (75.0) 919 (82.9) 0.63
Ischemic heart disease 132 (77.6) 706 (74.6) 0.39 5 (62.5) 833 (75.2) 0.42

Previous MI 1 (12.5) 315 (28.4) 0.45
Congestive heart disease 43 (25.3) 193 (20.4) 0.15 2 (25.0) 234 (21.1) 0.68

PAD 20 (11.8) 62 (6.6) 0.02 2 (25.0) 80 (7.2) 0.68
COPD 15 (8.8) 80 (8.5) 0.88 0 0 95 (8.6) 1.00

Chronic kidney disease 24 (14.1) 107 (11.3) 0.30 1 (12.5) 130 (11.7) 1.00
IDDM 56 (32.9) 219 (23.2) 0.01 4 (50.0) 271 (24.5) 0.11

Laboratory, at baseline

Serum creatinine mg/dL 0.92 (0.8–1.1) 0.91 (0.8–1.1) 0.66 0.99 (0.73–1.14) 0.91 (0.80–1.07) 0.82
Hemoglobin, g/dL 13.6 (12.5–14.6) 14.2 (13.4–14.9) <0.001 13.6 (12.1–14.4) 14.1 (13.2–14.9) 0.31

EuroSCORE

5 (3–7) 4 (2–6) <0.001 6 (5–8) 4 (2–6) 0.03

Type of surgery

CABG (alone) 64 (37.6) 434 (45.9)

0.26

3 (37.5) 495 (44.7)

0.25

Aortic valve * 37 (12.8) 190 (20.1) 2 (12.5) 225 (20.3)
Mitral valve * 6 (3.5) 32 (3.4) 0 (37.5) 38 (3.4)

Aorta ascendens * 3 (1.8) 30 (3.2) 0 (25.0) 33 (3.0)
Combined procedures 57 (33.5) 245 (25.9) 2 25.0 300 (27.1)
Other type of surgery 3 (1.8) 15 (1.6) 1 12.5 17 (1.5)

Data are expressed as the median and interquartile range (Q1–Q3) or absolute numbers and (percentage).
The association of baseline characteristics with AKI and death was analyzed by Wilcoxon rank sum or Fisher’s
exact test. ACE, angiotensin converting enzyme; CABG, coronary artery bypass graft; COPD, chronic obstructive
pulmonary disease; IDDM, insulin-dependent diabetes mellitus; MI, myocardial infarction; PAD, peripheral artery
disease, *, replacement or reconstruction (alone). Bold fonts indicate p-values < 0.05.

3.2. Genotype Frequencies

The most common genotypes were CATT6,6-GG (32.3%) and CATT5,6-GG (30.9%) (Table 2);
24.8% of patients carried at least one CATT7 allele; 29.6% of patients were heterozygous and 2.3%
of patients were homozygous carriers of the G>C substitution. The allele frequencies in our study
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cohort were comparable to the frequencies published in the reference database gnomAD (Table 1) [20].
The frequency of the GC genotype and the CATT7-repeat allele was higher than in patients with AKI
compared to patients without AKI (X2 test for trend, p = 0.001) (Figure 1).

Table 2. Frequencies of the MIF CATT5–7 repeat allele (rs3063368) and the G>C single-nucleotide
polymorphism (rs755622) in 1116 patients undergoing cardiac surgery.

CATT5–7 Repeat Allele Carrier Frequencies (rs3063368)

N Carriers % Allele Frequency (Europe) % 1

CATT5 488 43.7 - *
CATT6 957 85.8 84.3
CATT7 277 24.8 24.9

G>C SNP Genotype Frequencies (rs755622)

N Genotypes % Allele Frequency (Europe) % 1

GG (homozygous) 762 68.3 65.2
GC (heterozygous) 328 29.4 31.7
CC (homozygous) 26 2.3 3.1

Individual Genotype Combination Frequencies (rs3063368 & rs755622)

N %

CATT5,5-GG 68 6.1
CATT 5,6-GG 329 29.5
CATT 6,6-GG 360 32.3
CATT 5,7-GG 2 0.2
CATT 6,7-GG 3 0.3
CATT 5,5-CG 3 0.3
CATT 5,6-CG 16 1.4
CATT 6,6-CG 63 5.6
CATT 5,7-CG 69 6.2
CATT 6,7-CG 176 15.8
CATT 7,7-CG 1 0.1
CATT 5,7-CC 1 0.1
CATT 6,7-CC 10 0.9
CATT 7,7-CC 15 1.3

All 1116 100.00

The most frequent genotypes observed were CATT 5,6-GG (29.5%), CATT 6,6-GG (32.3%), and CATT 6,7-CG (15.8%).
The frequency of the polymorphisms was comparable to the frequency in the general reference population (Europe)
1; SNP, Single nucleotide polymorphism; CATT7, patients carrying at least one CATT7 allele. Data presented as
absolute numbers and percentage. 1 calculated from reference gnomAD Database (including >7500 genomes
from unrelated non-Finnish European individuals sequenced as part of various population genetic studies) [20].
* As CATT5 is the wildtype allele, there is no information regarding CATT5 in the gnomAD Database.
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Figure 1. Frequency distribution of the CATT microsatellite repeat (rs3063368) and the G>C SNP
(rs755622) in patients with AKI versus patients not affected by AKI after cardiac surgery. (A) In patients
with AKI, the frequency of the GC genotype and the CATT7 allele is higher than in patients without
AKI (X2 test for trend, p = 0.001). (B) The AKI event rate was higher in patients with the GC genotype
(20%) versus patients with the CC or the GG genotype (13%), and higher in CATT7 carriers (23%)
compared to non-carriers. (C) Patients carrying the GC genotype or the CATT7 allele had a significantly
increased relative risk of AKI compared to all other patients.

3.3. Association of the Tetranucleotide Repeat CATT5-7 (rs3063368) and the G>C Single-Nucleotide
Polymorphism (rs755622) with Postoperative Outcome

All patients (N = 1116) were examined for the association between the two polymorphisms in
the MIF promoter and risk of postoperative complications. The overall incidence of AKI after cardiac
surgery was 15.2% (N = 170) (Table 3). Patients who were either homozygous or heterozygous carriers
of the MIF CATT7 allele had a significantly increased risk of AKI after cardiac surgery when compared
to all other patients (22.7% vs. 12.8%, OR 2.01, 95% CI 1.40–2.88, p = 0.0001) (Table 4).
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Table 3. Absolute and relative frequency of postoperative complications. * Patients affected by at least
two of the predefined organ dysfunctions.

Patients (N = 1116)
N %

Death 8 0.7
Myocardial infarction (MI) 93 8.3

Stroke 24 2.2
Delirium 144 12.9

Acute kidney injury (AKI) 170 15.2
Stage 1 108 9.7
Stage 2 38 3.4
Stage 3 24 2.1

Atrial Fibrillation 245 21.9

Multiple Complications (≥) * 139 12.4

Table 4. Association of the MIF promoter polymorphisms with AKI.

MIF Polymorphism
AKI (N = 170)

p-ValuePatients Carrying This
Allele/Genotype

Patients NOT Carrying
this Allele/Genotype

N Incidence, % N Incidence, % OR (95% CI)

CATT Repeat
Allele Carriers

(rs3063368)

CATT5 69 14.1 101 16.1 0.86 (0.61–1.21) 0.401
CATT 6 143 14.9 27 17.0 0.86 (0.54–1.40) 0.551
CATT 7 63 22.7 107 12.8 2.01 (1.40–2.88) 0.0001

Genotypes

G>C
(rs755622)

GG 99 12.9 71 20.1 0.60 (0.42–0.85) 0.0031
GC 67 20.4 103 13.1 1.71 (1.20–2.43) 0.0025
CC 4 15.4 166 15.2 1.01 (0.25–3.03) 1.000

CATT repeat (rs3063368)
CATT 5,5 7 9.9 163 15.6 0.59 (0.22–1.32) 0.233
CATT 5,6 45 13.0 125 16.2 0.78 (0.52–1.13) 0.178
CATT 5,7 17 23.6 153 14.7 1.80 (0.95–3.25) 0.060
CATT 6,6 55 13.0 115 16.6 0.75 (0.52–1.07) 0.122
CATT 6,7 43 22.8 127 13.7 1.86 (1.23–2.77) 0.003
CATT 7,7 3 18.8 167 15.2 1.29 (0.23–4.76) 0.723

Individual
genotype combinations *

CATT 5,5-GG (6.1%) 7 10.3 163 15.6 0.62 (0.24–1.40) 0.297
CATT 5,6-GG (29.5%) 44 13.4 126 16.0 0.81 (0.55–1.19) 0.275
CATT 6,6-GG (32.3%) 47 13.1 123 16,3 0.77 (0.53–1.12) 0.182
CATT 6,6-CG (5.6%) 8 12.7 162 15.4 0.80 (0.32–1.73) 0.718
CATT 5,7-CG (6.2%) 17 24.6 153 14.6 1.91 (1.01–3.46) 0.036
CATT 6,7-CG (15.8%) 41 23.3 129 13.7 1.91 (1.25–2.87) 0.002

The incidence of AKI was higher among patients carrying the CATT7 allele, in patients with the GC or CATT 6,7
genotype, and in patients with the genotype combinations CATT 5,7-CG and CATT 6,7-CG. AKI, acute kidney injury;
CI, confidence interval; OR, odds ratio; SNP, Single nucleotide polymorphism; CATT7, patients carrying at least
one CATT7 allele. * genotype combinations with a frequency of >5%. Data presented as absolute numbers and
percentage. p-value calculated by Fisher exact test; bold fonts indicate p-values < 0.05.

Patients carrying the G>C SNP were also at increased risk of AKI (20.4% vs. 13.1%, OR 1.71, 95%
CI 1.20–2.43, p = 0.0025) (Table 4). The 26 homozygote carriers of the CC genotype did not show an
increased risk of AKI when compared to others (p = 1.000).

Multiple complications, defined as at least two of the predefined organ dysfunctions, were
observed in 12.4% of patients (N = 139) (Table 3). The CATT7 repeat and the G>C SNP were
significantly associated with the occurrence of multiple postoperative complications when compared
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to all other genotypes (CATT7: 17.7% vs. 10.7%, OR 1.79, 95% CI 1.20–2.65, p = 0.003; GC: 16.8% vs.
10.7%, OR 1.69, 95% CI 1.15–2.47, p = 0.007) (Table 5).

Table 5. Association of the MIF promoter polymorphisms with multiple complications *.

MIF Polymorphism
Multiple Complications * (N = 139)

p-ValuePatients Carrying this
Allele/Genotype

Patients NOT Carrying
this Allele/Genotype

N Incidence, % N Incidence, % OR (95% CI)

-CATT repeat
allele carriers

(rs3063368)

CATT 5 50 10.3 89 14.2 0.69 (0.47–1.01) 0.055
CATT 6 120 12.5 19 12.0 1.06 (0.62–1.88) 0.898
CATT 7 49 17.7 90 10.7 1.79 (1.20–2.65) 0.003

Genotypes

G>C
(rs755622)

GG 80 10.1 59 16.7 0.59 (0.40–0.86) 0.005
GC 55 16.8 84 10.7 1.69 (1.15–2.47) 0.007
CC 4 15.4 135 12.4 1.29 (0.32–3.87) 0.554

CATT repeat (rs3063368)
CATT 5,5 4 5.6 135 12.9 0.40 (0.10–1.11) 0.092
CATT 5,6 33 9.6 106 13.8 0.66 (0.42–1.02) 0.050
CATT 5,7 13 18.1 126 12.1 1.61 (0.78–3.06) 0.140
CATT 6,6 53 12.5 86 12.4 1.01 (0.69–1.48) 1.000
CATT 6,7 34 18.0 105 11.3 1.72 (1.09–2.66) 0.015
CATT 7,7 2 12.5 137 12.5 1.00 (0.11–4.45) 1.000

Individual
genotype combinations †

CATT 5,5-GG (6.1%) 4 5.9 135 12.9 0.42 (0.11–1.16) 0.126
CATT 5,6-GG (29.5%) 32 9.7 107 13.6 0.68 (0.44–1.05) 0.091
CATT 6,6-GG (32.3%) 44 12.2 95 12.6 0.97 (0.65–1.44) 0.923
CATT 6,6-CG (5.6%) 9 14.3 130 12.4 1.18 (0.50–2.49) 0.693
CATT 5,7-CG (6.2%) 13 18.4 126 12.0 1.70 (0.83–3.25) 0.127
CATT 6,7-CG (15.8%) 32 18.2 107 11.4 1.73 (1.08–2.70) 0.018

The incidence of multiple complications was higher among patients carrying the CATT7 allele, in patients with
the GC or CATT 6,7 genotype, and in patients with the genotype combinations CATT 5,7-CG and CATT 6,7-CG.
CI, confidence interval; OR, odds ratio; SNP, Single nucleotide polymorphism; CATT7x, patients carrying at least
one CATT7 allele. † genotype combinations with a frequency of > 5%. * Patients affected by at least two of the
predefined organ dysfunctions. † defined as at least two of the predefined organ dysfunctions. Data presented as
absolute numbers and percentage. p-value calculated by Fisher’s exact test; bold fonts indicate p-values < 0.05.

The incidence of death during the first 30 days after surgery was 0.7% (N= 8) (Table 3). The mortality
of carriers of the MIF CATT7 allele was significantly higher compared to patients not carrying the
CATT7 repeat (1.81% vs. 0.36%, p = 0.026, OR 5.12, 95% CI 0.99–33.14) (Table 6). Likewise, patients
with the MIF CATT6,7 repeat genotype also had an increased risk of death when compared to all other
patients (2.1% vs. 0.4%, OR 4.99, 95% CI 0.92–26.98, p = 0.032). Mortality rates in carriers of the GC
genotype were increased with borderline significance (1.5% vs. 0.4%, OR 4.05, 95% CI 0.78–26.20,
p = 0.053).

There was no significant difference in the incidence of AKI or death in heterozygous or homozygous
carriers of the C allele or the CATT7 repeat allele (AKI-C-allele: 20.4% vs. 15.4%, OR 1.41 (0.47–4.24),
p = 0.537; AKI-CATT7: 21.7% vs. 18.8%, OR 1.11 (0.30–4.05), p = 0.879; death-C allele: 0% vs. 1.5%,
OR 0.90 (0.05–16.75), p = 0.526; death-CATT7: 0% vs. 1.9%; OR 0.66 (0.03–12.54), p = 0.589). While MIF
promoter polymorphisms were significantly associated with AKI, multiple complications, and death,
no significant association was found with regards to the incidence of postoperative myocardial
infarction, atrial fibrillation, stroke, or delirium (Supplemental Tables S2–S5).
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Table 6. Association of the MIF promoter polymorphisms with death.

MIF Polymorphism
Death (N = 8)

p-ValuePatients Carrying This
Allele/Genotype

Patients NOT Carrying
This Allele/Genotype

N Incidence, % N Incidence, % OR (95% CI)

CATT repeat
allele carriers

(rs3063368)

CATT 5 2 0.4 6 1.0 0.43 (0.04–2.40) 0.478
CATT 6 7 0.7 1 0.6 1.16 (0.15–52.80) 1.000
CATT 7 5 1.8 3 0.4 5.12 (0.99–33.14) 0.026

Genotypes

G>C
(rs755622)

GG 3 0.4 5 1.4 0.28 (0.04–1.43) 0.118
GC 5 1.5 3 0.4 4.05 (0.78–26.20) 0.053
CC 0 0 8 0.7 0.00 (0.00–19.77) 1.000

CATT repeat (rs3063368)
CATT 5,5 0 0 8 0.8 0.00 (0.00–6.75) 1.000
CATT 5,6 1 0.3 7 0.9 0.32 (0.01–2.49) 0.447
CATT 5,7 1 1.4 7 0.7 2.09 (0.05–16.59) 0.415
CATT 6,6 2 0.5 6 0.9 0.54 (0.05–3.06) 0.717
CATT 6,7 4 2.1 4 0.4 4.99 (0.92–26.98) 0.032
CATT 7,7 0 0 8 0.7 0.00 (0.00–33.33) 1.000

Individual
genotype combinations *

CATT 5,5-GG (6.1%) 0 0 8 0.8 0.00 (0.00–7.07) 1.000
CATT 5,6-GG (29.5%) 1 0.3 7 0.9 0.34 (0.01–2.66) 0.449
CATT 6,6-GG (32.3%) 2 0.6 6 0.8 0.70 (0.07–3.93) 1.000
CATT 6,6-CG (5.6%) 0 0 8 0.8 0.00 (0.00–7.68) 1.000
CATT 5,7-CG (6.2%) 1 1.5 7 0.7 2.18 (0.05–17.39) 0.401

CATT 6,7-CG (15.8%) 4 2.3 4 0.4 5.44 (1.00–29.44) 0.025

The incidence of death was higher among patients carrying the CATT7 allele, in patients with the CATT 6,7 genotype,
and in patients with the genotype combination CATT 6,7-CG.; OR, odds ratio; SNP, Single nucleotide polymorphism;
CATT7, patients carrying at least one CATT7 allele. * genotypes with a frequency of > 5%. Data presented as
absolute numbers and percentage. p-value calculated by Fisher’s exact test; bold fonts indicate p-values < 0.05.

3.4. MIF Genotypes as a Predictor of AKI in Multivariable Analyses

To assess if the MIF genotype improves preoperative risk prediction, a multivariable logistic
regression was performed for AKI and death. For risk modeling, all baseline patients’ characteristics
(Table 1), including the well-established EuroSCORE, a preoperative risk stratification tool,
were considered, and a logistic regression parameter selection procedure was performed. For the
prediction of AKI, the variables EuroSCORE, hemoglobin, hypertension, and the presence of the MIF
CATT7 allele were selected. When adjusted for these variables, the MIF CATT7 allele remained a
significant predictor of AKI (OR 2.13, 95% CI, 1.46–3.1) (Table 7). The resulting model had an AUC of
0.71 (95% CI, 0.67–0.76).

For prediction of death, the statistical variable selection procedure resulted in a model containing
the variables EuroSCORE, insulin-dependent diabetes, and the MIF CATT7 allele. The presence of
a MIF CATT7 repeat allele significantly improved the prediction of postoperative mortality in this
model (OR 5.58, 95% CI 1.29–24.04, p = 0.021). The resulting model had an AUC (receiver operating
statistics—area under the curve) of 0.874 (95% CI, 0.786–0.962) (Table 7, Figure 2). In summary, the MIF
CATT7 allele is a significant predisposing risk factor for AKI and death after cardiac surgery.

The multivariable logistic regression model for AKI includes the variables MIF CATT7 allele
carriers and arterial hypertension as binary variables, and EuroSCORE and hemoglobin levels as
continuous variables (according to Table 7). The model for death includes the variables MIF CATT7

carrier status and insulin-dependent diabetes as binary variables and EuroSCORE as a continuous
variable. AUC, area under the curve; CI, confidence interval.
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Table 7. Predictors of Acute Kidney Injury (AKI) and death using multivariable logistic regression.

Variable ß OR
(95%
CI)

p-Value

AKI (N = 170) * −1.066

CATT7 carrier 0.755 2.13 (1.46–3.09) <0.001
EuroSCORE 0.202 1.22 (1.38–1.32) <0.001
Hemoglobin −0.183 0.83 (0.74–0.94) 0.004

Hypertension 0.701 2.03 (1.11–3.72) 0.022

Death (N = 8) † −6.709

CATT7 carrier 1.719 5.58 (1.29–24.04) 0.021
EuroSCORE 0.342 1.41 (1.05–1.88) 0.021

IDDM 1.923 6.84 (1.55–30.26) 0.011

In addition to the well-established EuroSCORE and other baseline characteristics, the MIF CATT7 was identified as
a significant predictor of AKI and death. AKI, acute kidney injury; OR, odds ratio; CI, confidence interval. IDDM,
insulin-dependent diabetes mellitus. Bold fonts indicate p-values < 0.05. * Area under the curve (AUC), 0.71; 95%
CI, 0.67 - 0.76; Hosmer und Lemeshow Goodness-of-Fit Test, 0.8432. † Area under the curve (AUC), 0.87; 95% CI,
0.79–0.96; Hosmer und Lemeshow Goodness-of-Fit Test, 0.9702.

Figure 2. Receiver operating characteristics (ROC) curves for the prediction of AKI (red) and death
(blue) after elective cardiac surgery. The grey line indicates the reference values of a diagnostic test that
is no better than chance level.

3.5. MIF Serum Levels Before Surgery Are Increased in Patients Carrying the CATT7 Allele

To assess the association of the MIF promoter polymorphisms and the circulating MIF levels in
cardiac surgery patients, perioperative kinetics of serum MIF were analyzed in 100 patients in relation
to the underlying MIF polymorphisms. In patients carrying at least one CATT7 allele (CATT7), serum
MIF was significantly elevated before surgery (79.2 vs. 50.4 ng/mL, p = 0.008) and one hour after
surgery (154.8 vs. 79.5 ng/mL, p = 0.02) (Figure 3). The comparison of all other alleles, genotypes,
and individual genotype combinations did not show significant differences between groups.
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Figure 3. Perioperative kinetics of serum MIF in patients undergoing cardiac surgery. * P< 0.05, ** P < 0.01.

Serum MIF was quantified with ELISA in 100 patients. Patients heterozygous or homozygous
for the MIF CATT7 allele had significantly increased serum MIF before surgery (preoperative) and
significantly lower serum MIF 1 h after surgery. Data are means ± SEM. ** p < 0.01, * p < 0.05 versus
other groups at the corresponding time point (difference between groups) analyzed by Wilcoxon Rank
Sum test.

4. Discussion

MIF is an inflammatory cytokine that is rapidly released from preformed intracellular pools in
response to diverse cellular and systemic stressors, including ischemia-reperfusion, endotoxemia and
surgery [21]. Previous studies demonstrated a significant peak of circulating MIF during cardiac surgery,
as well as an association between circulating MIF and adverse postoperative outcomes [5,22–24].
Two polymorphisms in the MIF gene regulatory region, a CATT5-7 microsatellite repeat (rs3063368) and
a -270 (formerly described as -173) G>C single-nucleotide polymorphism (rs755622), which is in linkage
disequilibrium with CATT7, have been studied regarding their association with different pathologic
conditions (e.g., pulmonary tuberculosis, acute coronary syndrome, carotid artery atherosclerosis,
systemic lupus erythematosis, multiple sclerosis) [8,14,25–28]. However, the impact of the MIF gene
polymorphisms on postoperative outcomes after cardiac surgery has not been analyzed.

The cardiac surgery patients in the present study displayed similar allele frequencies of the MIF
CATT5-7 microsatellite repeat (rs3063368) and G>C single nucleotide variant (rs755622) as in the general
population [20]. Approximately 25% of patients carried at least one longer CATT repeat (CATT7)
(rs3063368) and 30% carried at least one C allele (rs755622). Demographic characteristics and procedural
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data revealed no significant differences between genotypes. Heterozygous or homozygous carriers of
the CATT7 allele had an almost 5-fold increased risk of death after cardiac surgery. Patients carrying
either the CATT7 or the C allele had an approximately 2-fold increased risk of suffering from AKI
or multiple organ dysfunctions. While the risk for AKI was 12.8% in patients not carrying a CATT7

allele, it was 22.7% for carriers of the CATT7 allele. In addition to the well-established EuroSCORE,
the MIF CATT7 was identified as a significant predictor of death and development of AKI in a
multivariable logistic regression model. The reason why we observed no significant association
between homozygosity of the CC genotype might be attributed to the very low number of patients
(N = 26, frequency 2.3%), but should be reevaluated in larger cohorts.

The MIF promoter microsatellite was suggested to influence MIF mRNA expression, as assessed
by luciferase reporter assays in normal and patient cells [11,14]. The longer CATT7 repeat further has
been associated with higher serum MIF levels in various patient cohorts, including those with coronary
artery disease [10,29,30]. In this study, we found that patients carrying the CATT7 allele had higher
serum MIF preoperatively and one hour after surgery, but serum MIF did not differ at the other intra-
and postoperative timepoints.

In recent literature, MIF has already been associated with AKI in divergent clinical settings of
septic shock, liver transplantation, glomerulonephritis, and renal allograft rejection [31–34].

However, there are indications that MIF can have a protective role against renal tubular injury
in experimental models of ischemic AKI [23,35]. In one study, high MIF serum levels during cardiac
surgery were associated with a reduced risk of postoperative AKI [23]. This contrasts with our
observation of the CATT7 and G>C, that are the proposed high expression alleles, being associated
with AKI. An important risk factor for postoperative AKI is pre-existing chronic kidney disease (CKD),
genetic studies support an association between the presence of at least one MIF G>C allele (rs755622)
with chronic kidney and cardiovascular disease [36,37]. In a cross-sectional study MIF serum levels were
significantly increased in patients with CKD [38]. It is well established that chronic kidney disease (CKD)
predisposes to AKI [39]. Therefore, it can be speculated that the association between proposed high
expression MIF genotypes with AKI is related to CKD that may inflate the risk for postoperative AKI.
We suggest that preoperatively, chronically elevated MIF serum levels are associated with detrimental
effects and may need to be discriminated from high intraoperative MIF serum levels, which might in
fact mediate organ-protective effects during ischemia-reperfusion. This is in line with the notion that
acute elevations of MIF serum levels may ameliorate ischemia-reperfusion injury after cardiac surgery,
whereas long-term elevations in MIF may aggravate inflammatory pathways in atherosclerosis [40,41].
The observation of MIF correlating with markers of oxidative stress (8-hydroxy-2-deoxyguanosine)
and endothelial activation (ICAM-1) in a cohort of CKD patients, supports the thesis that chronically
elevated MIF levels might contribute to cardiovascular and associated CKD [38].

Mechanistically, MIF induces intracellular signal cascades via binding to its receptors including
the cardioprotective CD74/AMPK kinase axis and the MIF CXC motif chemokine receptors, CXCR2,
CXCR4, or CXCR7. Serum MIF may influence the expression of MIF receptors, and there are
indications from mouse models that genetic MIF deficiency downregulates the expression of the
MIF-signalling co-receptor CD44, which is required for signaling responses through CD74 [42,43].
Accordingly, chronically elevated levels of MIF might lead to an altered or injurious response to an
acute, perioperative MIF increase, and potentially explain why MIF may be renoprotective in healthy
mice but deleterious in multimorbid patients with chronic, underlying inflammation. The results of
the present study nevertheless remain observational and cannot explain causative pathophysiology.
Further studies investigating the mechanisms by which high expression of the MIF genotype may
mediate the observed deleterious effects may help in the development of protective strategies for high
risk cardiac surgery patients.

We acknowledge several limitations of our study, including the observational design. The event
rate for death was very low, and therefore the analysis addressing the association of MIF genotypes
with mortality should be interpreted cautiously and requires validation in larger cohorts. Although we
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measured serum MIF in a subcohort of patients and observed a relationship with increased CATT repeat
length, this observation has not been consistently observed in prior studies, in part due to limitations
of the serum compartment in reflecting systemic or regional tissue MIF expression levels [44,45].
Moreover, the study focused on Caucasian subjects and population stratification at the MIF locus
exists [46]. While we did not study different geographic cohorts, our homogenous study population
allows generalisability across predominantly European populations. Finally, the genotyping technique
employed does not allow a concise phase analysis, and single haplotypes, e.g., the co-localization of a
specific CATT allele (rs3063368) with the G or C allele (rs755622), cannot be explored.

In the same study cohort, one genome-wide association study (GWAS) has been undertaken
and did not identify an association of the MIF gene polymorphisms with postoperative outcome [47].
Therefore, our findings underscore the necessity of candidate gene studies, including of common
structural variants such as microsatellite repeats that are not detectable by SNP-based GWAS
platforms [47–49]. As technological advances and declining costs in next-generation sequencing
technologies pave the way for the broader availability of genomic testing, the implementation of
genetic susceptibility data will help to improve risk stratification and to reduce the incidence and
sequelae of cardiac surgery [50].

5. Conclusions

In the setting of cardiac surgery, we identified the MIF promotor polymorphisms CATT7 (rs3063368)
and -270 (formerly -173) G>C (rs755622), to be predictive of development of postoperative AKI and
death. These MIF promoter alleles could improve current clinical risk prediction models and thus
serve as a helpful decision-making tool for clinicians and patients in the near future.
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Abstract: Background: Failed kidney transplant recipients benefit from a new graft as the general
incident dialysis population, although additional challenges in the management of these patients
are often limiting the long-term outcomes. Previously failed grafts, a long history of comorbidities,
side effects of long-term immunosuppression and previous surgical interventions are common
characteristics in the repeated kidney transplantation population, leading to significant complex
immunological and technical aspects and often compromising the short- and long-term results.
Although recipients’ factors are acknowledged to represent one of the main determinants for graft
and patient survival, there is increasing interest in expanding the donor’s pool safely, particularly for
high-risk candidates. The role of living kidney donation in this peculiar context of repeated kidney
transplantation has not been assessed thoroughly. The aim of the present study is to analyse the
effects of a high-quality graft, such as the one retrieved from living kidney donors, in the repeated
kidney transplant population context. Methods: Retrospective analysis of the outcomes of the
repeated kidney transplant population at our institution from 1968 to 2019. Data were extracted from
a prospectively maintained database and stratified according to the number of transplants: 1st, 2nd
or 3rd+. The main outcomes were graft and patient survivals, recorded from time of transplant to
graft failure (return to dialysis) and censored at patient death with a functioning graft. Duration of
renal replacement therapy was expressed as cumulative time per month. A multivariate analysis
considering death-censored graft survival, decade of transplantation, recipient age, donor age, living
donor, transplant number, ischaemic time, time on renal replacement therapy prior to transplant
and HLA mismatch at HLA-A, -B and -DR was conducted. In the multivariate analysis of recipient
survival, diabetic nephropathy as primary renal disease was also included. Results: A total of 2395
kidney transplant recipients were analysed: 2062 (83.8%) with the 1st kidney transplant, 279 (11.3%)
with the 2nd graft, 46 (2.2%) with the 3rd+. Mean age of 1st kidney transplant recipients was
43.6 ± 16.3 years, versus 39.9 ± 14.4 for 2nd and 41.4 ± 11.5 for 3rd+ (p < 0.001). Aside from being
younger, repeated kidney transplant patients were also more often males (p = 0.006), with a longer
time spent on renal replacement therapy (p < 0.0001) and a higher degree of sensitisation, expressed
as calculated reaction frequency (p < 0.001). There was also an association between multiple kidney
transplants and better HLA match at transplantation (p < 0.0001). A difference in death-censored graft
survival by number of transplants was seen, with a median graft survival of 328 months for recipients
of the 1st transplant, 209 months for the 2nd and 150 months for the 3rd+ (p = 0.038). The same
difference was seen in deceased donor kidneys (p = 0.048), but not in grafts from living donors
(p = 0.2). Patient survival was comparable between the three groups (p = 0.59). Conclusions: In the
attempt to expand the organ donor pool, particular attention should be reserved to high complex
recipients, such as the repeated kidney transplant population. In this peculiar context, the quality
of the donor has been shown to represent a main determinant for graft survival—in fact, kidney
retrieved from living donors provide comparable outcomes to those from single-graft recipients.
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1. Introduction

The proportion of end-stage renal disease (ESRD) patients with a failed kidney transplant is
increasing each year [1,2]; 25% of patients on the US kidney transplant waiting list have a failed
transplant [3] and in the Eurotransplant area, the number of patients being re-waitlisted after returning
to dialysis steadily ranges between 17.9% and 18.9% [4].

Morbidity and mortality for patients with a failed kidney transplant on dialysis is high; there
is a two- to three-fold risk of death compared to patients with a functioning graft and a median
recipient survival after graft failure of three years [3,5]. This increased mortality [6] relates to higher
rates of cardiovascular, neoplastic and infective events, in which the burden of immunosuppressive
therapy is no longer counterbalanced by the benefits of a working kidney transplant [7]. The single
modifiable factor which has the greatest impact on recipient survival in this group is the time to
re-transplantation [6]; however, the suboptimal outcome of repeated kidney re-transplantation has
generated increasing debate regarding the overall management and resource allocation within this
subgroup. Nevertheless, previous reports have shown that there is a significative survival benefit after
repeat deceased donor kidney transplantation over remaining on the waiting list, due to significative
improvement in better immunological screening, crossmatching, HLA matching, post-operative
management and immunosuppression protocols [8], although the overall outcome remains impaired
by an inferior survival compared to first kidney transplant recipients [9].

Yet, other fundamental outcome drivers, for example the impact of a high-quality living donor
graft, have not been fully investigated in the peculiar context of repeated kidney transplantation.

One of the primary advantages in fact of receiving a kidney from a living donor is that the organ
is generally healthier and more resistant to the occurrence and extension of the subsequent ischaemic
reperfusion injury. To become eligible, living donors undergo full screening of their kidney function,
tissue and immunological compatibility with the recipient and a comprehensive overall physical health
check. This is in contrast with grafts retrieved from deceased donors, where already the stress and
the damage related to the death of the individual determine a systemic storm summing up to the
usual longer time in cold storage to allow retrieval and transfer between different teams and hospitals.
All together, these factors can temporarily reduce and potentially compromise the organ function
irreversibly [10].

The incidence of delayed graft function in kidneys from deceased donors varies, but is overall as
high as 30%; it might also take weeks before the recipient is fully dialysis independent [11,12], thus the
recipients are more exposed and vulnerable in the post-operative period. Conversely, kidneys from
living donors tend to function immediately, reducing the risk of hospitalisation and renal replacement
therapy after transplant to less than 4% [13] and setting in this way the recipient for the best short- and
long-term outcome.

Why is it so important an immediate graft function? As stated above, the more complex the
procedure, the higher the likelihood of the prolonged ischaemic insult and the resultant impact on
challenging recipients. Previously failed grafts, a long history of comorbidities, side effects of long-term
immunosuppression and previous surgical interventions are common characteristics in the repeated
kidney transplant population, leading to significant immunological and technical challenges.

Intuitively, it might initially seem sensible to withdraw immunosuppression in patients after graft
failure to reduce the risk of cardiovascular, neoplastic and infective complications. However, for those
who are fit for a subsequent transplant, this commonly results in a high degree of sensitisation to HLA,
namely the production of donor-specific HLA antibodies (DSA) and other panel-reactive antibodies
(PRAs) [14]. This reduces access to compatible donors and may result in an extremely prolonged wait
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for transplantation, with the associated morbidity and mortality [15]. This increased waiting time
might also have a worse synergistic effect with the often extended ischemic time, due to the technical
challenges associated with re-transplantation, namely adhesions from previous surgery, difficulties
accessing the iliac vasculature or earlier manipulation of the bladder to establish the ureterovesical
anastomosis [16].

The aim of this study is to analyse the experience of repeated kidney transplantation in our
institution over 50 years, with a focus on outcomes in recipients of first, second and third/fourth kidney
transplants and factors which impact these outcomes.

2. Methods

All recipients of kidney transplants in Northern Ireland between 1968 and 2019 were included in
the analysis. Recipients were identified using a prospectively maintained database which records data
on all transplant recipients. Recipients were followed up until death or 1 September 2019. The clinical
and research activities being reported are consistent with the principles of the Declaration of Helsinki
and comply with the Declaration of Istanbul. Approval for this study was granted by the Regional
Ethics Committee (12/NI/1078).

Death-censored graft survival was measured from time of transplant to graft failure (return to
dialysis) and censored when a patient died with a functioning graft. Duration of renal replacement
therapy was expressed as cumulative time per month. Recipient survival was measured from
transplantation to death. Pre-transplant sensitisation levels were expressed as a calculated reaction
frequency (cRF), which is calculated as the proportion of the last 10,000 UK, blood group-identical,
deceased donors to which the patient has DSAs. Recipients were considered highly sensitized if they
had a cRF greater than 85%.

Immunosuppression: No routine induction was used in any era. Maintenance regimen was on
prednisolone and azathioprine before 1989; from 1989 to 1998, cyclosporine was introduced and patients
commenced on triple therapy; in 1998, mycophenolate mofetil replaced azathioprine in the triple-therapy
regimen; and from 2000, tacrolimus replaced cyclosporine. Overall, the majority of patients were
maintained on two agents in the long term, with 25% on the calcineurin inhibitor-free regimen.

Living donors: Numbers of living donors performed varied according to the decade considered:
3.3% from 1968 to 1977; 9.8% from 1978 to 1987; 4% from 1988 to 1997; 10.6% from 1998 to 2007 and
55.3% from 2008 to 2017.

Statistical Analysis

Continuous variables are presented as the mean ± standard deviation. Analysis of variance and
t test were used to compare continuous variables between groups. For nominal or non-parametric
variables, the Pearson χ2 test was performed. Kaplan–Meier and Cox regression analyses were applied
for survival analysis. In a multivariate analysis for death-censored graft survival, factors previously
associated in our population were included: decade of transplantation, recipient age, donor age, living
donor, transplant number, ischaemic time, time on renal replacement therapy prior to transplant and
HLA mismatch at HLA-A, -B and -DR. In the multivariate analysis of recipient survival, diabetic
nephropathy as primary renal disease was also included. Confidence interval was set to 95%, and p
was considered significant at less than 0.05. Analysis was performed using SPSS (IBM SPSS Statistics
for Windows, Version 20.0; IBM Corp, Armonk, NY, USA).

3. Results

A total of 2395 kidney transplant recipients were included: 2062 (83.8%) received a 1st kidney
transplant, 279 (11.3%) received a 2nd kidney transplant, 46 (1.9%) received a 3rd kidney transplant
and 8 (0.3%) received a 4th kidney transplant. The outcomes of the 3rd and 4th kidney transplants
were grouped together (3rd+).
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Table 1 summarises donor and recipient characteristics. Recipients of 3rd+ kidney transplants
were significantly more likely to receive a living donor kidney (p < 0.0001).

Table 1. Demographics of kidney transplants performed in Northern Ireland in the period 1968–2019.

1st Transplant
n = 2062

2nd Transplant
n = 279

3rd+ Transplant
n = 54

p Value

Recipient
Recipient age

(mean+SD, years) 43.6 ± 16.3 39.9 ± 14.4 41.4 ± 11.5 0.001

Recipient sex
(male) 1244 (60%) 187 (67%) 38 (73%) 0.006

Renal replacement therapy duration
(mean+SD, months) 22.5 ± 26.6 124.7 ± 95.8 207.3 ± 106.8 <0.0001

Calculated reaction frequency (cRF)
(mean+SD, %) 15.3 ± 29.7 54.1 ± 40.3 75.7 ± 34.5 <0.0001

Donor
Donor age

(mean+SD, years) 49.7 ± 9 39.4 ± 16.1 43.5 ± 16 0.166

Donor sex
(male) 1159 (56%) 152 (54%) 28 (54%) 0.171

Living donor 549 (26%) 82 (29%) 22 (42%) <0.0001
Transplant

Pre-emptive transplantation 308 (14.9%) 22 (7.9%) 3 (5.6%) <0.0001
HLA-A, -B, -DR mismatch

(mean+SD, number) 2.4 ± 1.3 2 ± 1.4 1.4 ± 1.4 <0.0001

Ischaemic time
(mean+SD, hours) 17.5 + 18 16.6 + 16.5 13 + 9.9 0.197

Donor age, donor sex and cold ischaemic time did not statistically differ between the groups.

In total, 99% of recipients were White. Recipients of repeated kidney transplants were more likely
to be male (p = 0.006) and were younger (p < 0.001): mean age of 1st KTRs was 43.6 ± 16.3 years, versus
39.9 ± 14.4 for 2nd and 41.4 ± 11.5 for 3rd+ KTRs. Furthermore, these patients were also significantly
more sensitised, with an increasing cRF from 15% (1st transplant) to 54% (2nd transplant), to 76%
(3rd+ transplant) (p < 0.0001). As a consequence, there was also an association between multiple
kidney transplants and better HLA match at transplantation (p < 0.0001). The pre-emptive rate was
significantly lower in recipients of multiple transplants (p < 0.0001).

3.1. Surgical Information

All kidney transplants were performed extraperitoneally and graft nephrectomy was only
performed in four cases: one in relation to uncontrolled antibody mediated rejection with systemic
involvement, one following a catastrophic bleed, one simultaneously to the implant and one to create
space for a potential 4th graft. The final patient had had multiple gynaecology procedures and the
peritoneal content would not have been easily mobilised to allow graft implantation.

Only one major bleeding event occurred that required graft nephrectomy (2nd implant), but the
recipient underwent successful implantation of a 3rd graft three years later. Urological complications
were not recorded.

3.2. Death-Censored Graft and Recipient Survival

Figure 1 shows death-censored graft survival, with a median of 328 months for 1st kidney
transplant recipients (KTRs) in blue, 209 months for 2nd KTRs in green and 150 months for 3rd+ KTRs
in red (p = 0.04).
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Figure 1. Median death-censored graft survival: 328 months for 1st graft (blue line), 209 months for
2nd (green line) and 150 months for 3rd+ (red line). (p = 0.04).

Death-censored graft survival remained significantly different between the three groups in the
case of deceased donor transplants (Figure 2a), but there was no significant difference in death-censored
graft survival between the groups in living donor transplantation (Figure 2b).

Figure 2. Difference in death-censored graft survival is seen in deceased donor transplants (a) but
not in kidneys retrieved from living donors (b). Prolonged ischaemia is significantly detrimental to
long-term survival in deceased donor grafts and 3rd and 4th transplants are associated with prolonged
ischaemic times. These are marginal patients with difficult vasculature—marginal kidneys do less well
in this context while good kidneys cope fine. Blue line: recipients of 1st kidney transplant; green line:
recipients of 2nd kidney transplant; red line: recipients of 3rd kidney transplant.
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Recipient survival was comparable between the three groups (p = 0.59), with a median of
234 months for 1st KTRs in blue, 256 months for 2nd KTRs in green and 298 months for 3rd+ KTRs in
red (Figure 3). The 10 year recipient survival for all groups exceeded 70%.

Figure 3. Median recipient survivals: 234 months for 1st graft (blue line); 256 months for 2nd (green line);
298 months for 3rd+ (red line) (p = 0.59).

In multivariate analysis, earlier decade of transplantation, older donor and recipient age, longer
ischemic time, and transplant number were significantly associated with death-censored graft loss.
Living donor transplantation was associated with improved death-censored graft survival (Table 2).

Table 2. Factors associated with death-censored graft survival in all recipients on a multivariate analysis.

Covariate HR 95% CI p Value

Decade of transplant 0.84 0.78–0.90 <0.001
Recipient age (per decade) 0.90 0.86–0.96 <0.001

Living donor 0.61 0.45–0.83 0.002
Donor age (per decade) 1.14 1.08–1.20 <0.001

Transplant number 1.23 1.03–1.48 0.02
Ischaemic time (per 6h) 1.09 1.01–1.17 0.02

Time on RRT and HLA mismatch at HLA-A, - B and -DR were not significant and dropped out of model.

For recipients of 3rd+ transplants, the association with a living donor is the only factor associated
with death-censored graft survival (Table 3).
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Table 3. Multivariate analysis for death-censored graft survival in 3rd+ recipients.

Covariate HR 95% CI p Value

Decade of transplant 0.98 0.49–1.96 0.9
Recipient age (per decade) 0.85 0.51–1.39 0.5

Living donor 0.10 0.01–0.89 0.04
Donor age (per decade) 0.76 0.63–1.40 0.8
Ischaemic time (per 6h) 0.57 0.30–1.10 0.08

Despite small numbers, a living donor transplant was associated with a 90% reduction in
death-censored graft loss.

In multivariate analysis for recipient survival, significant factors were decade of transplant,
recipient age, recipient primary disease of diabetic nephropathy, duration of RRT pre-transplant, living
donor, donor age and ischaemic time (Table 4).

Table 4. Multivariate analysis for recipient survival in all transplants.

Covariate HR 95% CI p Value

Decade of transplant 0.60 0.56–0.65 <0.001

Recipient age (per decade) 1.7 1.6–1.8 <0.001

Recipient primary disease diabetic nephropathy 2.8 2.3–3.5 <0.001

RRT pre-transplant (per month) 1.002 1.00–1.004 0.02

Living donor 0.75 0.56–1.00 0.05

Donor age (per decade) 1.07 1.02–1.1 0.03

Ischaemic time (per 6h) 1.1 1.04–1.2 0.002

HLA mismatch at HLA-A, -B and -DR and transplant number were not significant and dropped out of model.

4. Discussion

This study investigated the outcomes of repeated kidney transplantation at our institution and
demonstrated excellent graft and recipient outcomes (Figures 1 and 3), despite a significantly more
sensitised population and a longer vintage of ESRD. There was also an association between multiple
kidney transplants and better HLA match at transplantation (p < 0.0001); this is unsurprising, as more
highly sensitised patients require better matched kidneys. Our results are in contrast to a recent
European multicentre analysis reporting that mortality and graft loss after 3rd+ KTRs were higher
as compared to 1st KTRs, despite receiving grafts with more favourable HLA matches [17]. More in
detail, Assfalg et al. analysed the outcomes of 1464 patients from 42 centres in the Eurotransplant area
who received a third or fourth kidney transplant in the period 1996–2010, confirming a younger age
compared to first transplant recipients, a more frequently favourable HLA match, but a higher rate of
graft loss, death with functioning graft and primary non-function. Their conclusion was, therefore,
to set an upper limit for the number of sequential transplantations in order to consider also the prospect
of success of transplantation. In our study, it was confirmed that there is a significant difference in
death-censored graft survival by number of transplants, as shown in Figure 1, with a median graft
survival of 328 months for 1st KTRs, 209 months for 2nd KTRs and 150 months for 3rd+ KTRs, but the
death-censored graft survival remained significantly different in the case of deceased donor transplants
(Figure 2a), but not after living donor transplantation (Figure 2b). This suggests that living donor
transplantation confers a significant benefit in the context of repeated kidney transplantation and
challenges the assumption that repeated transplant recipients as well as any other special group of
patients should be a priori denied access to transplantation [18]. Important modifiable factors, such as
the quality of the implanted graft or the time at which the operation is performed, could significantly
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affect the overall outcome and this should be taken into consideration when planning such a complex
procedure and before fixing an arbitrary cut off number to waitlist transplant candidates.

In this regard, an extensive patient work up with multidisciplinary input is highly recommended
to maximise the chances of successful waitlisting for the candidate, to be followed by a successful
repeated kidney transplantation. Further, in our study, in fact, 3rd+ KTRs are overall better matched
compared to 1st or 2nd KTRs (p < 0.001), reflecting the broad immunological work up. Yet, despite a
similar finding to the study from Dabare et al. [19], where patient survival did not differ significantly
by transplant number even considering third or fourth KTRs and, therefore, confirming the survival
benefit for this population over remaining on dialysis, we disagree with the authors’ conclusion. In our
present analysis, we observed a significant decline in graft survival only in the case of deceased donor
grafts, with a progressive worsening survival curve in parallel with the progressive increase in repeated
kidney transplant number (Figure 2a). The conclusion that regardless of the donor type, there is an
inferior graft survival for the repeated kidney transplant population is not confirmed instead for grafts
retrieved from living donors (Figure 2b). Therefore, the authors’ suggestion to use HLA-incompatible
living donors and extended criteria deceased donors in the peculiar context of the repeated kidney
transplant population is not justifiable from our experience.

Prolonged ischaemic time is significantly detrimental to long-term survival for deceased donor
grafts [20], with preservation strategies being key for suboptimal and extended criteria deceased donor
organs [12]. Often 3rd and 4th kidney transplants are associated with prolonged ischaemic times due
to increasing technical complexity: KTRs of 3rd and 4th transplants may have difficult vasculature
that often requires additional surgical time. The deceased donor kidney performs less well in this
context, while better-quality living donor kidneys can tolerate the insult. In our centre, where there
is a high rate of living donor transplantation, there is for this reason an even higher proportion of
organs retrieved from living donors in the case of 3rd+ KTRs (Table 1). To overcome living donor
shortage, broad educational campaigns aiming to educate and inform the general population [21] and
particularly via social media, have demonstrated an increase in donation rates [22]. With the current
organ donor shortage and more patients dying on the waiting list, living donor kidney donation seems,
therefore, to satisfy and significantly contribute to expand the donor pool for the general population,
and more specifically for those who might not survive a long waiting list time or a major operation,
like in the case of the repeated kidney transplantation subgroup. In addition, every living donor
transplant that occurs removes one person from the transplant waiting list, shortening the waiting list
for a deceased donor transplant, too.

With increasing evidence of how the preservation time and modality significantly impact organs
retrieved from marginal donors [10] and with an even increasing debate in how to safely implement
the donor pool, without compromising recipient outcomes, until a general consensus on how to best
treat and preserve deceased donor grafts [23], an effort to find alternative ways of influencing patient
and graft survivals should be canvassed in the ethical attempt to provide the best renal replacement
therapy to those who need it.

Another important advantage offered by living donation is that an elective operation allows
diligent planning and the presence of additional surgical expertise for complex cases [24]. This might
also contribute to better outcomes, independently from the quality of the donor [19], with a standardised
elective procedure taking place at an optimal time and that, despite being a major operation, has a
minor impact [25] on the recovery of the healthy donor, who usually can plan ahead for time off work,
for family care for and for a full recovery.

With deceased donor transplantation, the surgery often takes place out of hours; additionally,
emergency procedures usually carry out extra unanticipated risks [26], along with the impossibility
to schedule the time and avoid the waitlist consequences and deterioration on the general health
status of the candidate, who might even be transplanted after several years, because of the complex
immunological status. Inevitably, the elderly and sickest candidates might, therefore, be more
susceptible to the vicious cycle of repeated kidney transplantation, becoming not transplantable, with a
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significant drop out from the list, or a detrimental transplant outcome. In our opinion, this is, therefore,
why living donor kidney donation is so fundamental to expand the donor pool: removing successfully
a difficult transplant candidate from the transplant waiting list and ensuring that the next person on
the list will not have to wait as long for a deceased donor transplant.

The preferred surgical approach in the case of repeated kidney transplantation at our centre is
extraperitoneal to avoid ileus and expedite an enhanced recovery [27]. In the case of native polycystic
kidney disease, further space for transplantation might become a challenge, and therefore the affected
patients are more likely to undergo native nephrectomy before the planned transplant, as they are
already vintage patients [28]. In our series, 13 patients (23.6% of the total population) underwent
bilateral native nephrectomy.

Differently from native nephrectomy, kidney transplantectomy was rarely performed in the
case of a failed graft. The British Transplant Society guidelines [29] suggest limited indications for
graft nephrectomy: localised symptoms that are resistant to medical therapy, to create space for
re-transplantation, to enable complete withdrawal of immunosuppression and where there is risk of
graft rupture or graft malignancy. This caution with regard to graft nephrectomy is partly due to its
immunological effect [30], as nephrectomy and the cessation of immunosuppression can precipitate the
development of HLA antibodies (DSAs and PRAs), which limits access to re-transplantation. In our
series, only four graft nephrectomies were recorded: because of antibody mediated rejection with
systemic involvement, because of a bleeding catastrophe after the transplant and to create space for a
potential further kidney transplant. The limited number of graft nephrectomy at our institution is in
contrast with other centres’ experiences, estimated at approximately 40% from a Turkish report [31]
and up to 75% in a UK single-centre experience from 2009 [32]. We tend to avoid, as a general principle,
an additional operation, unless not strictly required, in consideration of the controversy affecting the
immunological recipient status and the likelihood of finding a suitable match, with antibody absorption
from the graft itself. [30,32]. As previously stated, in fact the graft nephrectomy would imply the
cessation of the immunosuppression, giving rise to antibody production due to the persistence of
donor antigen-presenting cells after the transplantectomy. Furthermore, with the evidence that HLA
matching plays a fundamental role in the context of repeated kidney transplantation, from the present
study and another large registry analysis [17], we think that a synergistic approach to optimise the
recipient condition and general immunological status would better satisfy increased complexity at the
moment of transplantation in the eventuality that a prolonged surgical time would be required to find
a suitable implantation site. Once again, we emphasize the importance of a high-quality graft, like the
one retrieved from a living donor, to better resist a prolonged ischaemic insult.

Finally, given the increased morbidity in patients with failed kidney transplants, special attention
should be paid to the attainment of cardiovascular and other infective or malignant events [33],
the main cause of death in the long term and also in particular for the repeated KTRs. In our centre,
we acknowledge this extra care and, notably, recipient survival did not differ between the groups.

5. Limitations

The main limitation of this study is the retrospective data assessment from a single institution,
subjected to selection bias by the nature of the study itself, with a change in the immunosuppression
and overall management of kidney transplant recipients over time. There is also an immortal bias due
to younger age and higher fitness of the recipients of repeated kidney transplantation, possibly leading
to comparable patient survival between the subgroups. Nevertheless, the comprehensive assessment
from the same institution over a period of more than 50 years shed light on the context of the failing
kidney transplant population, for which the best treatment and donor selection remains unclear in
terms of long-term outcomes.
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6. Conclusions

In conclusion, a living donor kidney has the greatest impact on improving graft and recipient
survival in patients with multiple kidney transplants. We recommend early work up of recipients with
failing grafts to achieve pre-emptive transplantation and minimise time on dialysis, and early pursuit
of a living donor option for these individuals.

In our view, it is fundamental to consider that not only recipients’ factors but also donors’
characteristics are strongly related to short- and long-term results after kidney transplantation and
that the higher the risk represented by the recipient, as in the case of the repeated kidney transplant
population, the more likely stress and damage in the immediate and longer follow up will occur,
therefore potentially irreversibly compromising the graft.

Living donor kidneys represent an undervalued resource significantly impacting the transplant
outcome for higher-risk candidates, where a standard donor is instead more likely to be affected by the
recipient status.
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Abstract:Background: Thisstudyaimedtoassesstheassociationbetweenthepercentageofglomerulosclerosis
(GS) in procurement allograft biopsies from high-risk deceased donor and graft outcomes in kidney
transplant recipients. Methods: The UNOS database was used to identify deceased-donor kidneys
with a kidney donor profile index (KDPI) score > 85% from 2005 to 2014. Deceased donor kidneys
were categorized based on the percentage of GS: 0–10%, 11–20%, >20% and no biopsy performed.
The outcome included death-censored graft survival, patient survival, rate of delayed graft function,
and 1-year acute rejection. Results: Of 22,006 kidneys, 91.2% were biopsied showing 0–10% GS (58.0%),
11–20% GS (13.5%), >20% GS (19.7%); 8.8% were not biopsied. The rate of kidney discard was 48.5%;
33.6% in 0–10% GS, 68.9% in 11–20% GS, and 77.4% in >20% GS. 49.8% of kidneys were discarded
in those that were not biopsied. Death-censored graft survival at 5 years was 75.8% for 0–10% GS,
70.9% for >10% GS, and 74.8% for the no biopsy group. Among kidneys with >10% GS, there was no
significant difference in death-censored graft survival between 11–20% GS and >20% GS. Recipients
with >10% GS had an increased risk of graft failure (HR = 1.27, p < 0.001), compared with 0–10% GS.
There was no significant difference in patient survival, acute rejection at 1-year, and delayed graft
function between 0% and 10% GS and >10% GS. Conclusion: In >85% KDPI kidneys, our study
suggested that discard rates increased with higher percentages of GS, and GS >10% is an independent
prognostic factor for graft failure. Due to organ shortage, future studies are needed to identify strategies
to use these marginal kidneys safely and improve outcomes.

Keywords: procurement kidney biopsy; glomerulosclerosis; kidney transplantation; transplantation;
outcomes
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1. Introduction

In the United States, more than 90,000 patients with end-stage kidney disease (ESKD) are currently
waiting for a kidney transplant [1,2]. A significant gap between the number of kidney transplant candidates
and donors remains an ongoing problem, resulting in a median wait time exceeding four years [3–6].
This delay has a dramatic impact on ESKD patients on the transplant waiting list, as their survival is,
on average, below 40% after 5 years on dialysis [7]. Despite the severe organ shortage, a significant
number of procured organs are discarded every year [8,9].

The shortage of deceased donor organs continues to be a problem in kidney transplantation despite
the implementation of expanded criteria donor (ECD) programs in 2002 to increase the use of organs
from donors with ≥60 years or comorbidities [10]. In 2013, the United Network of Organ Sharing (UNOS)
Kidney Transplantation Committee approved a new allocation policy based on the kidney donor profile
index (KDPI), a percentile score that compares an organ to previously recovered kidneys and signifies
donor factors affecting transplant function [11]. KDPI >85% kidneys, previously designated as expanded
criteria donor (ECD) kidneys, are offered to patients who have consented to accept a non-ideal renal
allograft, thereby increasing access to earlier kidney transplantation [11]. Unfortunately, the discard rate
for KDPI >85% kidneys continues to be high, close to 50% under the new kidney allocation system (KAS).
The major determinants of discarded kidneys are donor comorbidities and procurement wedge biopsy
findings, especially the percentage of glomerulosclerosis (GS) [8,12–16].

Despite conflicting evidence regarding the prognostic capability of histologic findings for differentiating
donor kidneys at greater risk of inferior outcomes [17–19], the use of procurement biopsies has become an
increasingly common practice, particularly in KDPI >85% kidneys in which 95% of recovered kidneys were
biopsied [9,18,20]. The percentage of GS is commonly the primary biopsy information reviewed because
it provides a convenient cutoff for offer turndowns [8,21,22]. This is in spite of studies noting that the
percentage of GS has failed to consistently predict graft outcomes [18,21,23–29].

The aim of this study is to explore the association between the percentage of GS and graft
outcomes in kidney transplant recipients who received KDPI >85% kidneys between 1 January 2005 to
2 December 2014 using the Organ Procurement and Transplantation Network (OPTN)/UNOS database.

2. Methods

2.1. Data Source and Study Population

We used the OPTN/UNOS database to identify deceased-donor kidneys recovered from January
1, 2005 to December 2, 2014 (before implementation of the kidney allocation system). The study was
exempt from the institutional review board due to the publicly available nature of the de-identified
database of the OPTN/UNOS database. All data used in the analysis were provided by UNOS through
the Standard Transplant Analysis and Research (STAR) database. The database is a de-identified,
patient-level data source that contains donor, waitlist, and transplant recipient variables derived from
UNet forms for any transplant in the United States after October 1, 1987. KDPI (reference year of
2017) was calculated based on donor factors to summarize the likelihood of graft failure after deceased
donor kidney transplant. Higher KDPI scores are associated with shorter estimated graft function.
Although the KDPI was not formally introduced into allocation policy until implementation of the new
kidney allocation system (KAS) on December 2014, the OPTN/UNOS database has KDPI values for
99% of all deceased donor recipients who underwent kidney transplantation during the study period.
To assess the predictive value of procurement biopsy GS percentage in high-risk deceased donors,
we only included deceased-donor kidneys with a KDPI score > 85%. We excluded recovered kidneys
for dual-kidney transplant and kidneys from donors with body weight< 20 kg. Subsequently, we assess
the post-transplant outcomes based on GS percentage in deceased-donor kidney transplant recipients
who received kidney with KDPI > 85%. We excluded patients undergoing kidney re-transplants or
multi-organ transplant from the analysis.
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2.2. Outcomes

We categorized deceased donor kidneys into four groups based on the percentage of GS: 0–10%,
11–20%, >20% and no biopsy performed. We investigated the kidney discard rates and post-transplant
deceased donor allograft outcomes based on GS groups. The primary outcome was death-censored
graft survival. Death-censored graft survival began at kidney transplant, was followed until graft
failure, defined as the requirement of renal replacement therapy and/or kidney re-transplant, and was
censored at death or the end of study (6 September 2018), whichever was earlier. The secondary
outcomes were patient survival, rate of delayed graft function, and 1-year acute rejection. Delayed graft
function was defined as a requirement of dialysis within the first week of transplantation. As there
was no statistical difference in any post-transplant outcomes between 11–20% and >20% GS (Table S1),
we combined these two groups together (>10% GS) when assessing post-transplant outcomes.

2.3. Covariates

Donor-related factors included donor age, sex, race, diabetes mellitus, hypertension, body mass
index, the last serum creatinine before kidney procurement, donation after cardiac death, hepatitis C
virus (HCV) antibody status, cause of death, and machine perfusion. Recipient-related factors included
recipient age, sex, race, body mass index, diabetes mellitus, preemptive transplant, dialysis duration,
and panel reactive antibody. Transplant-related factors included HLA-DR mismatch, cold ischemic
time, transplant period, and induction therapy.

2.4. Statistical Analysis

Baseline characteristics were described using mean ± standard deviation (SD) for continuous
variables or frequencies with percentage for categorical variables. Continuous variables were compared
between GS groups using the student’s t-test or ANOVA, as appropriate. Categorical variables were
compared between GS groups using the Chi-squared test. Patient survival and death-censored graft
survival outcomes were estimated using the Kaplan–Meier method with significance tested using
the log-rank test. The associations of the GS percentage group with death-censored graft failure and
patient mortality was assessed using Cox proportional hazards analysis. The proportional hazards
assumption was tested using Schoenfeld residuals (p = 0.29). Because the OPTN/UNOS database did
not specify the date of occurrence, the associations of the GS percentage group with delayed graft
function and 1-year acute rejection were assessed using logistic regression analysis. Multivariable
analysis was performed to adjust for covariates associated with outcomes of interest with p < 0.05 in
univariate analysis. All p-values were two-tailed, and p-values of <0.05 were considered significant.
Stata version 13 (StataCorp, College Station, TX, USA) was used for all statistical analyses.

3. Results

3.1. Kidney Procurement Cohort and Rate of Kidney Discard

During the study period, 25,154 kidneys were recovered from deceased donors with KDPI > 85%.
A total of 3014 kidneys recovered for dual-kidney transplant and 134 kidneys from donors with a body
weight < 20 kg were excluded. A total of 22,006 kidneys with KDPI > 85% were included in the kidney
procurement cohort. Of these kidneys, 58.0% had 0–10% GS, 13.5% had 11–20% GS, 19.7% had >20%
GS, and 8.8% had no kidney biopsy performed (Figure S1). Overall, the rate of kidney discard was
48.5%; 33.6% in 0–10% GS, 68.9% in 11–20% GS, and 77.4% in >20% GS. 49.8% kidneys were discarded
in the no kidney biopsy group.

3.2. Kidney Transplant Recipient Cohort

In this cohort of 22,006 deceased donor kidneys with KDPI > 85%, 10,662 kidneys were discarded.
After excluding 1032 recipients with prior kidney transplants or undergoing multi-organ transplant,
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a total of 10,312 recipients with donor KDPI > 85% were included in the post-transplant outcome analysis.
Of these patients, 75.6% had 0–10% GS, 11.9% had 11–20% GS, 4.9% had >20% GS, and 7.6% had no
kidney biopsy performed (Figure S2). The median (IQR) number of glomeruli in each kidney biopsy
was 47 (IQR: 28, 69). There was no association between KDPI and percent of GS (p = 0.70). The donor,
recipient, and transplant-related characteristics stratified by percent of GS are shown in Table 1.

Table 1. Characteristics of donors, recipients, and transplant according to percent GS in transplanted allograft.

Glomerulosclerosis

0–10% 11–20% >20% No-Biopsy p-Value

N 7796 1230 500 786
Donor
Age (years) 60.7 ± 7.1 60.5 ± 6.9 60.6 ± 6.7 58.5 ± 7.4 <0.001
Male (%) 46.7 41.1 46.4 36.6 <0.001
Black (%) 28.8 29.5 25.2 30.0 0.26
Diabetes (%) 26.5 34.2 30.6 20.2 <0.001
Hypertension (%) 79.0 81.8 80.8 73.8 <0.001
BMI (kg/m2) 28.8 ± 6.9 29.2 ± 7.5 29.2 ± 7.5 27.3 ± 6.5 <0.001
Creatinine (mg/dL) before kidney procurement 1.2 ± 1.0 1.2 ± 0.6 1.2 ± 0.5 1.2 ± 1.0 0.04
Donor after cardiac death (%) 10.0 7.1 6.8 4.6 <0.001
HCV antibody positive (%) 5.8 2.4 2.8 12.9 <0.001
Cause of death (%)
Cerebrovascular accident 78.1 79.4 83.0 82.8 0.002
Machine perfusion (%) 49.9 51.2 47.8 19.5 <0.001
Expanded criteria donor (%) 85.4 87.7 86.4 75.5 <0.001
Recipient
Age (years) 61.5 ± 9.8 62.4 ± 9.6 61.6 ± 9.8 59.9 ± 10.6 0.001
Male (%) 64.0 63.1 63.2 63.9 0.92
Black (%) 36.4 36.8 40.6 33.3 0.07
BMI 27.9 ± 5.3 28.4 ± 5.5 27.5 ± 5.0 27.6 ± 5.4 0.001
Diabetes (%) 47.2 46.8 48.8 47.1 0.90
Dialysis duration (%)
Preemptive 9.8 8.9 9.8 9.0 0.70
<1 years 8.7 8.1 7.0 9.5 0.41
1–3 years 29.6 26.7 30.8 30.7 0.13
>3 years 49.4 54.0 48.4 46.8 0.006
PRA (%)
<10 81.7 84.7 81.8 78.1 0.003
10–60 12.0 9.8 12.6 15.0 0.005
>60 5.9 4.6 4.4 5.7 0.21
Missing 0.5 0.9 1.2 1.2 0.01
Transplant
HLA DR mismatch (%)
0 8.2 7.2 7.8 8.9 0.42
1 39.0 36.3 38.4 36.9 0.27
2 52.8 56.5 53.8 54.2 0.12
Cold ischemic time (hours) 19.5 ± 9.4 20.5 ± 9.5 19.8 ± 9.1 15.7 ± 9.2 <0.001
Transplant period
2005–2007 28.6 22.7 35.0 45.2 <0.001
2008–2010 33.8 31.6 35.6 27.4 0.001
2011–2014 37.6 45.7 29.4 27.5 <0.001
Induction therapy (%)
Thymoglobulin 46.1 52.3 51.4 47.3 <0.001
Alemtuzumab 14.7 13.5 16.0 9.5 0.001
Basiliximab 18.9 19.2 17.2 24.7 0.001
Other induction 7.6 8.1 5.2 7.1 0.19
No induction 16.3 11.0 13.4 15.0 <0.001

GS, glomerulosclerosis; HCV, hepatitis C virus; BMI, body mass index; PRA, panel reactive antibody; HLA, human
leukocyte antigen.

3.3. Baseline Characteristics Based on Percentages of Glomerulosclerosis

Table 2 summarizes and compares donor, recipient, and transplant-related characteristics between
0–10% and >10% GS allograft groups. Kidneys donors with >10% GS had a higher prevalence of female

48



J. Clin. Med. 2020, 9, 1469

sex, diabetes and hypertension. Kidney donors with 0–10% GS had a higher prevalence of donation after
cardiac death and positive hepatitis C antibody. Recipients of kidneys with GS > 10% were older and had
longer dialysis vintage, whereas recipients of kidneys with 0–10% GS had higher panel reactive antibodies.
Kidney transplants with >10% GS had more HLA DR mismatch, cold ischemic time, and thymoglobulin
induction. Kidney transplants with 0–10% GS had more transplants without induction therapy.

Table 2. Comparison of donors, recipients, and transplant characteristics between GS 0–10% and GS >
10% transplanted allografts.

Glomerulosclerosis

0–10% >10% p-Value

N 7796 1730
Donor
Age (years) 60.7 ± 7.1 60.5 ± 6.8 0.18
Male (%) 46.7 42.7 0.002
Black (%) 28.8 28.3 0.66
Diabetes (%) 26.5 33.1 <0.001
Hypertension (%) 79.0 81.5 0.02
BMI (kg/m2) 28.8 ± 6.9 29.2 ± 7.5 0.04
Creatinine (mg/dL) before kidney procurement 1.2 ± 1.0 1.2 ± 0.6 0.85
Donor after cardiac death (%) 10.0 7.0 <0.001
HCV antibody positive (%) 5.8 2.5 <0.001
Cause of death (%)
Cerebrovascular accident 78.1 80.4 0.04
Machine perfusion (%) 49.9 50.2 0.82
Expanded criteria donor (%) 85.4 87.3 0.04
Recipient
Age (years) 61.5 ± 9.8 62.2 ± 9.6 0.003
Male (%) 64.0 63.1 0.48
Black (%) 36.4 37.9 0.26
BMI 27.9 ± 5.3 28.1 ± 5.4 0.35
Diabetes (%) 47.2 47.4 0.86
Dialysis duration (%)
Preemptive 9.8 9.1 0.40
<1 years 8.7 7.8 0.25
1–3 years 29.6 27.9 0.16
>3 years 49.4 52.4 0.02
PRA (%)
<10 81.7 83.9 0.03
10–60 12.0 10.6 0.10
>60 5.9 4.6 0.03
Missing 0.5 1.0 0.01
Transplant
HLA DR mismatch (%)
0 8.2 7.4 0.30
1 39.0 36.9 0.10
2 52.8 55.7 0.03
Cold ischemic time (hours) 19.5 ± 9.4 20.3 ± 9.4 <0.001
Transplant period
2005–2007 28.6 26.2 0.05
2008–2010 33.8 32.8 0.40
2011–2014 37.6 41.0 0.008
Induction therapy (%)
Thymoglobulin 46.1 52.0 <0.001
Alemtuzumab 14.7 14.2 0.59
Basiliximab 18.9 18.6 0.79
Other induction 7.6 7.3 0.67
No induction 16.3 11.7 <0.001

GS, glomerulosclerosis; HCV, hepatitis C virus; BMI, body mass index; PRA, panel reactive antibody; HLA, human
leukocyte antigen.
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3.4. Post-Transplant Outcomes Based on Percentages of Glomerulosclerosis

The median (IQR) follow-up was 4.87 (2.90, 7.02) years after kidney transplant. During follow-up,
3015 (29.2%) patients had allograft failure, and 4433 (43.0%) patients died. A total of 1443 (14.0%)
patients had acute rejection within one year, and 3436 (33.3%) patients had delayed graft function.
Figure 1 compares death-censored graft survival between 0–10% and >10% GS. Graft survival rate at
5 years was 75.8% for 0–10% GS and 70.9% for >10% GS (p < 0.001).

 

Figure 1. Kaplan–Meier death-censored graft survival curves between 0–10% and >10% allograft
glomerulosclerosis (GS) groups.

In unadjusted analysis, kidneys with >10% GS were associated with a 24% higher risk of graft
failure compared to kidneys with 0–10% GS (HR 1.24; 95% CI 1.13–1.36, p < 0.001). After adjusting for
baseline donor, recipient, and transplant-related factors, kidneys with >10% GS remained significantly
associated with a 27% higher risk of graft failure compared to kidneys with 0–10% GS (HR 1.27; 95%
CI 1.15–1.40, p < 0.001) (Table S2). Of note, there was no difference in death-censored graft survival
between 11–20% GS and >20% GS (Figure 2 and Table S1). There was no significant difference in
patient survival (HR 1.03; 95% CI 0.96–1.12, p = 0.40), rate of acute rejection at 1-year (HR 1.13; 95% CI
0.97–1.31, p = 0.11), and rate of delayed graft function (HR 1.10; 95% CI 0.98–1.23, p = 0.11) between
0–10% GS and >10% GS (Table S2).

We examined the graft outcomes of >85% KDPI kidney with a low degree of GS, compared with
71–85% KDPI kidneys. The death-censored graft survival at 5 years in >85% KDPI kidneys with 0–10%
GS was inferior to in 71–85% KPDI kidneys (75.8% vs. 81.2%; p < 0.001), as shown in Figure 3.

3.5. Characteristics and Outcomes of Kidneys with No Biopsy Performed

Kidneys donors with no biopsy performed were younger, more were female, and had a greater
prevalence of positive hepatitis C antibody, but had a lower prevalence of diabetes, hypertension,
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body weight, donation after cardiac death, use of machine perfusion, and expanded criteria donation
when compared with kidneys with 0–10% GS (Table 1). Graft survival rate at 5 years was comparable
between 0% and 10% GS and the no biopsy group (75.8% vs. 74.8%; p = 0.62), as shown in Figure 2.

 

Figure 2. Kaplan–Meier death-censored graft survival curves according to percent glomerulosclerosis
(GS) in allografts.

 

Figure 3. Kaplan–Meier death-censored graft survival curves between the kidney donor profile index
(KDPI) 71–85% group and the KDPI >85% with 0–10% percent glomerulosclerosis (GS) group.
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4. Discussion

Over 700,000 patients in the United States have ESKD, with the United States having the second-
highest incidence rate of treated ESKD in the world [30]. Despite an improvement in dialysis care over
the last 15 years, the overall survival on dialysis remains dismal with 22% at one year, 43% at three years
and 58% at five years [31]. The risk of death is reduced by up to 66% with kidney transplantation [31].
A major limitation to increasing the number of kidney transplantations is the number of donors. It is
thus of paramount importance to decrease the discard rates of high KDPI kidneys, which is estimated
to be as high as 50% [8,32].

Our study showed that procurement biopsies are becoming increasingly common in marginal deceased
donors in the United States. Ninety-one percent of KDPI >85% kidneys were biopsied on procurement
during this study period compared to 85% between 2000 and 2003 in the United States [33]. The utility
of procurement biopsies has been debated as they can delay decisions, require high resources, prolong
duration of cold ischemia, and lead to unnecessary kidney discard [21,22]. Furthermore, the reliability of
GS degree in predicting graft outcomes has been questioned [8,32]. While several studies have reported
increased delayed graft function risk, leading to poor outcomes in kidneys with GS > 20% [19,25,28,34,35],
and other studies have conversely reported similar prognoses in kidneys with GS > 20% compared to
kidneys with lower GS [24,26,27,29]. Banff guidelines for procurement biopsies therefore discourage the
use of rigidly defined histologic cutoffs for organ decision and allocation [19].

Using the UNOS database, we demonstrated that GS > 10% is an independent prognostic factor
for graft failure in >85% KDPI kidneys, with an adjusted 1.28-fold increased risk of graft failure at
5 years when compared to kidneys with 0–10% GS. The findings of our study suggest that the use
of GS percentage in procurement biopsy of >85% KDPI kidneys may improve risk stratification for
recipient allograft survival. While GS > 10% was associated with a higher risk of graft failure in >85%
KDPI kidneys, we did not find a difference in death-censored graft survival between allografts with
11–20% GS and >20% GS. This may suggest that >10% GS in procurement biopsies can potentially
be utilized as a cutoff for risk prediction in clinical practice. Given that the presence of GS > 10% in
>85% KDPI kidneys had no significant impact on delayed graft function rate, acute rejection, or patient
survival, the underlying explanation for higher graft failure in GS > 10% kidneys is likely due to the
progressive kidney aging process in a kidney with less residual function. As the phenotype of GS is
associated with podocyte detachment and a reduced number of functioning and viable glomeruli,
this leads to increasing ESKD prevalence [36,37]. It has been estimated that an allocation strategy
based on pretransplant donor biopsy would increase the incidence of marginal KDPI (80% to 100%)
renal transplants by over 20%, which would translate into an overall increase of 4% for the entire pool
of donors [38]. Our study supports the clinical utility of the pretransplant biopsy.

This data should not discourage the use of >85% KDPI kidneys with >10% GS. There is an organ
shortage with a growing number of individuals who develop ESKD every year [39] combined with a
non-proportional limited supply of potential donors [32]. Overall, one-year post-transplant outcomes
have improved since 2007, when the Centers for Medicare and Medicaid Services (CMS) solid organ
transplant regulation was first implemented [40]. However, there is still a lack of long term graft and
survival outcomes [41–44]. Although transplantation with KDPI > 85% kidneys might be associated
with an increased delayed graft function rate and reduced graft survival [45], it is clearly evident based
on the lower mortality rate that recipients benefit from transplantation of high-KDPI kidneys when
compared with those who wait for low-KDPI kidneys [46,47]. Thus, instead of discarding >85% KDPI
kidneys with >10% GS due to a higher risk of allograft loss, future studies are needed to identify
techniques and strategies to improve the use and outcome of these “marginal” transplantable kidneys
safely. Certain strategies are already being used, such as dual transplantation (both kidneys from one
donor into the same recipient) [38,48–52] or creation of a protocol designed to timely identify and match
suitable patient characteristics with these “marginal” kidneys (e.g., balancing the number of viable
nephrons supplied within the graft versus the metabolic demand of the recipient [32]). For example,
a >85% KDPI kidney with >10% GS recovered from a female donor with a low BMI may not be the
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best option for a male candidate with a BMI>35 kg/m2 [53]; further studies are needed to identify other
patient and donor characteristics that would yield optimal outcomes.

Although our study aimed to assess the impact of GS degree on >85% KDPI graft outcomes,
the findings of our study cannot be generalized to lower KDPI kidneys. We did compare graft outcomes
between KDPI >85% kidneys with 0–10% GS to the overall KDPI 71–85% kidneys. This demonstrated
that graft outcomes of KDPI >85% kidneys with 0–10% GS were inferior to KDPI 71–85% kidneys,
suggesting a stronger impact of KDPI-related factors on graft outcomes over the percentage of GS on
procurement biopsies. As KDPI is comprised of several clinically important donor characteristics that
impact outcomes [11], it is hypothesized that these characteristics would similarly have an impact
on biopsy pathology that is not limited to GS. Thus, GS percentage should not be used in isolation
from other biopsy findings for individualized organ acceptance decisions. In addition, the impact
GS on graft outcomes of lower KDPI scores remains unclear, since many lower KDPI kidneys are not
biopsied [17–19].

Although our study using the UNOS database is among the largest cohorts investigating procurement
biopsies with KDPI > 85%, there are some major limitations. First, there is a lack of uniform criteria
for procuring, processing and interpreting procurement graft biopsies [19,54]. Core needle biopsies
(during reperfusion) are usually superior to wedge biopsies (during procurement), as wedge biopsies
primarily obtain sub capsular tissue, which can overestimate the amount of GS [24,26,32]. Specimens
are frozen sections as opposed to paraffin-embedded tissue obtained for regular kidney biopsies or
biopsies at reperfusion [21,32]. Procurement biopsies are also often interpreted by on-call general
pathologists rather than nephro-pathologists. Unfortunately, the numbers of glomeruli in samples or type
of pathologist were not reported in the registry. Thus, more studies aimed at optimizing assessment of
procurement biopsy samples to optimally allocate organs are needed. Second, data on other important
biopsy parameters in the UNOS database, such as interstitial fibrosis, tubular atrophy, and arteriosclerosis,
were limited. Only 30 patients in our cohort had available reports on the degree of interstitial fibrosis,
tubular atrophy, or arteriosclerosis. Therefore, future studies evaluating the predictive role of a complete
histological evaluation [55], including glomerular, tubular, interstitial, and vascular compartments of
>85% KDPI kidneys, are required. Furthermore, GS percentage was reported in the database as 0–10%,
11–20%, and >20%. Thus, kidney transplant outcomes using a higher cut-off of GS percentage could
not be evaluated and required future studies. Furthermore, given the differences between procurement
biopsies and reperfusion biopsies [18], the findings of our study cannot be generalized to reperfusion
biopsies for >85% KDPI kidneys. Finally, the registry may be subjected to selection bias. Kidneys
from donors that did not undergo biopsy tended to have less unfavorable clinical characteristics,
than those with biopsy as demonstrated in our study (kidney donors in the no biopsy group were
younger and had a lower prevalence of diabetes and hypertension), and thus had comparable graft
survival rate when compared to the 0–10% GS group, but superior to the >10% GS group. Kidneys
with a higher degree of GS were likely to be more carefully selected for unreported factors, including
other biopsy characteristics. Alternatively, the kidney discards in each GS percentage cohort may have
been impacted by other non-reported factors that influenced study outcomes.

In conclusion, we demonstrated that procurement biopsies for >85% KDPI kidneys are very
commonly obtained in the United States, at a rate of 91.2%. A higher percentage of GS in >85% KDPI
kidney biopsies are associated with an increased discard rate. Among KDPI >85% kidneys, GS >10%
is an independent risk factor for allograft failure. However, graft survival from 0–10% GS kidneys is
still inferior to kidneys with KDPI 71–85%, suggesting a stronger impact of KDPI on graft outcomes.
Instead of discarding kidneys, future studies are needed to identify strategies to optimally utilize these
“marginal” kidneys safely.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1469/s1,
Figure S1: Procurement cohort, Figure S2: Kidney transplant recipient cohort, Table S1: Univariable and multivariable
cox regression analyses for post-transplant outcomes between Glomerulosclerosis >20% vs. 11−20%, Table S2:
Univariable and multivariable cox regression analyses for post-transplant outcomes between Glomerulosclerosis
>10% vs. 0–10%.
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Abstract: Elevated levels of erythropoietin (EPO) are associated with an increased risk of death in
renal transplant recipients (RTRs), but the underlying mechanisms remain unclear. Emerging data
suggest that EPO stimulates production of the phosphaturic hormone fibroblast growth factor 23
(FGF23), another strong risk factor for death in RTRs. We hypothesized that the hitherto unexplained
association between EPO levels and adverse outcomes may be attributable to increased levels of
FGF23. We included 579 RTRs (age 51 ± 12 years, 55% males) from the TransplantLines Insulin
Resistance and Inflammation Cohort study (NCT03272854). During a follow-up of 7.0 years, 121 RTRs
died, of which 62 were due to cardiovascular cause. In multivariable Cox regression analysis, EPO was
independently associated with all-cause (HR, 1.66; 95% CI 1.16–2.36; P = 0.005) and cardiovascular
death (HR, 1.87; 95% CI 1.14–3.06; P = 0.01). However, the associations were abrogated following
adjustment for FGF23 (HR, 1.28; 95% CI 0.87–1.88; P = 0.20, and HR, 1.45; 95% CI 0.84–2.48; P = 0.18,
respectively). In subsequent mediation analysis, FGF23 mediated 72% and 50% of the association
between EPO and all-cause and cardiovascular death, respectively. Our results underline the strong
relationship between EPO and FGF23 physiology, and provide a potential mechanism underlying the
relationship between increased EPO levels and adverse outcomes in RTRs.

Keywords: erythropoietin; fibroblast growth factor 23; death; kidney transplantation

1. Introduction

Renal transplant recipients (RTRs) have a high residual risk of all-cause and cardiovascular
death, compared to the general population [1]. Previous studies demonstrated an independent
association between higher circulating endogenous erythropoietin (EPO) levels and risk of all-cause
and cardiovascular death among RTRs, similar to other patient populations such as chronic heart
failure patients and the elderly [2–4]. In addition, administration of exogenous EPO may increase the
risk of cardiovascular events in patients with chronic kidney disease (CKD) and end stage renal disease
(ESRD) [5,6]. However, the underlying mechanisms responsible for the link between endogenous and
exogenous EPO and adverse outcomes are unknown.

Studies from our group and others suggest that EPO is prominently involved in fibroblast growth
factor-23 (FGF23) physiology [7–10]. FGF23 is an osteocyte-derived hormone that plays an essential role
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in regulating phosphate and vitamin D metabolism. In RTRs, increased FGF23 levels post-transplant are
independently associated with an increased risk of graft failure and death [11,12]. Hypoxia, the main
stimulus for EPO synthesis, stabilizes hypoxia-inducible factor (HIF)-1α, which is a heterodimeric
transcription factor that regulates oxygen homeostasis [13,14]. Subsequently, stabilized HIF1-α
upregulates FGF23 production while concomitantly increasing FGF23 cleavage into inactive fragments,
resulting in elevated total FGF23 levels but normal levels of intact, bioactive FGF23 [15–18].

In the current study, we hypothesized that the previously established, but hitherto unexplained
association between EPO levels and adverse outcomes may be attributable to increased levels of
total FGF23. Therefore, we investigated the associations between EPO and total FGF23 levels and
prospective outcomes in our RTRs cohort.

2. Methods

2.1. Patient Population

All RTRs (aged ≥ 18 years) who were at least 1-year post-transplantation were approached for
participation in the current study during outpatient clinic visits between 2001 and 2003. All RTRs were
transplanted in the University Medical Center Groningen (Groningen, the Netherlands). The study
has been described in detail previously [19]. Among 847 RTRs approached for participation, 606 RTRs
agreed to participate and were included. All patients provided written informed consent and the study
protocol was approved by the local medical ethical committee (METc 2001/039). The study protocol
adhered to principles of the Declaration of Helsinki and the Declaration of Istanbul. The co-primary
endpoints of the study were all-cause and cardiovascular death. Cause of death was obtained by
linking the number of the death certificate to the primary cause of death as coded by a physician from
the Central Bureau of Statistics according to the International Classification of Diseases, 9th revision
(ICD-9; https://icd.codes/icd9cm). CV death was defined as deaths in which the principal cause of
death was cardiovascular in nature, using ICD-9 codes 410 to 447. Secondary endpoint constituted
death-censored graft failure (DCGF). DCGF was defined as return to dialysis or re-transplantation.
For the current analyses, we excluded RTRs who did not have plasma samples available for measuring
EPO levels (n = 14) and RTRs who used exogenous EPO (n = 13) due to positive interference in EPO
measurement, resulting in 579 RTRs eligible for analyses. Median follow-up time from inclusion to
endpoint was 7.0 (interquartile range (IQR), 6.2 to 7.4) years. Data on the co-primary and secondary
endpoints were available in all 579 participants. There was no loss-to-follow-up in the current study.

2.2. Data Collection

Relevant donor, recipient, and transplant characteristics at baseline were extracted from the
Groningen Renal Transplant Database, as described in detail previously [19]. Information on medical
history and medication use was obtained from patient records. Participants’ height and weight were
measured with participants wearing light indoor clothing without shoes. Blood pressure was measured
according to a strict protocol as previously described [19]. Alcohol consumption and smoking behavior
were recorded using a self-reported questionnaire. Smoking behavior was classified as never, former,
or current smoker.

2.3. Laboratory Procedures

Blood samples were drawn during the next outpatient clinic visit after agreeing to participate.
Blood was drawn in the morning after an 8–12 h overnight fast, and all measurements were
performed in samples of the same timepoint. In plasma EDTA samples frozen at −80◦C, we measured
plasma EPO levels using an immunoassay based on chemiluminescence (Immulite, Los Angeles,
CA) [20]. We measured plasma total FGF23 levels with a human FGF23 (C-terminal) enzyme-linked
immunosorbent assay (ELISA; Quidel Corp., San Diego, CA, USA) with intra-assay and interassay
coefficients (CVs) of variation of <5% and <16% in blinded replicated samples, respectively [21].
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The total FGF23 immunometric assay uses two antibodies directed against different epitopes within
the C-terminal part of FGF23, and as such the assay detects both the intact hormone as well as
C-terminal cleavage products, and therefore measures total FGF23 levels. We measured plasma ferritin
levels using an electrochemiluminescence immunoassay (Modular analytics E170, Roche diagnostics,
Mannheim, Germany). Renal function was determined by estimating GFR by applying the Chronic
Kidney Disease Epidemiology Collaboration equation [22]. Proteinuria was defined as urinary
protein excretion ≥ 0.5 g/24 h in 24-h urine collection. Serum cholesterol was measured using standard
laboratory procedures. Serum creatinine was assessed using a modified version of the Jaffé method
(MEGA AU 510; Merck Diagnostica, Darmstadt, Germany). Erythrocytosis was defined as hemoglobin
level higher than 16.0 g/dL for women, and higher than 16.5 g/dL for men [23].

2.4. Statistical Analyses

Data were analyzed using IBM SPSS software, version 23.0 (SPSS Inc., Chicago, IL), R version 3.2.3
(Vienna, Austria) and STATA 14.1 (STATA Corp., College Station, TX). Data are expressed as mean
± standard deviation [SD] for normally distributed variables and as median (25th–75th interquartile
range (IQR)) for variables with a skewed distribution. Categorical data are expressed as numbers
(percentages). Co-linearity was tested by means of variance inflation factor (VIF) calculation, with a
VIF score of lower than 5 indicating no evidence for co-linearity. We used Cox proportional hazards
regression analysis to investigate the association between EPO levels and prospective outcomes.
Assumptions of proportionality in Cox regression analyses were checked using Schoenfeld residuals
plots and checking nonsignificance of covariates and with the global test (Model 1; EPO with death
and CV death; P > 0.30 for global test). In these Cox regression analyses, we adjusted for potential
confounders based on univariable associations or for factors of known biologic importance. We adjusted
for age, sex, body surface area (BSA), eGFR, proteinuria, time since transplantation, presence of diabetes,
systolic blood pressure (SBP), total cholesterol, and use of calcineurin inhibitors, proliferation inhibitors,
and angiotensin-converting enzyme (ACE)-inhibitors and angiotensin II-receptor blockers (ARBs)
(Model 1). We subsequently adjusted for potential mediators in the pathway between EPO and death,
i.e., hemoglobin levels (Model 2); for ferritin (Model 3), high-sensitive C-reactive protein (hs-CRP)
(Model 4), and finally for total FGF23 (Model 5). Due to skewed distribution, EPO, ferritin, hs-CRP,
and total FGF23 were natural log-transformed. We repeated the Cox regression analyses between EPO
and outcomes with EPO levels being divided in quartiles. Furthermore, we generated Kaplan–Meier
curves to visually show the effect of increased risk of death and cardiovascular death while being
in the highest EPO quartile. A log-rank test for trend was used to compare rates of death across
quartiles. We also assessed the association between FGF23 levels and prospective outcomes adjusting
for all potential confounders according to Model 1 and including EPO. To reflect the contribution of
covariates in the different Cox regression models, we generated Supplementary Tables S1–S4 showing
the strength of covariates in univariable and multivariable models. To allow comparability between the
hazard ratios (HR) of covariates, HR of continuous variables in Supplementary Tables S1–S4 are shown
as expressed per SD. As sensitivity analysis, we assessed the prevalence of different etiologies of CKD
in total cohort and across EPO quartiles, and we adjusted the association between EPO and all-cause
and cardiovascular death for etiology of CKD. Subsequently, we calculated the percentage of change in
HR before and after adjustment for FGF23. Percentage change in HR was calculated as—(HR without
adjustment – HR with adjustment)/(HR without adjustment – 1) × 100% [24]. Hereafter, we performed
mediation analyses with the methods as previously described by Preacher and Hayes, which are based
on logistic regression [25,26]. These analyses allow for testing significance and magnitude of mediation
on the association between EPO and outcomes [25,26]. Overall, 0.4% of demographic data were missing
and these data were imputed using regressive switching [27]. Five datasets were multiply-imputed,
and results were pooled and analyzed according to Rubin’s rules [28]. In all analyses, a two-sided
p-value < 0.05 was considered significant.
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3. Results

3.1. Baseline Characteristics

We included 579 RTRs (mean age of 51± 12 years; 55% male) at a median of 6.0 (2.6–11.6) years after
transplantation. Erythrocytosis was present in 27 (5%) of the included RTRs. Further demographics
and clinical baseline characteristics across quartiles of EPO are shown in Table 1.

Table 1. Baseline characteristics of the included 579 renal transplant recipients (RTRs) across
erythropoietin (EPO) quartiles.

Quartiles of EPO (IU/L)
All Patients

(n = 579)
Q1 (n = 146)

[4.0–11.9]
Q2 (n = 143)
[12.0–17.2]

Q33 (n = 145)
[17.3–23.9]

Q4 (n = 145)
[24.2–182.0]

P-value

Age (years) 51 ± 12 47 ± 13 50 ± 12 53 ± 11 54 ± 11 <0.001
Male sex (n, %) 317 (55) 92 (63) 78 (55) 73 (50) 74 (51) 0.11
Body surface area, m2 1.87 ± 0.19 1.86 ± 0.19 1.86 ± 0.20 1.87 ± 0.18 1.88 ± 0.20 0.81
Alcohol use (n, %) 290 (50) 77 (52) 73 (51) 64 (44) 76 (52) 0.35
Smoking status 0.29
Never smoker (n, %) 205 (35) 47 (32) 49 (34) 59 (41) 50 (35)
Former smoker (n, %) 246 (43) 64 (44) 68 (48) 59 (41) 55 (38)
Current smoker (n, %) 126 (22) 35 (24) 25 (18) 27 (19) 39 (27)
Time since Tx (yrs) 6.0 (2.6–11.6) 4.6 (2.1–9.2) 5.7 (3.1–11.2) 6.5 (3.3–12.4) 7.0 (2.8–13.7) 0.007
Diabetes mellitus (n, %) 102 (18) 25 (17) 21 (15) 27 (19) 29 (20) 0.67
SBP (mmHg) 153 ± 23 150 ± 20 151 ± 21 153 ± 22 157 ± 26 0.05
DBP (mmHg) 90 ± 10 90 ± 9 90 ± 9 90 ± 10 90 ± 11 0.91
Laboratory measurements
FGF23 (RU/mL) 137 (94–212) 115 (81–168) 125 (88–184) 138 (95–212) 195 (115–363) <0.001
Hemoglobin (g/dL) 13.9 ± 1.5 14.2 ± 1.5 14.0 ± 1.5 13.8 ± 1.5 13.5 ± 1.5 0.001
Erythrocytosis (n, %)‡ 27 (5) 11 (8) 8 (6) 5 (3) 3 (2) 0.13
MCV (fL) 91 ± 6 89 ± 4 91 ± 6 92 ± 6 92 ± 8 <0.001
Ferritin (μg/L) 154 (76–282) 154 (76–320) 164 (100–305) 159 (89–283) 118 (61–240) 0.02
Total cholesterol (mmol/L) 5.6 ± 1.1 5.7 ± 0.9 5.7 ± 1.3 5.6 ± 1.0 5.6 ± 1.1 0.78
Phosphate (mmol/L) 1.1 ± 0.2 1.05 ± 0.21 1.07 ± 0.21 1.05 ± 0.19 1.07 ± 0.22 0.85
Calcium (mmol/L) 2.39 ± 0.16 2.39 ± 0.14 2.38 ± 0.16 2.39 ± 0.18 2.41 ± 0.15 0.51
Vit. 25(OH) D, nmol/l * 53 ± 23 52 ± 24 51 ± 21 57 ± 21 53 ± 25 0.33
Vit. 1,25(OH)2 D, pmol/L* 109 ± 46 106 ± 50 112 ± 46 107 ± 40 110 ± 47 0.80
PTH (pmol/L) 9.1 (6.0–13.4) 8.8 (6.2–13.2) 9.6 (5.8–13.9) 9.2 (6.0–13.7) 8.9 (6.0–14.0) 0.93
eGFR (ml/min/1.73m2) 48 ± 15 50 ± 16 48 ± 14 47 ± 15 46 ± 16 0.16
Creatinine (μmol/L) 144 ± 52 145 ± 51 139 ± 40 142 ± 51 148 ± 62 0.50
Proteinuria (>0.5g) (n, %) 155 (27) 34 (23) 32 (22) 39 (27) 50 (35) 0.07
hs-CRP (mg/L) 2.0 (0.8–4.8) 1.4 (0.6–3.8) 2.0 (0.7–4.1) 2.1 (1.0–4.2) 3.2 (1.2–7.2) <0.001
Treatment
ACE-i/AII-antagonists (n, %) 190 (33) 65 (45) 50 (35) 37 (26) 38 (26) 0.001

ACE-I (n, %) 154 (27) 53 (36) 37 (26) 31 (24) 33 (23)
AII-antagonists (n,%) 36 (6) 12 (8) 13 (9) 6 (4) 5 (3)

Bèta-blocker (n, %) 356 (62) 88 (63) 96 (67) 81 (56) 91 (63) 0.26
Ca2+ channel blockers (n, %) 220 (39) 56 (38) 52 (36) 51 (35) 61 (42) 0.45
Diuretic use (n, %) 250 (43) 52 (36) 62 (43) 60 (41) 76 (52) 0.04
Proliferation inhibitor (n, %) 428 (74) 95 (65) 99 (69) 115 (79) 119 (82) 0.002

Azathioprine (n, %) 187 (32) 18 (12) 42 (29) 55 (38) 72 (50)
Mycophenolic acid (n, %) 241 (42) 77 (53) 57 (40) 60 (41) 47 (32)

Calcineurin inhibitor (n, %) 457 (79) 131 (90) 120 (84) 103 (71) 103 (71) <0.001
Ciclosporin (n,%) 376 (65) 108 (78) 101 (71) 81 (56) 86 (59)
Tacrolimus (n, %) 81 (14) 23 (16) 19 (13) 22 (15) 17 (12)
‡ Erythrocytosis defined as hemoglobin level >16 g/dL (F) and >16.5 g/dL (M) * Only available in a subset
cohort of 415 RTRs. Values are means ± standard deviation, medians (interquartile range) or proportions (%).
Diabetes mellitus was defined as serum glucose > 7 mmol/L or the use of antidiabetic drugs. Abbreviations—ACE-i,
angiotensin converting enzyme inhibitors; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;
FGF23, fibroblast growth factor 23; hs-CRP, high-sensitivity C-reactive protein; MCV, mean corpuscular volume;
SBP, systolic blood pressure; Tx, transplantation.

Median plasma EPO levels were 17.4 (11.9–24.2) IU/L and median FGF23 levels were 137 (94–212)
RU/mL. Increased FGF23 levels were noted across EPO quartiles (115 (81–168) RU/mL; 125 (88–184)
RU/mL; 138 (95–212) RU/mL; and 195 (115–363) RU/mL respectively, P < 0.001). FGF23 levels
were positively correlated with EPO levels (r = 0.28, P < 0.001), with a VIF of 1.15, indicating very
minimal co-linearity.
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3.2. EPO, FGF23, and Death

During a median follow-up of 7.0 (6.2–7.4) years, 121 RTRs died. Of the 121 deceased RTRs, 62 RTRs
(51%) died from cardiovascular causes. Other causes of death were infection (18%), malignancy (24%),
and miscellaneous causes (8%).

In univariable Cox regression analyses, higher EPO levels were associated with an increased risk
of all-cause death (HR per 1 ln IU/L increase, 1.74; 95% confidence interval (CI), 1.29–2.34; P < 0.001).
A full list of HRs for covariates univariably with death are described in Supplementary Table S1.

In multivariable Cox regression analyses, the association between EPO and all-cause death
remained significant (HR, 1.66; 95% CI, 1.16-2.36; P=0.005) independent of adjustment for age, sex,
BSA, eGFR, proteinuria, time since transplantation, presence of diabetes, SBP, total cholesterol, use of
calcineurin inhibitors, proliferation inhibitors, ACE-inhibitors or ARB (Model 1). Further adjustment for
hemoglobin, ferritin, or hs-CRP levels did not materially alter the results. However, further adjustment
for FGF23 levels attenuated the association between EPO and all-cause death such that the association
no longer remained significant (HR, 1.28; 95% CI, 0.87–1.88; P = 0.20) (Table 2). A full list of HRs for
covariates in the multivariable model can be found in Supplementary Table S2.

Table 2. Association between erythropoietin levels and risk of all-cause and cardiovascular death.

EPO (IU/L)

All–cause death HR (95% CI) * P-value

Univariable 1.74 (1.29–2.34) <0.001
Model 1 1.66 (1.16–2.36) 0.005
Model 2 1.72 (1.21–2.46) 0.003
Model 3 1.80 (1.25–2.60) 0.002
Model 4 1.60 (1.12–2.29) 0.01
Model 5 1.28 (0.87–1.88) 0.20

Cardiovascular death HR (95% CI) * P-value

Univariable 1.70 (1.12–2.58) 0.01
Model 1 1.87 (1.14–3.06) 0.01
Model 2 1.90 (1.16–3.12) 0.01
Model 3 2.05 (1.22–3.44) 0.006
Model 4 1.87 (1.14–3.06) 0.01
Model 5 1.45 (0.84–2.48) 0.18

* Hazard ratios are shown per 1 ln IU/L increase in EPO levels; Model 1: Adjusted for age, sex, body surface
area, eGFR, proteinuria, time since transplantation, presence of diabetes, systolic blood pressure, total cholesterol,
use of calcineurin inhibitors, proliferation inhibitors, and ACE-inhibitors or ARB; Model 2: Model 1 + adjustment
for hemoglobin; Model 3: Model 1 + adjustment for ferritin; Model 4: Model 1 + adjustment for hs-CRP;
Model 5: Model 1 + adjustment for FGF23. Ferritin, hs-CRP, and FGF23 were naturally log transformed before
adding to the Cox regression analysis due to skewed distribution. Abbreviations—ACE, angiotensin-converting
enzyme; ARB, angiotensin-receptor blockers; FGF23, fibroblast growth factor 23; CI, confidence interval; eGFR,
estimated glomerular filtration rate; HR, hazard ratio; hs-CRP, high-sensitive C-reactive protein.

We identified similar results when subdividing EPO levels into quartiles (Table 3; Figure 1 with
Kaplan–Meier curves showing the univariably increased risk of death across EPO quartiles).
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Figure 1. Kaplan–Meier Curves depicting the association between EPO quartiles and risk of all-cause
(left panel) and cardiovascular death (right panel). Reported p-values have been calculated with the
log-rank test for trend.

Table 3. Association between erythropoietin quartiles and risk of all-cause and cardiovascular death.

Quartiles of EPO (IU/L)

Q1 Q2 Q3 Q4

All–cause death Ref HR (95% CI) HR (95% CI) HR (95% CI)
Univariable 1.00 1.64 (0.91–2.97) 1.93 (1.08–3.42) 2.62 (1.51–4.55)

Model 1 1.00 1.57 (0.85–2.89) 1.47 (0.81–2.69) 2.11 (1.15–3.86)
Model 2 1.00 1.54 (0.83–2.84) 1.51 (0.83–2.75) 2.19 (1.19–4.05)
Model 3 1.00 1.65 (0.88–3.11) 1.57 (0.84–2.93) 2.29 (1.21–4.31)
Model 4 1.00 1.55 (0.85–2.85) 1.42 (0.78–2.58) 1.99 (1.09–3.65)
Model 5 1.00 1.63 (0.89–3.01) 1.41 (0.77–2.57) 1.55 (0.82–2.91)

Cardiovascular Death Ref HR (95% CI) HR (95% CI) HR (95% CI)

Univariable 1.00 2.38 (1.04–5.48) 1.85 (0.78–4.40) 3.08 (1.37–6.92)
Model 1 1.00 2.73 (1.15–6.45) 1.69 (0.68–4.18) 3.34 (1.36–8.20)
Model 2 1.00 2.58 (1.08–6.16) 1.71 (0.69–4.25) 3.41 (1.31–8.47)
Model 3 1.00 2.91 (1.17–7.23) 1.77 (0.68–4.59) 3.57 (1.39–9.20)
Model 4 1.00 2.65 (1.12–6.25) 1.60 (0.65–3.95) 3.10 (1.27–7.60)
Model 5 1.00 2.90 (1.22–6.91) 1.65 (0.66–4.08) 2.47 (0.97–6.31)

Model 1: Adjusted for age, sex, body surface area, eGFR, proteinuria, time since transplantation, presence of diabetes,
systolic blood pressure, total cholesterol, use of calcineurin inhibitors, proliferation inhibitors, and ACE-inhibitors
or ARB. Model 2: Model 1 + adjustment for hemoglobin; Model 3: Model 1 + adjustment for ferritin; Model 4:
Model 1 + adjustment for hs-CRP; Model 5: Model 1 + adjustment for FGF23. Ferritin, hs-CRP, and FGF23
were naturally log transformed before adding to the Cox regression analysis due to skewed distribution.
Abbreviations—ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blockers; FGF23, fibroblast growth
factor 23; CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; hs-CRP, high-sensitive
C-reactive protein.

In multivariable Cox regression analysis, RTRs in the upper quartile of EPO had a more than two
times higher risk of death (HR, 2.11; 95% CI, 1.15–3.86), when compared to RTRs in the lowest quartile,
independent of potential confounders. In line with the association between EPO as continuous variable
and death, further adjustment for FGF23 levels attenuated the association between the upper EPO
quartile and risk of death (HR, 1.55; 95% CI, 0.82–2.91; Table 3; Figure 2A). A full list of HRs for covariates
in the multivariable model for EPO divided in quartiles can be found in Supplementary Table S3.

When we assessed the associations between EPO and cardiovascular death, we found similar
findings. Higher EPO levels were associated with an increased risk of cardiovascular death in
univariable analyses (Figure 1) and in all subsequent models (Table 2). However, the association no
longer remained significant, both as a continuous variable and as divided in quartiles, after further
adjustment for FGF23 (Tables 2 and 3; Figure 2B).

In contrast, FGF23 levels per se were strongly associated with all-cause death independent of
adjustment for potential confounders including EPO (HR per RU/mL, 1.76; 95% CI, 1.33–2.34; P < 0.001).
Likewise, FGF23 levels per se were also strongly associated with cardiovascular death independent of
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adjustment for potential confounders including EPO (HR, 1.84; 95% CI, 1.23–2.76; P = 0.003). A full list
of HRs for covariates can be found in Supplementary Table S4.

As sensitivity analysis, we assessed the prevalence of different etiologies of CKD in the total
cohort and across quartiles of EPO (Supplementary Table S5). The most prevalent etiologies of CKD
were primary glomerular disease (28%), polycystic disease (18%), and tubulo-interstitial disease (16%).
Following adjustment for etiology of CKD additive to model 1, the association between EPO and
all-cause death (HR, 1.57; 95% CI, 1.09–2.26; P = 0.02) and between EPO and cardiovascular death
(HR, 1.75; 95% CI, 1.05–2.90; P = 0.03) remained materially unchanged.

Figure 2. Hazard ratios and corresponding 95% confidence intervals are depicted for risk of death,
both all-cause (A) and cardiovascular death (B), according to quartiles of erythropoietin levels.
First, the univariate association is shown. Second, the multivariable adjustment is performed with
adjustment for age, sex, body surface area (BSA), eGFR, proteinuria, time since transplantation,
presence of diabetes, systolic blood pressure (SBP), total cholesterol, and use of calcineurin inhibitors,
proliferation inhibitors, and angiotensin-converting enzyme (ACE)-inhibitors and angiotensin
II-receptor blockers (ARBs). Third, adjustment for FGF23 is performed following the multivariable
adjustment. The first quartile was chosen as a reference group in all analyses. Significance levels are
indicated by numbers of asterisks, i.e., *** <0.001, ** <0.01, * <0.05; Abbreviations—BSA, body surface
area; CI, confidence interval; eGFR, estimated glomerular filtration rate.
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3.3. EPO, FGF23, and Graft Failure

During a median follow-up of 6.9 (6.1–7.4) years, 46 RTRs developed DCGF. When we assessed
the associations between EPO and DCGF, we did not find an association (HR, 0.82; 95% CI, 0.48–1.41;
P = 0.48). Further adjustment for potential confounders did not ameliorate the association between
EPO and DCGF. In contrast, FGF23 levels were univariately associated with DCGF (HR, 3.07; 95% CI,
2.22–4.24; P < 0.001). However, after adjustment for potential confounders including EPO, FGF23 was
no longer associated with DCGF (HR, 1.57; 95% CI, 0.94–2.64; P = 0.09).

3.4. Percentage Change HR and Mediation Analyses

Adjustment for FGF23 caused a large reduction in HR in the Cox Regression analysis in the
association between EPO and all-cause and cardiovascular death (58% reduction in HR between EPO
and all-cause death; and 48% reduction in HR between EPO and cardiovascular death). In subsequent
mediation analyses, we identified that FGF23 was a significant mediator of the association between
EPO and all-cause death (P value for indirect effect <0.05; 72% of the association was explained by
FGF23; Table 4). Similarly, FGF23 explained 50% of the association between EPO and cardiovascular
death (P value for indirect effect <0.05; Table 4).

Table 4. Mediation analysis of FGF23 on the association between EPO and all-cause and cardiovascular
death in renal transplant recipients.

Potential
Mediator

Outcome Effect (path) *

Multivariable Model **

Coefficient
(95% CI, bc) †

Proportion
Mediated ***

FGF23 All-cause death Indirect effect (ab path) 0.090 (0.044; 0.139) 72%
Total effect (ab + c’ path) 0.124 (−0.011; 0.255)

Unstandardized total effect ‡ 0.120 (−0.385; 0.624)
FGF23 Cardiovascular death Indirect effect (ab path) 0.065 (0.015; 0.122) 50%

Total effect (ab + c’ path) 0.129 (−0.040; 0.290)
Unstandardized total effect ‡ 0.218 (−0.405; 0.840)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard deviations of
EPO, FGF23, all-cause and cardiovascular death. **All coefficients are adjusted for age, sex, body surface area,
eGFR, proteinuria, time since transplantation, presence of diabetes, systolic blood pressure, total cholesterol, use of
calcineurin inhibitors, proliferation inhibitors, ACE-inhibitors or ARB. *** The size of the significant mediated effect
is calculated as the standardized indirect effect divided by the standardized total effect multiplied by 100, e.g.,
0.090 divided by 0.124 multiplied by 100 constitutes 72% as percentage of mediation ‡Odds ratios for risk of outcomes
can be calculated by taking the exponent of the unstandardized total effect. For example, the unstandardized
coefficient of the direct effect of EPO on all-cause death while adjusting for FGF23 is 0.120, which can be calculated
to an OR by taking the exponent of this regression coefficient, i.e., e0.120=1.12, which corresponds to the HR of
1.28 (see Table 2). The discrepancy between the ratios is due to taking into account time-to-event with HR in
contrast to OR. †95% CIs for the indirect and total effects were bias-corrected confidence intervals after running
2000 bootstrap samples. Abbreviations—ACE, angiotensin converting enzyme; ARB, angiotensin receptor blockers;
Bc, bias corrected; CI, confidence interval; eGFR, estimated glomerular filtration rate; FGF23, fibroblast growth
factor 23.

4. Discussion

In this study, we show that higher endogenous EPO levels are associated with an increased risk
of all-cause and cardiovascular death in RTRs, and that these associations are largely explained by
variation in FGF23 levels. This study confirms recent studies about the essential role of EPO in FGF23
physiology in experimental and human models [7–10], extends these findings to RTRs, and support
the notion that FGF23 is an important mediator in the association between EPO and risk of death.

EPO, a hormone mainly produced in the kidney in response to hypoxia, is essential for
erythropoiesis [29]. EPO controls proliferation, maturation, and also survival of erythroid progenitor
cells [30]. Previously, it has been shown that high endogenous EPO levels were associated with
an increased risk of all-cause and cardiovascular death in RTRs [2,3]. Similarly, in the setting of
CKD and ESRD, correction of anemia with recombinant EPO led an increased risk of cardiovascular
morbidity and death [5,6]. The mechanisms responsible for these adverse effects of both endogenous as
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exogenous EPO are unknown. In the Correction of Hemoglobin and Outcomes in Renal Insufficiency
(CHOIR) trial, the highest risk of cardiovascular death was seen in patients with the highest EPO dose,
suggesting that EPO resistance through inflammation and/or functional iron deficiency might be a
possible link [6]. However, in the current study, the association between endogenous EPO levels and
death was independent of adjustment for inflammation as well as independent of iron parameters,
renal function, and standard classical cardiovascular risk factors including systolic blood pressure and
cholesterol levels. Although there was a difference in prevalence of use of calcineurin and proliferation
inhibitors across EPO quartiles, the association between EPO and death remained independent of
adjustment for calcineurin and proliferation inhibitors. In contrast, adjustment for FGF23 markedly
attenuated the association between EPO and death.

Elevated total FGF23 levels have previously been shown to be associated with increased
risk of death in RTRs, as well as in various other patient groups including postoperative acute
kidney injury, nondialysis CKD, and ESRD [31–35]. FGF23 regulation is determined by a complex
interplay between parathyroid hormone, 1,25-dihydroxyvitamin D, klotho, glucocorticoids, calcium,
and phosphate [36,37]. In recent years, iron deficiency has been identified as an important regulator
of FGF23 [38–40]. In addition, recent studies demonstrated that EPO stimulates murine and human
FGF23 [7,8]. Clinkenbeard and colleagues reported increased FGF23 mRNA expression in vitro, ex vivo,
and in vivo due to EPO treatment in UMR-106 cells, in isolated bone marrow cells, and in marrow
from mice, respectively [7]. In addition, Rabadi et al. showed in experimental animal models that
an acute loss of 10% blood volume led to an increase in total FGF23 and EPO levels within six hours.
Furthermore, exogenous administration of EPO resulted in an acute increase in plasma total FGF23
levels similar to those seen in acute blood loss [8]. Similarly, Flamme et al. described in animal models
an increase in plasma total FGF23 both after injection of recombinant human EPO and after HIF-proline
hydroxylase inhibitor [41]. The present findings in our study underscore these observations and
emphasize the important role of EPO in FGF23 physiology. Importantly, the current study is the first to
show that prospective associations between EPO and adverse outcomes in RTRs seem to be, at least to
large extent, related to increased levels of total FGF23.

The mechanisms through which EPO, as reflection of tissue hypoxia, lead to increased bone marrow
FGF23 transcription are currently unknown and require additional investigation. The previously
performed studies showed that EPO acutely increases total FGF23 levels out of proportion to
intact FGF23 (iFGF23), suggesting an upregulated FGF23 production with concomitantly increased
cleavage, with as a result an increase in C-terminal FGF23 fragments. To date, it remains incompletely
understood how EPO increases post-translational cleavage. Results from our group and collaborators
found previously in EPO-overexpressing mice a decreased GalNT3 bone marrow mRNA expression,
without differences in Fam20C or furin expression, implying that a decreased GalNT3 might play a
possible role [9]. However, more investigation is imperative to unravel this mechanistic link.

The downstream consequences of elevated levels of FGF23 and the subsequent excess risk of
death have not been fully elucidated yet. Several previous reports have shown that iFGF23 has biologic
activity through binding to several FGF23 receptors. Besides the well-known functions of iFGF23 in
the regulation of renal phosphate handling and vitamin D metabolism, recent studies have shown a
myriad “off-target” effects of iFGF23 on the heart and other organs. Preclinical studies demonstrated
that FGF23 can lead to left ventricular hypertrophy in cardiac myocytes, and promote endothelial
dysfunction [42,43]. In addition, FGF23 stimulates renal fibrosis [44], exerts pro-inflammatory
effects [45], and disrupts normal immune function [46]. Most likely, the increased death risk due to
elevated levels of FGF23 is attributable to a combination of these effects. Although the biologic activity
of iFGF23 has unequivocally been demonstrated, the biologic activity of C-terminal FGF23 fragments
remains uncertain. Previously, it has been shown that C-terminal FGF23 may function as an iFGF23
antagonist, by competing with iFGF23 for binding to its receptor, which may reduce phosphaturia and
aggravate soft tissue calcification [47]. In addition, Courbabaisse et al. has shown, at least in vitro,
that C-terminal FGF23 increases adult rat ventricular cardiomyocyte size by stimulation of FGF receptor
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4 in the absence of co-stimulatory factor alpha-klotho, and in sickle cell disease patients that elevated
cleaved FGF23 levels were associated with heart hypertrophy [48].

Our study has multiple strengths as well as limitations. The major strength of the current study
is the large prospective cohort of stable RTRs with detailed clinical and laboratory data available,
including EPO, FGF23, hs-CRP, and ferritin levels. Additionally, no participants were lost to follow-up
with respect to the endpoints, despite a considerable follow-up period. Limitations of the current study
include that, due to the observational status of our single center study, we cannot exclude the possibility
of residual confounding, and conclusions about causality cannot be drawn. Furthermore, we were
unable to measure iFGF23 levels, since samples were not stored with protease inhibitors, and iFGF23
has been shown to be susceptible to degradation with long-term storage [49]. This precludes us to
discern whether the elevated total FGF23 levels are the result of increased iFGF23 levels or due to an
increase in allegedly assumed inactive C-terminal fragments. Another limitation of the study is that
we only used CRP levels as inflammatory parameter, other markers of inflammation (e.g., cytokines,
cell subtypes) were not available, but could possibly have contributed to the results. In addition,
another limitation of current study is the use of single-time measurements hampering the possibility
to track the levels of EPO and FGF23 over time with respect to each other and with respect to risk
of death. However, it should be realized that most epidemiological studies use a single baseline
measurement to investigate associations of variables with outcomes, which adversely affects the
strength and significance of the association of these variables with outcomes. If intraindividual
variability of variables is taken into account, this results in strengthening of associations that also
existed for single measurements of these variables [50,51]. Finally, we want to emphasize that the
mediation analyses that we performed are plain straightforward mediation analyses. Although based
on literature, we have strong evidence that FGF23 is a mediator in the association of EPO with risk of
death, we cannot exclude that an unmeasured cause of mortality or alternative potential mediators has
influenced the currently identified results.

In conclusion, we identified that elevated levels of EPO were independently associated with an
increased risk of death in RTRs, and that this association was to a large extent explained by variation in
FGF23 levels. Further research is needed to fully elucidate the mechanism through which this ensues
and to unravel whether the currently identified results can be extrapolated to exogenous EPO in RTRs.
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Abstract: Background: The aim of this study was to relate the weekend (WE) effect and acute
kidney injury (AKI) in elderly patients by using the Italian National Hospital Database (NHD).
Methods: Hospitalizations with AKI of subjects aged ≥ 65 years from 2000–2015 who were identified
by the ICD-9-CM were included. Admissions from Friday to Sunday were considered as WE,
while all the other days were weekdays (WD). In-hospital mortality (IHM) was our outcome, and the
comorbidity burden was calculated by the modified Elixhauser Index (mEI), based on ICD-9-CM
codes. Results: 760,664 hospitalizations were analyzed. Mean age was 80.5 ± 7.8 years and 52.2%
were males. Of the studied patients, 9% underwent dialysis treatment, 24.3% were admitted during
WE, and IHM was 27.7%. Deceased patients were more frequently comorbid males, with higher age,
treated with dialysis more frequently, and had higher admission during WE. WE hospitalizations were
more frequent in males, and in older patients with higher mEI. IHM was independently associated
with dialysis-dependent AKI (OR 2.711; 95%CI 2.667–2.755, p < 0.001), WE admission (OR 1.113;
95%CI 1.100–1.126, p < 0.001), and mEI (OR 1.056; 95% CI 1.055–1.057, p < 0.001). Discussion: Italian
elderly patients admitted during WE with AKI are exposed to a higher risk of IHM, especially if they
need dialysis treatment and have high comorbidity burden.

Keywords: acute kidney injury; weekend effect; in-hospital mortality; comorbidity; dialysis; elderly

1. Introduction

The negative clinical impact of the so-called weekend (WE) effect has been a matter of debate since
the past two decades. Different research groups have reported poorer outcomes for patients admitted
on WE compared to weekdays (WD). A milestone study published in 2001, conducted on almost
4 million acute care admissions from emergency departments in Ontario, Canada, found that patients
with some serious medical conditions had higher in-hospital mortality (IHM) if they were admitted
on a WE than on a WD [1]. A few years later, Cram et al. confirmed a modest increase in mortality
after WE admission for all admissions, either unscheduled or emergency department admissions [2].
Our group also documented a higher IHM for some cardiovascular events, such as acute heart failure
(OR 1.33) [3], and acute pulmonary embolism (OR 1.18) [4]. A systematic review evaluated 97 studies
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enrolling more than 51 million subjects, and patients admitted on WE had a significantly higher overall
mortality, independent of factors including the levels of staffing, procedure rates and delays, and illness
severity [5]. Another systematic review and meta-analysis focused on United Kingdom (UK) hospitals
confirmed that WE admissions had higher odds of mortality than those admitted during WD, as well
as when measures of case mix severity were included in the models. On the other hand, the WE
effect was not significant when clinical registry data was used [6]. Finally, Chen et al. performed a
large meta-analysis (68 studies, 640 million admissions), and found that risk of mortality during all
WE admissions was 1.16, although it was greater for elective admissions than emergency ones [7].
A first consideration is that differences in hospital care associated with the day of the week (measured
by indicators including short term mortality) can vary depending on the place, time, and reason for
hospital admission [8]. On one hand, medical and nursing understaffing, shortage of diagnostic or
procedural services, and the presence of inexperienced residents have been suggested as possible
causes [9]. On the other, temporal aspects of onset of acute vascular diseases may also play a role, and it
is possible that these diseases do not present with equal severity relative to time, that is, day of the
week or hour of the day [10,11]. A single-center study on acute coronary syndromes (ACSs) showed
that although there were fewer ACS admissions than expected on nights and WE, the proportion of
patients with ACS presenting with ST-elevation myocardial infarctions was 64% higher on WE [12].
Again, in their large study on pulmonary embolism admissions, Nanchal et al. reported a 19% increase
in patients admitted on WE [13], but WE admissions showed significantly worse parameters of severity,
such as the need for mechanical ventilation, thrombolytic therapy use, and the use of vasopressors.
A further confirmation to this hypothesis comes from the results of a study conducted on more than
500,000 unselected emergency admissions in the UK, evaluating and adjusting for multiple confounders
including demographics, comorbidities, and admission characteristics, and common hematology and
biochemistry test results. Hospital workload was not associated with mortality, suggesting that the
WE effect could be associated with patient-level differences at admission rather than reduced hospital
staffing or services [14]. Therefore, the debate about clinical impact of the WE effect is still open.
Acute kidney injury (AKI) is a frequent finding in hospitalized subjects, especially in people who are
65 years old or older [15–17]. However, available data about admissions due to renal diseases are
scarce; therefore, we wanted to explore the possible relationship between the WE effect and AK by
using the National Hospital Database (NHD).

2. Experimental Section

2.1. Patient Selection and Eligibility

This retrospective study was conducted in agreement with the Declaration of Helsinki of 1975,
revised in 2013. Subject identifiers were deleted before data analysis with the aim of maintaining data
anonymity and confidentiality; therefore, none of the patients could be identified, either in this paper
or in the database. The study was conducted in agreement with the existent Italian disposition-by-law
(G.U. n.76, 31 March 2008), and due to the study design, ethics committee approval was not necessary.

We accessed the National Hospital Database (NHD), provided by the Italian Ministry of
Health (SDO Database, Ministry of Health, General Directorate for Health Planning), selecting
all hospitalizations complicated by AKI between 1 January 2000, and 31 December 2015. This database
stores data of all hospitalizations both in public and private Italian hospitals. Based on the
International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM), the hospital
discharge record files contain information such as gender, age, date and department of admission and
discharge, vital status at discharge (in-hospital death vs. discharged alive), main diagnosis, up to five
co-morbidities, and up to six procedures/interventions. For this analysis, patients’ names and all other
potential identifiers were removed by the Ministry of Health from the database, following the national
disposition-by-law in terms of privacy. A consecutive number for each patient was the only identifier.
Although in clinical settings the term AKI has replaced the term acute renal failure, in administrative
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database codes the latter term is usually the reference term. We selected patients aged ≥65 years in
whom the ICD-9-CM code 584.xx identified AKI when used as a first or second discharge diagnosis.
As for a temporal definition, midnight Friday to midnight Sunday was considered as WE, while all
the other days were assumed as WD. The nine main national festive days in Italy (1 January, 25 April,
1 May, 2 June, 15 August, 2 November, 8 December, 25 December, and 26 December), when occurring
on WD, were considered as WE.

2.2. Data Analysis

In-hospital mortality (IHM) was the hard clinical outcome indicator. In order to evaluate
the comorbidity burden, a novel score from our group, a modified Elixhauser Index (mEI) [18],
was calculated based on the guidelines set by Quan et al [19]. To calculate the score, the following
conditions were considered: age, gender, presence of chronic kidney disease (CKD), neurological
disorders, lymphoma, solid tumor with metastasis, ischemic heart disease, congestive heart disease,
coagulopathy, fluid and electrolyte disorders, liver disease, weight loss, and metastatic cancer.
The original score was corrected, removing the diagnosis of previous AKI; therefore, the points
assigned to renal diseases were considered only if CKD was recorded. The points for each condition
ranged from 0 to 16, and the total score calculated could vary between 0 and 89. When the score
was >40, the risk of IHM was >60%. The score, based on administrative data, was calculated
automatically. Table 1 reports single items and relative score. Finally, dialysis treatment was also taken
into consideration (code ICD-9-CM 39.95).

Table 1. Items and relative assigned score to calculate in-hospital mortality (IHM).

Items Score

Age 0–60 (years) 0
Age 61–70 (years) 3
Age 71–80 (years) 7
Age 81–90 (years) 11
Age 91+ (years) 16

Chronic kidney disease 1
Male gender 2

Neurological disorders 3
Lymphoma 4

Solid tumor without metastasis 4
Ischemic heart disease 5

Congestive heart failure 5
Coagulopathy 8

Fluid and electrolyte disorders 8
Liver disease 10

Cachexia 11
Metastatic cancer 12

2.3. Statistical Analysis

A descriptive analysis of the whole population, i.e., absolute numbers, percentages, and means ±
SD, was performed. Univariate analysis was carried out by using the Chi-Squared test, Student
t-tests, Mann–Whitney U-test, and ANOVA as appropriate, comparing survivors and deceased
subjects, and AKI patients admitted during the WE or WD. Moreover, in order to evaluate the
relationship between the WE effect and IHM, the latter was considered as the dependent variable in a
logistic regression analysis, while demography, comorbidity score, and dialysis-dependent AKI were
considered as independent variables. Odds ratios (ORs) with their 95% confidence intervals (95% CI)
were reported. All p-values were 2-tailed, and p-value <0.5 was considered significant. SPSS 13.0 for
Windows (SPSS IN., Chicago, IL, USA, 2004) was used for statistical analysis.
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3. Results

The total sample consisted of 760,664 hospitalizations due to AKI, 52.2% were men, with a mean
age of 80.5 ± 7.8 years, and 9% underwent dialysis treatment. Of these patients, 24.3% were admitted
during WE and 27.7% died during hospitalization (Table 2).

Table 2. Demographic features of the considered sample (AKI: acute kidney injury, WE: weekend effect).

Total Number of Records 760,664

Men (n (%)) 397,174 (52.2)
Women (n (%)) 361,490 (47.8)

Age (years) 80.5 ± 7.8
Comorbidity score 14.57 ± 6.21

Dialysis dependent AKI (n (%)) 68,563 (9)
Patients admitted during WE (n (%)) 184,727 (24.3)

Deceased subjects (n (%)) 210,661 (27.7)

IHM was significantly higher in men (51.8% vs. 48.2%, p < 0.001). Deceased subjects were more
likely to be older (81.9 ± 7.9 vs. 80 ± 7.7 years, p < 0.001), to have higher comorbidity score (15.96 ± 6.48
vs. 14.04 ± 6.02, p < 0.001), to be treated with dialysis (17.7% vs. 6.8%, p < 0.001), and to show higher
admission during WE (25.8% vs. 23.7%, p < 0.001), compared to survivors (Table 3).

Table 3. Comparison between survivors and deceased subjects.

Survivors
n = 550,003

Deceased
n = 210,661

p

Men (n (%)) 288,120 (52.4) 109,054 (51.8)
<0.001Women (n (%)) 261,883 (47.6) 101,607 (48.2)

Age (years) 80 ± 7.7 81.9 ± 7.9 <0.001
Comorbidity score 14.04 ± 6.02 15.96 ± 6.48 <0.001

Dialysis dependent AKI (n (%)) 37,598 (6.8) 31,055 (17.7) <0.001
Patients admitted during WE (n (%)) 130,318 (23.7) 54,409 (25.8) <0.001

Patients admitted during WE were more likely to be male (51.5% vs. 48.5%, p < 0.001), older
(mean age 81 ± 7.8 vs. 80.4 ± 7.8 years, p < 0.001), and had a higher comorbidity score (14.75 ± 6.2 vs.
14.52 ± 6.22, p < 0.001). No difference was found for prevalence of dialysis dependent AKI (Table 4).

Table 4. Comparison between subjects admitted during weekdays (WD) or weekends (WE).

WD Admissions
n = 575,937

WE Admissions
n = 184,727

p

Men (n (%)) 302,010 (52.4) 95,164 (51.5)
<0.001Women (n (%)) 273,927 (47.6) 89,563 (48.5)

Age (years) 80.4 ± 7.8 81 ± 7.8 <0.001
Dialysis dependent AKI (n (%)) 52,075 (9) 16,578 (9) NS

Comorbidity score 14.52 ± 6.22 14.75 ± 6.2 <0.001

NS: non-significant.

At the logistic regression analysis, IHM was independently associated, in decreasing order,
with dialysis-dependent AKI, WE admission, and comorbidity score (Table 5). As for the comorbidity
score, the risk of death raised of 5.6% for every 1-point increase.
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Table 5. Logistic regression analysis showing factors independently associated with in-hospital
mortality. OR: Odds Ratio; 95%CI: 95% confidence intervals; WE: weekend.

OR 95% Confidence Intervals p

Dialysis dependent AKI 2.711 2.667–2.755 <0.001
WE admission 1.113 1.100–1.126 <0.001

Comorbidity score 1.056 1.055–1.057 <0.001

4. Discussion

In this study, based on a large national database of hospitalizations, the day of admission
had a significant clinical impact on elderly subjects with AKI. The WE effect was independently
associated with IHM, along with dialysis treatment and comorbidity burden. The OR for IHM was
1.113, and this finding confirmed previous results from our group, also drawn by analysis of the
NHD records, regarding pulmonary embolism (OR 1.15) [20], and acute aortic dissection or rupture
(OR 1.34) [21]. The importance of a diverse level of emergency has been underlined by previous
studies. Concha et al. studied the 7-day post-admission time patterns of excess mortality following
WE admission to investigate whether the phenomenon could be due to poorer quality of care or a
case selection. After evaluation of mortality risk for WE and WD, adjusting for age, sex, Charlson
Comorbidity Index (CCI), and diagnostic group, they found that WE mortality was diverse for different
diagnostic groups, and concluded that the WE effect is probably not a uniform phenomenon, but rather
a complex cluster of different causal pathways, even associated with quite different risk profiles [22].
Similar results were reported by Roberts et al., who evaluated 30-day mortality for WE admissions in
England and Wales. The WE effect was more evident for disorders with high mortality during the
acute phase, and negligible for less acute ones [23].

Moreover, the presence of comorbidities plays a primary role in determining IHM. In the present
study, in fact, the OR of comorbidity score is lower than that of presence of dialysis and age, but the
risk of death raised of 4.2% for every 1-point increase. In a previous study conducted by our group,
we showed that CCI was significantly higher in subjects admitted during WE, and significantly
contributed to clinical outcome, along with gender and age. In logistic regression analysis, in fact,
admission on WE, CCI, male sex, and age were significantly associated with IHM [24].

To the best of our knowledge, this is the first study considering the relationship between the WE
effect and IHM in elderly patients hospitalized because of AKI. The question of whether the WE effect
also exists in renal diseases is still matter of debate, because the number of available studies is limited,
and results are not univocal. We are aware of only three studies considered the relationship between
WE admission and AKI, conducted in the United States (USA), United Kingdom (UK), and Wales,
respectively. James et al. analyzed data from the U.S. Nationwide Inpatient Sample and selected more
than 200,000 admissions reporting AKI as the primary diagnosis. The prevalence of WE admission was
21% and WE hospitalizations were independently associated with IHM [25]. Kolhe et al. conducted
a study on more than 53,000 dialysis-dependent AKI patients. The prevalence of WE admission
was 23%, and WE admissions were significantly associated with higher mortality in the unadjusted
model, but not in the multivariable analysis [26]. Finally, Holmes et al. did not find any WE effect
for mortality associated with hospital-acquired AKI [27]. None of these studies, however, included
comorbidity analysis.

A higher interest in the WE effect has been shown to investigate possible negative outcomes in
renal transplantation, but results have not demonstrated any negative outcome thus far. In the U.S.,
Baid-Agrawal et al. did not confirm the hypothesis that kidney transplants performed during WE could
have worse outcomes than those performed during WD. In fact, the day of surgery did not affect death,
length of hospitalization after transplantation, delayed allograft function, acute rejection within the first
year of transplant, and patient and allograft survival at 1 month and at 1 year after transplantation [28].
In Germany, Schütte-Nütgen et al. found no differences between subjects transplanted on WD or WE in
terms of 3-year patient and graft survival, frequencies of delayed graft function, acute rejections, 1-year
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estimated glomerular filtration rate, and length of hospital stay [29]. Again, in England, Anderson et al.
did not confirm the relationship between WE and mortality, rehospitalization, and kidney allograft
failure/rejection [30]. Moreover, a study of the Australia and New Zealand Dialysis and Transplant
registry concluded that timing of transplantation did not impact on allograft outcome [31]. Also,
our group tested this hypothesis on all cases of the Emilia-Romagna region, but did not find any risk of
adverse outcome related to the WE effect, observing only that WE admissions were characterized by
longer duration of hospitalization [32].

On the other hand, WE admission seems to negatively influence outcomes in dialysis patients,
although the available evidence is strictly limited to a couple of studies. In the U.S., Sakhuja et al.
reported that WE admissions were more likely to have higher IHM, higher mortality during the
first 3 days of admission, longer hospital stays, and less likely to be discharged to home. Moreover,
time to death was shorter compared with WD admissions [33]. Finally, data from the Australia and
New Zealand Dialysis and Transplant Registry reported higher rates of hospitalization secondary to
peritonitis on WE compared to WD [34].

In our present study, dialysis-dependent AKI and the WE effect were independently associated
with IHM; it could be that the two factors negatively impact patients’ survival and complications.

Limitations

We are aware that a major limitation is introduced by the study design: retrospective, based on
administrative data, and with no possibility to assess whether AKI was cause or complication of
hospitalization. We observed that day-of-week of hospital admission has a significant impact on
outcome, but we cannot extrapolate from the administrative database some important items, such as
cause of admission and death, intensive care level or hospitals’ facilities, device use, type of treatment,
and impact of clinical or biochemical parameters. It is known that administrative databases, born to be
used for other reasons (i.e., reimbursement), lack specific clinical information and may cause possible
misclassification of outcomes, thereby generating confounding factors [35]. Moreover, we did not
identify AKI on the basis of international Kidney Disease Improving Global Outcomes (KDIGO)
guidelines [36], nor differentiate patients on the basis of the cause of AKI and the treatment setting,
with the exception of dialysis treatment.

We previously stated that medical and nursing understaffing, shortage of diagnostic or procedural
services, and the presence of inexperienced residents could be related to WE effect [9]. Unfortunately,
administrative databases do not allow us investigate these aspects, being conceived for financial reasons.

Some years ago, concerns about WE effect were raised due to three main potential limitations
of administrative databases: (1) coding mistakes, (2) insufficient consideration of comorbidity,
and (3) failure to consider the severity or acuity of patients [37]. According to several authors,
the performance of ICD-9-CM for diagnosis of acute renal failure showed poor sensitivity, and high
specificity, while positive and negative predictive value could differ [38–41]. However, Grams et al.
underlined that sensitivity was significantly higher when the selected individuals were aged ≥ 65 years;
moreover, AKI diagnosed by administrative data detected more severe disease and higher IHM
mortality [41]. Due to this reason, we decided to focus on patients aged > 65 years. Finally, we also
have to underline some strengths of our study: (1) a high number of records derived from a national
database, (2) the long period of time analyzed, and (3) the utilization of a hard outcome indicator,
such as IHM.

5. Conclusions

The global population is ageing, and the prevalence of elderly subjects is increasing. Older adults
are projected to increase enormously by 2050, rising to more than 400 million [42]. Chronic illnesses
and disability causing hospitalization are frequent in the last decades of life and AKI is a frequent cause
of morbidity and mortality as shown by the U.S. Renal Data Services (USRDS) 2018 [43]. The latter data
demonstrated an increasing incidence rate of AKI over the past several years, in the elderly population.
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Patients over the age of 65 who required dialysis continued to have substantially higher mortality
compared to general population [43]. Last year, our group demonstrated that in-hospital mortality was
a frequent complication in elderly subjects with AKI discharge codes, involving more than a quarter of
admissions. The increasing burden of comorbidity, dialysis-dependent AKI, and sepsis were the major
risk factors for mortality [16]. Comorbidity is a well-known risk factor affecting survival in dialysis
patients [44]; however, predictors of short-term survival in renal patients are still a matter of debate.

Multi-morbidity is crucial for defining the prognosis of the aged population [45], and our findings
suggest that pre-existing diseases diagnosed prior to admission may be associated with the outcome of
an acute condition such as AKI (especially if AKI needs dialysis treatment). In elderly hospitalized
subjects with AKI, WE effect seems to be a risk factor for IHM, even adjusting for comorbidity and
advanced AKI stage. Thus, elderly patients admitted on Saturday or Sunday should deserve careful
attention and evaluation, and consideration should be taken of their higher risk of IHM.
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Abstract: Acute kidney injury (AKI) is a frequent complication in hospitalized patients, which is
associated with worse short and long-term outcomes. It is crucial to develop methods to identify
patients at risk for AKI and to diagnose subclinical AKI in order to improve patient outcomes. The
advances in clinical informatics and the increasing availability of electronic medical records have
allowed for the development of artificial intelligence predictive models of risk estimation in AKI. In
this review, we discussed the progress of AKI risk prediction from risk scores to electronic alerts to
machine learning methods.
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1. Introduction

Acute kidney injury (AKI) is a complex syndrome caused by multiple etiologies and characterized
by a sudden decrease in kidney function, defined by an increase in serum creatinine or a decrease in
urine output [1,2]. AKI is a frequent complication in hospitalized patients, which is associated with
worse short and long-term outcomes, namely, increased length of hospital stay, increased health care
costs, increased risk of in-hospital and long-term mortality, long-term progression to chronic kidney
disease, and long-term risk of cardiovascular events [3–7].

The incidence of AKI has increased in the past decades due to the population aging and rising
incidence of comorbidities, such as chronic kidney disease, diabetes, and hypertension [2,8–10].
Furthermore, the development of a standardized definition for AKI and the acknowledgment of
the impact of AKI on patient outcomes are also responsible for the increased recognition of this
syndrome [2]. Despite the decrease in mortality rates associated with AKI, these remain significant,
ranging from 15% among hospitalized patients to more than 50% in critically ill patients [11–13].

Considering the impact of AKI on short and long-term outcomes, it is of high importance to
develop methods to identify patients at risk for AKI and to diagnose subclinical AKI in order to
improve patient outcomes [4]. The advances in clinical informatics and the increasing availability
of electronic medical records (EMR) have allowed for the development of predictive models of risk
estimation in AKI [14].

In this review, we discussed the progress of AKI risk prediction from risk scores to electronic
alerts to machine learning (ML) methods.

2. AKI Definition and Biomarkers

The Kidney Disease Improving Global Outcomes workgroup defines AKI as an increase in serum
creatinine (SCr) of at least 0.3 mg/dL within 48 h, or an increase in SCr to more than 1.5 times of baseline
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level, which is known or presumed to have occurred within the prior 7 days, or a urine output (UO)
decrease to less than 0.5 mL/kg/h for 6 h [15].

Despite the importance of the development and use of this standardized classification in the
epidemiology of AKI, SCr and UO are insensitive and unspecific markers of AKI, which do not account
for the duration or cause of AKI [16]. Values of SCr are influenced by age, gender, muscle mass, fluid
balance, and medications, which limit its secretion, and values of UO are influenced by patient volemic
status and diuretic use. Baseline SCr is frequently unknown, and UO assessment is complex without a
urinary catheter.

Novel biomarkers have been investigated in multiple settings to increase diagnostic accuracy,
which so far include cystatin C (Cys-C), neutrophil gelatinase-associated lipocalin (NGAL),
N-acetyl-glucosaminidase (NAG), kidney injury molecule 1 (KIM-1), interleukin-6 (IL-6), interleukin-8
(IL-8), interleukin 18 (IL-18), liver-type fatty acid-binding protein (L-FABP), calprotectin, urine
angiotensinogen (AGT), urine microRNAs, insulin-like growth factor-binding protein 7 (IGFBP7), and
tissue inhibitor of metalloproteinases-2 (TIMP-2) [17–27].

Important weaknesses have limited the generalization of the use of these biomarkers in clinical
practice [19]. These have not consistently distinguished pre-renal from renal AKI; several patient
characteristics and comorbidities can produce range variations that limit their validity; cost-effectiveness
is limited due to the increased costs associated with these biomarkers and need for multiple assessments,
and evidence of outcome improvement is still lacking [28,29]. Given the complexity of AKI, perhaps
the use of a panel of several biomarkers covering different stages of the syndrome could provide a
better understanding of its pathophysiology and identify future treatment targets [29,30].

3. AKI Risk Factors

Several investigators have focused on determining significant risk factors for AKI [31–33]. Both
patient susceptibilities and exposures are important risk factors for AKI. Patient age is an important
non-modifiable risk factor [34–36]. The loss of renal reserve and physiologic decline of glomerular
filtration rate (GFR) may place older patients at risk for AKI [37,38].

Chronic kidney disease (CKD) is another major risk factor for AKI [38] The loss of autoregulation,
abnormal vasodilation, susceptibility to antihypertensive agents and nephrotoxins, and the side effects
of medication contribute to the development of AKI in CKD patients [38].

Patient comorbidities, such as diabetes mellitus, hypertension, cardiovascular disease, chronic
liver disease, and chronic obstructive pulmonary disease, have also been identified as important
AKI predictors [15,31–33,36,39,40]. It is also important to note that HIV infection is a risk factor,
predisposing patients to AKI, given the increasing incidence of HIV-infected patients in the past
decades. Furthermore, AKI remains an important predictor of mortality in these patients despite the
decrease in the incidence of AKI with the widespread use of antiretroviral therapy [41,42].

Exposure to sepsis, surgery, nephrotoxins, and shock are specific modifiable factors, which
contribute to AKI [8,15]. Large cohort studies focusing on critically ill patients report that the two most
important causes of AKI are sepsis and surgery [9,10,43–45].

More recent research has reported that hyperuricemia, hypoalbuminemia, obesity, anemia, and
hyperglycemia may be new predictors of AKI [36].

Uric acid can contribute to AKI in several settings due to intratubular crystal precipitation, but
also by inducing renal vasoconstriction and impairing autoregulation, and due to proinflammatory
and antiangiogenic effects [46–49].

Hypoalbuminemia has been used as a nonspecific marker of patient nutrition, inflammation,
hepatic function, and catabolic state and has been reported as an independent predictor of AKI in
multiple settings [50–54].

The increasing incidence of obesity has raised the interest to study its association with AKI.
Although the exact mechanisms are still uncertain, there is substantial evidence that obesity is an
independent predictor of AKI in multiple medical and surgical settings [55–58].
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Anemia has been associated with increased AKI risk, mainly in the surgical setting [59,60].
Furthermore, transfusions of red blood cells are also associated with increased risk of AKI [61,62]. The
mechanisms are likely multifactorial, including reduced renal oxygen delivery, worsening oxidative
stress, systemic inflammation, and impaired hemostasis [36,59,63]. Stored red blood cells have an
impaired ability to carry oxygen and proinflammatory effects, associated with the direct toxic effect of
by-products of red blood cell storage, contributing to organ failure in critically ill patients [59,64].

Hyperglycemia is another novel risk factor, which has been associated with increased AKI
development [65–70]. However, the target level of glucose to decrease AKI risk has not been
determined. The exact mechanism is still uncertain, but hyperglycemia might contribute to AKI
through stimulation of oxidative stress, vasoconstriction and reduced renal oxygen delivery, and
volume depletion due to osmotic diuresis [68,70].

4. AKI Risk Scores

A precise risk prediction score should be able to identify at-risk patients and guide clinicians
on performing further diagnostic tests and prompting preventive and/or treatment measures. A risk
score is produced by the combination of independent predictors of AKI and assigning relative impact,
ideally with external validation analysis [14].

Risk prediction scores for AKI have been reported in several clinical settings, mostly in critical
care, surgery, and contrast-induced nephropathy [71–77]. Still, most AKI cases are reported in general
hospital wards, and risk scores in this setting are scarce [78–81].

Most models include age, gender, baseline kidney function, comorbidities, such as chronic
kidney disease, diabetes, liver failure, and heart failure, medication history, namely, diuretics,
angiotensin-converting-enzyme inhibitors and angiotensin-receptor blockers, and intra-procedure data
to predict the risk of AKI [76,82]. An ideal risk prediction score for AKI should include a combination
of demographic, clinical, and biological factors, along with biomarkers [76,77].

Malhotra et al. developed an easily calculated risk prediction score for AKI in critical care
patients [77]. This risk score combines chronic kidney disease, chronic liver disease, congestive heart
failure, hypertension, atherosclerotic coronary vascular disease, acidemia, nephrotoxin exposure,
sepsis, mechanical ventilation, and anemia and has demonstrated good calibration in the test and
external validation cohorts [77].

Flechet et al. developed four prediction scores, which can be used successively, based on the
clinical information available [83]. The variables included in the baseline risk score are age, baseline
SCr, surgical or medical category, diabetes, and planned admission. For the admission risk score, it
includes blood glucose, suspected sepsis, hemodynamic support, and previous risk score variables.
On day 1, the risk score includes SCr, Acute Physiology And Chronic Health Evaluation (APACHE) II
score, maximum lactate, bilirubin, hours of ICU stay, and previous risk score variables. The risk score
to be used after the first day includes the previous risk score variables and the total amount of urine,
urine slope, mean arterial pressure, and hemodynamic support. One of the main strong points of this
study is the availability of the online calculator of this risk score, which enhances its use in clinical
practice and promotes further validation [83].

The most widely validated risk prediction score for AKI in cardiac surgery was developed by
Thakar et al. and comprises 13 pre-operative variables, namely, gender, heart failure, left ventricular
ejection fraction, preoperative use of intra-aortic balloon pump, chronic obstructive pulmonary disease,
diabetes, previous cardiac surgery, emergency setting, type of surgery, and pre-operative SCr [84].

The clinical application of these risk prediction scores has been limited by the lack of external
validation of several studies, the use of heterogeneous definitions of AKI, the difficulty in assessing
baseline renal function, and importantly the lack of impact analysis studies and lack of evidence of
clinical use [14,76].
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5. Automated Electronic Alerts

The use of automated electronic alerts (E-alerts) has received considerable consideration in the
past years [85]. E-alerts consist of algorithms configured from patients’ EMRs and clinical information
to notify early or imminent AKI, prompting an earlier clinical evaluation and prompt prevention and
treatment strategies [86,87].

Theoretically, this would prompt early treatment and improve patient outcomes. Nevertheless, a
recent systematic review of randomized AKI E-alert trials pooled data from six studies and 10,165
patients and found that these did not reduce mortality (OR 1.05; 95% CI, 0.84–1.31), need for renal
replacement therapy (OR 1.20; 95% CI, 0.91–1.57), or change patient care practices (OR 2.18; 95% CI,
0.46–10.31) [88]. In these studies, E-alerts were issued within one hour, following the detection of
changes in SCr; however, there was significant variability in study design, alert format, and targeted
providers [88].

Beyond the limitations of SCr as a marker of AKI, other important challenges of the use of E-alerts
are the distinction of community and hospital-acquired AKI cases, the presence of multiple alerts per
patient, the assessment of significance of small SCr changes in patients with CKD, and the limitations
on cases without baseline renal function [14].

A care bundle is a group of evidence-based and easily applicable interventions that have a better
outcome when performed together than if performed individually [14]. There is no current specific
treatment for AKI, and the most recent guidelines suggest supportive management, including treatment
of sepsis, shock, and hypovolemia, avoidance of nephrotoxins, appropriate investigations, and referral
to specialists when indicated [15].

Kolhe et al. demonstrated that implementing a care bundle with E-alerts improved outcomes
in patients with AKI in two cohort studies. The care bundle consists of standardized investigations
and interventions, namely, Assessment of history and examination, Urinalysis, establishing a clinical
Diagnosis of AKI, plan Investigations, and Treatment and Seeking advice from a nephrologist
(AUDITS) [89,90].

These findings were also reported in a study by Chandrasekar et al., in which an E-alert was
combined with a care bundle consisting of treatment of Acute complications, Blood pressure control,
Catheterization, review Drug prescription, Investigate the cause, and Treat the underlying cause
(ABCD-IT) [91]. The authors reported a decrease in mortality and length of stay [91].

A recent study by Hodgson et al. evaluated the impact of combining care bundles to a risk
prediction score and to E-alerts. This study demonstrated a decrease in hospital-acquired AKI and a
decrease in AKI-associated mortality [92].

Therefore, it may not be enough to merely alert for the presence of AKI but important to initiate
appropriate care to lead to improved outcomes [14].

We believe that it is essential to incorporate these scientific advances in daily clinical practice in
the near future.

6. The Era of Artificial Intelligence

The past decade has seen significant development of electronic technology in medicine, namely,
in EMR, data registries and management, and analytic methodologies [93].

Indeed, a new era of AKI prediction and detection has started with the increasing use of risk
prediction scores and E-alerts [93]. More recently, artificial intelligence (AI), namely, ML techniques,
has been reported to identify AKI predictors [94].

AI is a branch of engineering, generally defined as the ability of a machine to reason, communicate,
and function with the minimal human intervention [95]. In the medical field, AI can be applied as two
branches: physical or virtual [95]. The physical branch includes medical devices and sophisticated
robots, which contribute to the delivery of care [95]. The virtual branch refers to ML, which includes
the algorithms and statistical models that learn from data from which they are able to recognize and
deduce patterns [95].
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There are numerous types of ML algorithms, which have the ability to find patterns, to classify and
predict algorithms based on previous examples, and to create a strategy for prediction by sequences
of rewards and punishments [94–98]. The dynamic ability of these algorithms is key to identify and
integrate variables from numerous electronic data [94]. Thus, ML techniques can be used alone or
combined to analyze datasets and determine AKI predictors. The description of each available ML
algorithm is out of the scope of this review.

Currently, logistic regression is the most frequently used statistical algorithm of multivariate
analysis to determine risk predictors in the short-term [99]. In complex settings in which clinical
features and outcomes have a non-linear relationship and for big data analysis, many investigators
support the use of more advanced ML algorithms in detriment of logistic regression to develop
predictive models [100].

Considering that AKI can be determined from the calculation of SCr levels and the increasing
integration of the available EMRs, ML algorithms are promising in the development of AKI risk
prediction models.

The development of risk prediction models has flourished in recent years. However, inefficient
statistical methods, the use of small samples, missing data, and lack of validation are common faults,
which limit the use of these models [99]. The development of risk prediction models should include
internal validation within the original study sample to quantify the predictive ability of the model and
should preferably also include external validation to evaluate the predictive ability of the model in
other participant data [99]. To improve the quality of reporting of published prediction model studies,
the Transparent Reporting of a multivariable prediction model for Individual Prognosis or Diagnosis
(TRIPOD) Statement produced a checklist of items to include in studies developing or validating a
multivariable prediction model [99].

Furthermore, it is important to consider the specificity and sensitivity of these models, which
will have a clinical impact [101]. High specificity values lead to fewer false-positive results, and high
sensitivity values lead to fewer false negatives [101]. This has an important impact on prognostic
modeling and decision-making, namely, high specificity would trigger less often to prompt interventions
with higher risk, and high sensitivity would trigger more often to prompt interventions with lower
risk [101].

The first study to compare logistic regression models and ML algorithms was a retrospective study
by Kate et al., who analyzed EMRs of 25,521 hospital stays of elderly patients and aimed to predict
within the first 24 h of admission whether a patient would develop AKI during hospitalization. This
study demonstrated only modest performance in all ML models (support vector machines, decision
trees, and naïve Bayes), with an area under the receiver operating characteristic curve (AUROC)
ranging from 0.621–0.664, and better performance of logistic regression with an AUROC of 0.743 [102].

A research group led by Bihorac performed a retrospective study of 50,318 adult surgical patients
and compared four predictive ML modeling approaches for two major postoperative complications,
using data from EMRs [103]. This study demonstrated that the choice of predictive modeling approach
affected the risk prediction performance for postoperative AKI and sepsis; specifically, generalized
additive models showed the best performance with an AUROC of 0.858 [103].

Davis et al. also compared several ML models (random forest, neural network, and naïve Bayes)
and logistic regression methods to predict AKI in a retrospective study of 2003 patients [104]. Both
methods had a good performance in detecting AKI, but importantly, over-time logistic regression
methods required more updates than random forest or neural network methods to compensate
overprediction [104].

Cheng et al. developed ML-based AKI prediction models using EMRs from 48,955 hospital
admissions and concluded that the best model for predicting AKI within 24 h had an AUROC of 0.76
achieved by a random forest algorithm [105]. Indeed, this ML algorithm could predict AKI 2-days
with AUC of 0.73 and 3-days prior with AUC of 0.700 [105].
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Ibrahim et al. developed a clinical and proteomics AKI risk predictor with an ML approach (least
absolute shrinkage and selection operator (LASSO) with logistic regression) in a prospective study of
889 patients undergoing coronary angiography [106]. The risk predictor included a history of diabetes,
blood urea nitrogen/creatinine ratio, c-reactive protein, osteopontin, CD5 antigen-like, and Factor VII
and had an AUROC of 0.790 for predicting procedural AKI [106].

Koola et al. analyzed a retrospective cohort of 504 cirrhotic patients and compared the ability of
ML methods (logistic regression, naïve Bayes, support vector machines, random forest, and gradient
boosting) to predict hepatorenal syndrome (HRS) [107]. This study demonstrated the ability to create a
high-performance risk prediction algorithm to detect cases of HRS, with AUROC ranging between
0.730–0.930 [107].

Another mortality prediction model was constructed using the random forest algorithm in 19,044
AKI patients by Lin and colleagues [100]. Urine output, systolic blood pressure, age, serum bicarbonate,
and heart rate were the most significant variables, predicting AKI-associated mortality [100]. This
model had a great performance with an AUROC of 0.866 and could prove useful in avoiding delays of
AKI treatment in high-mortality risk patients [100].

Koyner et al. developed a gradient boosting model, which could predict AKI in the emergency
department, wards, and ICU [108]. Their model included data from 121,158 admissions, such as patient
demographics, vital signs, laboratories, clinical interventions, and diagnostics, and demonstrated
increasing accuracy across AKI severity, providing AUROC greater than 0.900 for renal replacement
therapy requirement within 72 h [108].

Huang et al. performed a retrospective study of 947,091 patients submitted to percutaneous
coronary intervention and compared logistic regression and gradient descent boosting to detect if ML
algorithms could enhance AKI prediction [109]. Their algorithm had a good performance in detecting
AKI with an AUROC 0.728 [109]. The risk prediction model included 12 variables, namely, age, heart
failure, cardiogenic shock within 24 h, cardiac arrest within 24 h, diabetes, coronary artery disease,
baseline renal function, admission source, body mass index, emergency status, and left ventricular
ejection fraction [109].

In another retrospective study of 2,076,694 patients submitted to percutaneous coronary
intervention, Huang et al. applied an ML method to predict AKI risk according to contrast volume [110].
The generalized additive model produced an AUROC of 0.777 (95% CI, 0.775–0.779) for predicting the
risk of a creatinine level increase of at least 0.3 mg/dL [110]. The model was developed from a random
50% of the cohort, and performance was evaluated in the remaining 50% of the cohort. The association
of contrast volume with AKI risk was nonlinear, and this model proved useful to quantify individual
risk and adjust contrast volume to decrease AKI risk [110].

Tomasev et al. developed a recurrent neural network model, which predicted 55.8% of all inpatient
episodes of AKI and 90.2% of all dialysis, requiring AKI up to 48 h in advance in 703,782 adult patients
from inpatient and outpatient sites [111]. This ML model had a great performance with an AUROC of
0.921, and, at each time point, this model outputted the risk of AKI occurrence within the next 48 h,
thus allowing for the prompt implementation of preventive and treatment strategies [111].

MySurgeryRisk is an ML algorithm recently developed and internally validated from a retrospective
single-center cohort of 2911 adults who underwent surgery [112]. This random forest model combined
preoperative and intraoperative variables and had an AUROC of 0.860 to predict the risk of developing
postoperative AKI [112].

Flechet et al. conducted a prospective observational study of 252 critically ill patients and compared
the AKI predictions by physicians and a random forest method, AKIpredictor [113]. There was no
statistically significant difference in discrimination between physicians and AKIpredictor; however,
physicians overestimated the risk, and AKIpredictor allowed for the selection of high-risk patients or
reducing false positives, and AKIpredictor provided its prediction earlier than physicians [113].

Parreco et al. developed and compared different ML models (gradient boosted trees, logistic
regression, and deep learning) to predict AKI from the laboratory values, vital signs, and slopes in
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151,098 ICU admissions [114]. Gradient boosted trees method was the most accurate model with an
AUROC of 0.834, for which the most important variable was the slope of the minimum creatinine [114].

Xu et al. investigated ML models (logistic regression, random forest. and gradient boosting
decision tree) for predicting the mortality risk of 58,976 AKI patients admitted to an ICU, stratified
according to AKI severity stages [115]. Gradient boosting decision tree presented a better performance
than other models for mortality prediction [115].

Tran et al. developed an ML method (k-nearest neighbor) to predict AKI in 50 burn patients,
which included measurements of neutrophil gelatinase-associated lipocalin (NGAL), UO, SCr, and
N-terminal B-type natriuretic peptide (NT-proBNP) measured within the first 24 h of admission. This
method performed greatly with an AUROC of 0.920 and achieved a 90%–100% accuracy for identifying
AKI, with a mean time-to-AKI recognition within 18 h [116].

In 6682 critical care patients, Zhang et al. identified predictors of volume responsive AKI, such as
age, urinary creatinine concentration, maximum blood urea nitrogen concentration, and albumin using
ML methods [117]. Their model (gradient boosting) had an AUROC of 0.860 and could prove useful to
stratify patients with oliguria responsive to fluids and prompt immediate therapeutic measures [117].

Zimmerman et al. conducted a retrospective cohort of 23,950 adult critical care patients and
developed a predictive model by logistic regression for early prediction of AKI in the first 72 h.
following ICU admission with an AUROC of 0.783 [118]. Their model included first-day measurements
of physiologic variables but not medications and procedures, in order to detect which deterioration of
patients’ physiologic baselines are predictive of AKI [118]. This was cross-validated with ML algorithms,
demonstrating an accurate and early prediction of AKI with their risk prediction score [118].

Rashidi and colleagues developed, internally validated, and compared ML models for early
recognition of AKI in 50 burn and 51 trauma patients, including NGAL, NT-proBNP, SCr, and UO into
the predictive model [119]. Their models were able to accurately predict AKI 62 h in advance [119].

Overall, ML algorithms have performed impressively, and sensitivity is favored over specificity in
order to early detect as many cases of AKI, allowing for a higher number of false positives. The ML
algorithms have also performed better than the currently used logistic regression in the majority of
studies. These studies are summarized in Table 1.
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These studies have demonstrated the efficacy of ML algorithms to detect clinical and laboratory
characteristics associated with AKI risk and detection in big data studies. The future widespread use
of ML algorithms could improve risk stratification of patients, early detection of AKI, and provide
decision aid on treatment, ultimately improving patient care and increasing time and cost-efficiency.
Furthermore, these algorithms could predict further adverse events and long-term prognosis, therefore,
providing useful information to establish an individualized follow-up plan.

Despite the promising results, important limitations have to be considered [82]. Firstly, most ML
approaches have performed positively in retrospective cohorts, and prospective implementation of
these methods is still challenging [95,101]. None of these studies have external validation, and the
variability in the availability of EMRs across centers limits the widespread use of these models [95,101].
The development of these risk prediction models requires a substantial amount of data from EMRs
and computer-assisted risk prediction [82]. Furthermore, to guarantee detailed information on
comorbidities, physiological and laboratory parameters and medication, and electronic connections
between community and hospital data are necessary [82]. Logistic regression models are more familiar
to clinicians than ML models, limiting data interpretation [103]. It is also important to note that
neural networks are developed and tested in the same dataset, which limits generalizability [95,101].
Additionally, from a legal and ethical perspective, the inability to clarify what contributes to
decision-making in neural networks is an important restriction in these models, which is conflicting to
general data protection requirements [95,101].

7. Conclusions

AKI has a significant negative impact on short and long-term outcomes; thus, it is crucial to
develop methods to identify patients at risk for AKI and to diagnose subclinical AKI. The increasing
amount of evidence is encouraging the real-time implementation of these ML risk models as this does
not require additional AKI biomarker testing. Combining these risk prediction models with early care
bundles in the future is likely to improve patient outcomes.
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Abstract: Following transplantation, patients must take immunosuppressive medication for life.
Torquetenovirus (TTV) is thought to be marker for immunosuppression, and TTV–DNA levels after
organ transplantation have been investigated, showing high TTV levels, associated with increased
risk of infections, and low TTV levels associated with increased risk of rejection. However, this has
been investigated in studies with relatively short follow-up periods. We hypothesized that TTV
levels can be used to assess long term outcomes after renal transplantation. Serum samples of 666
renal transplant recipients were tested for TTV DNA. Samples were taken at least one year after
renal transplantation, when TTV levels are thought to be relatively stable. Patient data was reviewed
for graft failure, all-cause mortality and death due to infectious causes. Our data indicates that
high TTV levels, sampled more than one year post-transplantation, are associated with all-cause
mortality with a hazard ratio (HR) of 1.12 (95% CI, 1.02–1.23) per log10 increase in TTV viral load,
(p = 0.02). Additionally, high TTV levels were also associated with death due to infectious causes (HR
1.20 (95% CI 1.01–1.43), p = 0.04). TTV levels decrease in the years following renal transplantation,
but remain elevated longer than previously thought. This study shows that TTV level may aid in
predicting long-term outcomes, all-cause mortality and death due to an infectious cause in renal
transplant patients sampled over one year post-transplantation.

Keywords: torquetenovirus; immunosuppression; transplantation; immunosuppressed host;
outcome; renal transplantation

1. Introduction

Immunosuppressive therapy is vital for organ transplantation medicine; in the last 20 years,
antirejection treatment has improved enormously thanks to the increased availability of new
antirejection drugs. All these drugs, however, lead to some degree of immunosuppression, and
subsequently increased infection risk. Measuring trough levels of antirejection drugs is currently
standard of care in determining the optimal dosing of these drugs, but is well recognized that these
trough levels do not accurately reflect the risk of under-immunosuppression, potentially resulting in
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rejection, or over-immunosuppression, potentially resulting in increased infections [1–3]. It is, therefore,
important to identify the parameters that reflect the net immune status and have predictive capacities
for long-term outcomes. Torquetenovirus (TTV) is a single stranded, negative sense, non-encapsulated
DNA virus; it was first discovered in 1997 by Nishizawa et al. [4–6] and is present in 46%–100%
of healthy people [7]. The international commission on taxonomy (ICTV) recognizes 29 different
genotypes, but their relative circulation has not been researched sufficiently [8]. Attempts to discover
viable antibody assays have been hampered by the hypervariable nature of the viral capsid protein [9].
A few assays have been described by various groups; however, these assays have not proven to be
scalable for large-scale clinical use [9–11]. In recent years, TTV has been studied by various research
groups as a potential marker of immunosuppression following transplantation. TTV levels have been
shown to increase at the start of antirejection treatment, reaching a relative plateau phase between
3 and 6 months after transplantation [12]. It is currently thought that an ideal viral loads exists for
each type of organ transplantation, signifying optimal antirejection dosing. Viral loads above this
ideal level have been shown to increase the chance of infections, whereas low viral loads have been
shown to be associated with increased chance of rejection [13]. No formal cut-off TTV levels for optimal
immunosuppression have been established, however, since these levels show great variation between
different research groups, even in seemingly similar patient populations. These variations may be due
to differences in circulation of TTV genotypes or due to differences in the PCR test used in these studies.

Additionally, most studies have looked at longitudinal TTV measurements relatively shortly after
transplantation. The follow-up periods have also been brief, usually up to one year after solid organ
transplantation (SOT). The immunosuppressed condition of these patients and the increased risk of
infection nevertheless persists for a lifetime. To date, very little is known about TTV levels past the
first year after transplantation, and if these TTV levels are associated with increased risk of infection or
rejection in the long term. In this study, we focused on TTV measurements after the first year following
renal transplantation, and hypothesized that TTV levels are associated with outcome over several
years. We studied this in a cohort of 666 renal transplant recipients.

2. Materials and Methods

2.1. Study Population

This cohort study was based on a previously described set of 706 renal transplant recipients [14,15].
Included were patients (aged ≥ 18 years) who visited the outpatient clinic of the University Medical
Centre Groningen (UMCG), Groningen, the Netherlands, between November 2008 and June 2011, and
who had a graft that had been functioning for at least one year with no history of alcohol and/or drug
addiction. Of 706 renal transplant recipients that provided written informed consent, we excluded
subjects with missing biomaterial (40 cases) from further analyses, which resulted in 666 cases eligible
for study. The study protocol was approved by the UMCG institutional review board (METc 2008/186);
clinical trials number NCT02811835 and adhered to the Declarations of Helsinki and Istanbul.

2.2. TTV Viral Load Measurements

Serum samples were stored at −80 ◦C, until analysis. One serum sample per patient was used; this
was collected at enrollment. DNA was extracted from thawed serum samples using the eMAG Nucleic
Acid Extraction System (bioMerieux, Marcy, France). The Argene R-Gene TTV quantification kit
(bioMerieux, Marcy, France) was used to perform qPCR on an Applied Biosystems 7500 (Thermo fisher,
Waltham, MA, USA) according to the manufacturer’s instructions. Due to limited sample volumes,
100 μL, a 1 in 4 dilution using DMEM, was performed prior to sample extraction (ThermoFisher,
Waltham, MA, USA). A control experiment (data not shown) showed no significant differences in the
Ct values. The R gene assay is designed to detect TTV genotypes 1, 6, 7, 8, 10, 12, 15, 16, 19, 27 and
28 [16–18].
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2.3. Clinical End Points

The primary endpoint of this study was all-cause mortality, death due to infectious causes and
death-censored graft failure as secondary aims. Deaths due to infectious causes were defined using the
previously specified list of International Classification of Diseases, Ninth Revision, codes 1–139 [19,20].
For example, a patient meeting the criteria, which is positive culture or PCR for Pneumocystis jiroveci
infection, would be given the code 136.3 and would therefore be classified as dying due to an infection.
Graft failure was defined as return to dialysis therapy or re-transplantation. The cause of graft failure
was obtained from patient records and was reviewed by a blinded nephrologist. Endpoints were
recorded until the end of September 2015 and there was no loss of subjects to follow-up.

2.4. Data Analysis

Data analyses were performed using SPSS 23.0 for Windows (SPSS Inc., Chicago, IL, USA) and R
(R Foundation for Statistical Computing, Vienna, Austria). As no cut-off values for low, medium and
high TTV load have been established, and to avoid bias, renal transplant recipients were stratified into
three equally sized groups based on serum TTV. This created four groups, named undetectable-TTV,
low-TTV, medium-TTV, and high-TTV, which were further analyzed. Differences in all-cause mortality,
death due to infectious causes and graft failure between the four groups were compared using
Kaplan–Meier plots and log rank tests. Data are presented as mean ± SD for normally distributed data,
as median [interquartile range (IQR)] for non-normally distributed data, and as number (percentage)
for nominal data. t-Tests, or one-way ANOVA tests with Tukey post-hoc tests, were performed on
normally distributed data. Each group was compared with the other three groups. Kruskal–Wallis
or Mann–Whitney U tests were performed on non-normally distributed data. Chi-square tests were
used on categorical data. A two-sided p < 0.05 was considered to indicate statistical significance in
all analyses.

Prospective associations of TTV on study endpoints were explored by means of Cox regression
analysis. Risk of all-cause mortality, death due to infectious causes and graft failure are presented as
HR [95% confidence interval]. In these analyses, associations were adjusted in a cumulative fashion
for potential confounders, including age, sex, eGFR, proteinuria (model 1), time since transplantation
(model 2) and the number of immunosuppressant medications taken (model 3). Cox regression models
were built in a stepwise fashion to avoid over-fitting. The proportionality of hazards for covariates
was investigated by inspecting the Schoenfeld residuals. eGFR and age were included as categorical
variables with equal numbers of events in each group, as eGFR and age breached the proportionality
of hazards assumption as continuous variables.

The optimal cutoff values for death due to infectious causes was identified by using Youden’s
Index [21] in the area under receiver operating characteristics (auROC) curve. This approach was
not used for all-cause mortality as the threshold was biologically unrealistic, therefore a sensitivity
of 75% was set and the threshold was calculated. Sampling by replacement was used to create 1000
bootstrapped samples of equal size from within the study population, this was then used within our
multivariate Cox regression models to validate the association of the TTV DNA thresholds with risk.

To assess in further detail how TTV levels change over time, and to validate our TTV test in
patients with older transplants, the patients were subdivided into two groups. The first group had had
a transplant 12 to 24 months prior to analysis. The 2nd group had had transplants over 24 months
prior to analysis. Cox regression analysis was also performed as previously described.

3. Results

3.1. Recipient Demographics

There was a median 4.9 [IQR 3.4–5.5] years of follow-up for our study population, with 117 (18%)
of renal transplant recipients having undetectable TTV, 183 (27%) having low TTV, (median 1.52 (IQR
1.00–1.85) Log10copies/mL), 184 (28%) medium TTV, (median 3.00 (IQR 2.61–3.40) Log10copies/mL),
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and 182 (27%) high TTV, (median 5.52 (IQR 4.08–5.27) Log10copies/mL) (Table 1). Median time from
transplant to TTV sampling was different for each group; undetectable TTV 7.1 (IQR 4.0–12.4) years,
low TTV 6.4 (IQR 3.1–11.0) years, medium TTV 5.3 (IQR 2.2–14.3) years and high TTV 3.2 (1.0–9.0)
years (p < 0.001).

Table 1. Recipient demographics.

Undetectable
TTV

Low Medium High p

Number of Patients (%) 117 (18) 183 (27) 184 (28) 182 (27)

Age (years) 49 ± 14 *a 53 ± 16 53 ± 13 55 ± 12 0.01 *
Male (%) 57 (49) 103 (56) 106 (58) 112 (62) 0.18

Weight (Kg) 77 ± 15 81 ± 16 81 ± 16 81 ± 18 0.15
BMI (Kg/m2) 26.0 ± 4.3 26.6 ± 4.5 27.0 ± 5.1 26.8 ± 5.0 0.33

Renal Function

Serum creatine (umol/L) 132 ± 67 135 ± 63 138 ± 57 145 ± 54 0.23
eGFR (mL/1.73 m2) 50 ± 20 *b 47 ± 20 *b 45 ± 18 40 ± 16 *b <0.001 *

Urinary protein excretion (g/24 h) 0.18 (0.00–0.27) 0.20 (0.00–0.41) 0.19 (0.00–0.47) 0.19 (0.00–0.47) 0.49
Proteinuria present, n (%) 21 (18) 42 (23) 46 (25) 40 (22) 0.57

Albuminuria (mg/24 h) 41 (8–144) 43 (11–189) 42 (12–235) 36 (9–202) 0.94

Transplantation

Living Donation, n (%) 45 (39) 62 (34) 69 (38) 56 (31) 0.45
Warm Ischemic Time (minutes) 42 ± 17 43 ± 15 43 ± 16 44 ± 13 0.53

Cold Ischaemic Time (hours) 13 ± 10 14 ± 10 14 ± 11 15 ± 10 0.56
HLA I Antibodies, n (%) 9 (8) 33 (18) 26 (14) 33 (18) 0.05
HLA II Antibodies, n (%) 20 (17) 37 (20) 33 (18) 25 (14) 0.43
Transplant vintage (years) 7.1 (4.0–12.4) 6.4 (3.1–11.0) 5.3 (2.2–14.3) 3.2 (1.0–9.0) <0.001

Acute rejection, n (%) 24 (21) 54 (30) 58 (32) 38 (21) 0.04

Medication

Mono-therapy, n (%) 4 (3) 11 (6) 4 (2) 4 (2) 0.15
Dual-therapy, n (%) 82 (70) 107 (59) 94 (51) 78 (43) 0.01
Triple-therapy, n (%) 31 (27) 65 (36) 86 (47) 100 (55) <0.001

Prednisolone dose (mg/day) 7.5 (7.5–10) 10 (7.5–10) 10 (7.5–10) 10 (7.5–10) 0.02
MTOR inhibitors, n (%) 3 (3) 9 (5) 3 (2) 3 (2) 0.17

Cyclosporin, n (%) 24 (21) 62 (34) 82 (45) 91 (50) <0.001
Tacrolimus, n (%) 18 (15) 24 (13) 30 (16) 46 (25) 0.03

Azathioprine, n (%) 25 (21) 27 (15) 38 (21) 23 (13) 0.15
Mycophenolate, n (%) 79 (68) 126 (69) 117 (64) 120 (66) 0.94

End Points

All-cause mortality 6.3 (6.1–6.5) 6.2 (6.0–6.4) 6.0 (5.7–6.2) 5.7 (5.4–6.0) 0.001
Infectious Death 6.6 (6.5–6.8) 6.6 (6.5–6.8) 6.7 (6.5–6.8) 6.4 (6.2–6.6) 0.08

Graft Failure 6.1 (5.8–6.4) 6.5 (6.3–6.6) 6.3 (6.0–6.5) 6.3 (6.0–6.5) 0.5

* a Tukey post-hoc undetectable TTV vs. TTV low, medium, high groups p = 0.01. * b Tukey post-hoc undetectable
TTV vs. TTV low group p <0.001. BMI: body mass index, eGFR: estimated glomerular filtration rate, MTOR:
mammalian target of Rapamycine.

The median prednisolone dose taken by the patients was different across the groups, 7.5 mg/day
for the undetectable TTV group and 10 mg/day for low, medium, high groups (p = 0.02). The numbers
of renal transplant recipients on calcineurin inhibitors (CNIs) were different across the groups with
36%, 47%, 61% and 75% for undetectable, low, medium and high (p < 0.001), respectively. There were
comparable numbers of renal transplant recipients on proliferation inhibitors in each group (p = 0.13).
Twenty-three recipients were on mono-therapy, 361 on dual-therapy and 282 were on triple-therapy
post-transplant. Renal transplant recipients on mono-therapy had a lower median TTV 1.67 (IQR
0.71–2.68) Log10copies/mL, than recipients on dual-therapy 2.1 (IQR 0.48–3.52) Log10copies/mL, or on
triple-therapy 3.06 (IQR 2.57–4.22) Log10copies/mL.

There were no differences between the groups in regard to the type of donation (living vs. post
mortal, p = 0.45), warm ischemic time (p = 0.53), cold ischemic time (p = 0.55) or proteinuria (p = 0.57).
The patient demographics are represented in Table 1.
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3.2. TTV and All-Cause Mortality

Patient mortality was attributed to a variety of causes, with a total of 141 patient deaths. Fifty-eight
patients (41%) died due to a cardiovascular event and 40 (28%) died due to an infection. Most infectious
deaths were caused by bacteria, with 29 events, five viral illness events, two fungal infections, and
finally four patients died with multiple organisms. An additional 21 patients died due to malignancy
and 22 due to miscellaneous causes.

We observed differences in all-cause mortality across the four categories of TTV status (log-rank
test p < 0.001) (Figure 1A). Fourteen (12%), 30 (16%), 44 (24%), and 53 (29%) died in the undetectable
group, the low group, the medium group and the high group, respectively. Time to death was
shortest for the high TTV group with 5.7 (5.4–6.0) years. This compares to 6.0 (5.7–6.2) years, 6.2
(6.0–6.4) years and 6.3 (6.1–6.5) years for the medium, low and undetectable groups, respectively. As
the time between transplantation and sampling was significantly shorter in the high-TTV group, it
was possible that the differences in mortality and time to death were caused by disproportionally
high mortality in the early years after transplantation, a period which was not observed for the
patients in the low-TTV group, who were not included in the study until a median of 6.4 years after
transplantation. We therefore determined the death rate within six years after transplantation and
overall in the different TTV-level groups. This did not show a significant change in death rate during
the follow-up period. The death rate in the first six years after transplantation was 16% in the low-TTV
group and 18% overall in the follow-up period. In the high-TTV group, the mortality was 24% in the
first six years after transplantation and 33% overall. It is therefore unlikely that the high all-cause
mortality in the high-TTV group was attributable to the relatively early inclusion of these patients
as compared to the low-TTV group. Log TTV is significantly associated with all-cause mortality in
renal transplant recipients (HR 1.12 (95%CI 1.02–1.23), p = 0.02 per log10 increase in TTV), independent
of potential confounders including age, gender, eGFR, time since transplantation and number of
immunosuppressant medications taken (Figure 2A). Using Youden’s index, we calculated the sensitivity
and specificity of a single TTV measurement, using a cut-off TTV level of 3.65 Log10copies/mL for
identifying patients with increased chance of death; the specificity was 75% and sensitivity was 40%.
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Figure 2. Hazard ratios calculated using Cox models and presented as a forest plot. (A) Log10 TTV
is predictive of all-cause mortality after adjustment for age, gender, eGFR proteinuria, time since
transplant and the number of immunosuppressant’s used. This means that for each log increase in TTV,
there is a 12% increase for a patient’s risk of death (HR 1.12 (95% CI 1.0.2–1.23), p = 0.02). (B) Log10 TTV
is predictive of death due to an infectious cause after adjustment for age, gender, eGFR proteinuria,
time since transplant and the number of immunosuppressant’s used. This means that for each log
increase in TTV, there is a 20% increase for a patient’s risk of death (HR 1.20 (95% CI 1.01–1.43), p = 0.04).
(C) Log10 TTV is not predictive of graft failure after adjustment for age, gender, eGFR, proteinuria, time
since transplant and the number of immunosuppressant’s used. a Categorical variable used for death
due to an infectious cause. b Categorical variable used for all-cause mortality and graft failure.

3.3. TTV and Death Due to a Cause

As over-immunosuppression is associated with risk of infection, we investigated the relationship
between TTV levels and death due to infectious cause. In the TTV-undetectable group, four (3%)
patients died from infections, whereas, 10 (6%), nine (5%) and 17 (9%) renal transplant recipients
died in low group, the medium group and the high group, respectively (log-rank p = 0.08, Figure 1B)
(Table 1). Mean time to death due to an infectious cause was not significantly different between the
groups, i.e., for the undetectable group this was 6.6 (6.5–6.8) years, for the low-TTV group 6.6 (6.5–6.8)
years, medium-TTV group 6.7 (6.5–6.8) years and high-TTV group 6.4 (6.2–6.6) years. Furthermore,
we observed that log TTV is significantly associated with death due to infections (HR 1.20 (95% CI
1.01–1.43), p = 0.04), independent of potential confounders (Figure 2B). Using Youden’s index, we
determined that a single TTV measurement with a level over 3.38 Log10copies/mL identified patients
at risk of death due to infections with a sensitivity of 55%, and a specificity of 67%.
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3.4. TTV and Graft Failure

We also observed no difference in mean graft survival across the four groups, (p = 0.51, Figure 1C).
The numbers of patients with graft failure was not significantly different across the four groups, with
17 (15%), 17 (9%), 23 (13%) and 22 (12%) for the undetectable group, the low group, the medium group
and the high group respectively (p = 0.57). This result is replicated when looking at the Cox model
data (HR 1.01 (95% CI 0.93–1.19) p = 0.44, Figure 2C).

3.5. Time since Transplantation and TTV

Because there is limited data on TTV levels in renal transplant recipients beyond the first year
after transplantation, we divided our transplant population into two groups. One group which
were sampled 12–24 months post-transplant (n = 164 patients) and the other over 24 months since
transplant (n = 502 patients). This showed that TTV levels up to 24 months from transplantation were
significantly higher than TTV levels in patients 2–3 years, 3–4 years, 4–5 years and over five years from
transplantation (p < 0.05) (Figure 3).

Figure 3. Scatter plot showing levels of TTV in our transplant patients and their outcomes in all-cause
mortality (A), and death due to infectious causes (B). TTV levels are higher in the first years after
transplantation than in later years. Patients with worse outcome show a trend of higher TTV levels
over the entire follow-up period.

TTV measured within 24 months of transplantation was not associated with an increased risk of
death by all causes of due to an infectious cause (Figure 4).
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Figure 4. Forest plots with hazard table of Cox models after adjustment for age, gender, eGFR
proteinuria, and the number of immunosuppressant’s used. (A) All-cause mortality in patients
transplanted within 24 months of TTV analysis; this includes 31 events. Log10 TTV cannot be used to
predict risk of death transplanted within 24 months of TTV analysis. (B) All-cause mortality in patients
tested over 24 months after transplantation, this includes 110 events. Log10 TTV is highly predictive of
the risk of death for patients with elevated TTV (HR 1.19 (95%CI 1.06–1.33), p < 0.01). (C) Log10 TTV is
not predictive of death due to an infectious cause in patients tested over 24 months since transplantation
(HR 1.15 (95% CI 0.82–2.25), p = 0.86). (D) Log10 TTV is predictive of death due to an infectious cause
in patients 24 months after transplantation (HR 1.24 (95%CI 1.01–1.52), p = 0.04). a Categorical variable
used for death due to an infectious cause. b Categorical variable used for all-cause mortality.

On the contrary, TTV measured in patients over 24 months from transplantation show that there
is a significant difference in survival between patients with high, medium, low or undetectable TTV
(p < 0.001, Figure 4). Cox modeling also shows an increased all-cause mortality when adjusting for age,
gender, eGFR, and number of immunosuppressant medications taken (HR 1.18 (95% CI 0.05–1.33),
p < 0.004). Time to death due to death due infectious causes is also shorter in the high-TTV population
that are over 24 months post-transplant (p = 0.04, Figure 4C). This conclusion is supported by Cox
analysis (HR 1.24 (1.01–1.52), p = 0.04). Graft failure again shows no relationship with measured TTV
either within 24 months after transplantation or thereafter.

4. Discussion

In recent years, the use of TTV levels as a means to gauge immunosuppression has been investigated
by several groups. Most of this research has used longitudinal samples taken relatively shortly after
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transplantation and has been aimed to predict either infection risk, due to over-immunosuppression,
or rejection, due to under-immunosuppression, during the first post-transplant year. These studies
have shown mixed results, with some reporting elevated TTV in patients who subsequently died of
sepsis and a higher risk of CMV reactivation in patients with high TTV levels [22–25], while others
showed no connection between TTV and the overall risk of infection [26]. A reason for this apparent
discrepancy may be that non-specified “risk for infection” is difficult to assess, because infections
are diverse and may not be observed by the transplantation center but by referring hospitals and
general practitioners instead, but may also be because TTV levels are only related to certain types
of infections. Because we were interested in the relationship between TTV levels and long-term
outcome after renal transplantation, we focused on all-cause mortality and death due to infectious
causes, as this information can be traced reliably. We found that high TTV levels are associated with
both all-cause mortality and with death due to infections. The excess mortality in the high TTV
group was not attributable to other factors such as age, gender, eGFR, number of immunosuppressive
medications used, proteinuria and years after transplantation. Our findings suggest that TTV-levels
may be predictive of much longer-term outcomes then have been investigated thus far. Other studies
have shown that a relative plateau phase in TTV levels is reached in most patients, after a first
period of increasing TTV levels caused by induction immunosuppression, and subsequent tapering
to maintenance therapy [17]. Our study suggests that sampling during this relative plateau phase
could be useful in identifying patients at risk of adverse outcomes. However, our study also suggests
the relative plateau phase is relative indeed, as the TTV-levels show a decreasing trend after this first
year which continues until a final stable phase develops after 24 months, and that high TTV levels are
especially predictive of long-term adverse outcome if samples are taken after 24 months.

Several papers have been published looking at the role of TTV in graft failure in different types
of organ transplantation [22,27–31]. A role for TTV measurements in predicting antibody mediated
rejection in renal transplantation was suggested, with lower levels of TTV found to correlate with this
type of rejection [31–33]. Likewise, TTV levels were also shown to be significantly lower before the
diagnosis of chronic lung allograft dysfunction in lung transplant patients [31]. These results support
the theory that lower levels of TTV are a risk factor for graft failure. In our study, we did not find
an association between TTV and graft failure. The main reason for this may be that we looked at
patients a minimum of 12 months after transplantation, past the period which represents the highest
risk for acute rejection [2,34,35]. This means we likely removed several patients with a risk of rejection,
reducing our power to detect rejection. Another reason for the lack of association between TTV levels
and graft failure is may be that graft failure is also caused by non-immunogenic factors such as vascular
damage, which TTV is unlikely to be associated with.

Although our study investigated the use of a single TTV measurement for predicting outcome
after renal transplantation, and was able to show a relationship in a large group, we do not consider
this method accurate enough for use in individual patients. The sensitivity and specificity of a single
measurement in identifying patients with increased risk of death is so low that no real conclusions could
be drawn. The cut-off TTV level which should alert clinicians to potential over immunosuppression has
not become clear from this study. Our calculated cut-offs for mortality risk and infectious mortality risk
are similar to the ones calculated by Fernandez-Ruiz. et al. for increased risk of infections (i.e., 3–4 Log
copies/mL) [36] but are much lower than the values suggested by other authors by several orders
of magnitude [22,37]. These differences stress the need for TTV assay standardization and make it
difficult to draw a consensus opinion as to clinically relevant TTV viral load measurements, which
would warrant action.

Nevertheless, our study results show that time since transplantation is a consideration when
attempting to evaluate TTV levels as a marker for optimal immunosuppression. What may be
eventually be considered a marker for either infectious risk or rejection risk may depend on when the
patient is sampled.
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The group of TTV-negative renal transplant recipients in our study and their collective favorable
outcome after transplantation deserves attention in future research. In all studies investigating the use
of TTV after transplantation, TTV-negative recipients are found. This group logically includes patients
without TTV, as well as patients whose immune systems are able to suppress TTV effectively. The fact
that this group has the lowest risk of death due to infections and the lowest all-cause mortality, is not
surprising. However, in studies investigating TTV levels within the first year after transplantation, this
group appeared to have a higher rejection risk and more graft failure. We were not able to show a
connection between graft failure and TTV level. Although the set-up of our study, with a single sample
taken at least one year after renal transplantation, was not inappropriate to assess acute rejection
risk, the fact that there is no association between negative TTV and graft failure stresses that more
investigation is needed to determine TTV level cut-offs for optimal immunosuppression after the first
year post-transplantation.

When writing it was interesting to note that many studies on TTV in transplantation medicine,
including this study, have come from Central and Western Europe, while the exact geographic variation
of TTV has not been fully elucidated. These are also studies that, in general, have shown a correlation
between TTV and various outcomes. With the advent of a minimum of four available PCR detection
methods, including one commercial kit, capable of detecting various TTV genotypes with varying
levels of efficiency, it would be interesting to know exactly which TTV genotype is being detected by
each kit. Several authors have noted a correlation between genogroup 4 and specifically genotype 21,
which has been associated with arthritis and acute respiratory disease in children [25,38]. It may be time
rethink our detection strategies by using specific PCR reactions or by using sequencing more readily.

In conclusion, our data suggest a use for TTV viral load monitoring in renal transplant recipients
for long term follow-up. While cut-off values remain to be determined, high TTV levels are associated
with increased all-cause mortality and increased risk of death due to infections.
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Abstract: Background: Steatotic grafts are increasingly being used for liver transplant (LT); however,
the impact of graft steatosis on renal function has not been well described. Methods: A total of
511 allografts from Mayo Clinic Arizona and Minnesota were assessed. We evaluated post-LT
acute kidney injury (AKI) patterns, perioperative variables and one-year outcomes for patients
receiving moderately steatotic allografts (>30% macrovesicular steatosis, n = 40) and compared them
to non-steatotic graft recipients. Results: Post-LT AKI occurred in 52.5% of steatotic graft recipients
versus 16.7% in non-steatotic recipients (p < 0.001). Ten percent of steatotic graft recipients required
new dialysis post-LT (p = 0.003). At five years, there were no differences for AKI vs. no AKI patient
survival (HR 0.95, 95% CI 0.08–10.6, p = 0.95) or allograft survival (HR 1.73, 95% CI 0.23–13.23,
p = 0.59) for those using steatotic grafts. Lipopeliosis on biopsy was common in those who developed
AKI (61.0% vs. 31.6%, p = 0.04), particularly when the Model for End-Stage Liver Disease (MELD)
was ≥20 (88.9%; p = 0.04). Lipopeliosis was a predictor of post-LT AKI (OR 6.0, 95% CI 1.1–34.6,
p = 0.04). Conclusion: One-year outcomes for moderately steatotic grafts are satisfactory; however,
a higher percentage of post-LT AKI and initiation of dialysis can be expected. Presence of lipopeliosis
on biopsy appears to be predictive of post-LT AKI.

Keywords: acute kidney injury; allograft steatosis; lipopeliosis

1. Introduction

Due to the ongoing organ shortage, there has been an increased interest in utilizing moderately
steatotic donor liver allografts to maximize opportunities for transplantation. Historically, the use of
liver allografts with significant steatosis has been associated with increased risk of primary nonfunction,
poor early graft function, and decreased patient and allograft survival [1–5]. The degree of steatosis, as
well as its histological pattern, appears to impact patient and allograft survival [2,6]. While allografts
with severe macrovesicular steatosis (>60%) carry a very high risk of primary non-function, those with
mild macrovesicular steatosis (<30%) yield results similar to those of non-steatotic liver allografts [2].
The outcomes of liver allografts with moderate steatosis (30% to 60%) remain variable and the impact
of graft steatosis on renal function has not been well described [7,8]. As such, the objectives of this
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study were to: (1) evaluate postoperative acute kidney injury (AKI) patterns in recipients of steatotic
grafts; (2) assess biopsy-findings predictive of AKI in the use of steatotic livers; (3) examine one-year
patient and allograft outcomes.

2. Materials and Methods

2.1. Study Population

This was an eight-year, two-center retrospective study of patients who underwent a liver transplant
at Mayo Clinic Arizona and Mayo Clinic Minnesota between January 2009 and December 2016 (n = 810).
This study was approved by the Mayo Clinic Institutional Review Board. Outcomes were compared
between moderately steatotic (>30% macrovesicular steatosis) and non-steatotic (<30% macrovesicular
steatosis) grafts. In order to assess post-liver transplant (LT) acute kidney injury (AKI) patterns, patients
with pre-LT acute kidney injury (AKI) (n = 143) were excluded. The majority of LT were performed via
piggyback technique; 2.7% (n = 14) were performed via caval interposition. The data that supports the
findings of this study is available from the corresponding author upon reasonable request.

Pre-LT AKI was defined using the Kidney Disease Improving Global Outcomes (KDIGO) guidelines
by an increase in serum creatinine > 0.3 mg/dL or 1.5–1.9 times baseline. Post-LT AKI was defined by
those patients satisfying the KDIGO guidelines within 48 h post-LT and maintaining the criteria for >
48 h. Patients with pre-existing chronic kidney disease were not excluded unless they had pre-LT AKI.
Mean follow-up was 4.2 years.

All liver allografts were biopsied at the time of transplant and the biopsies were reviewed
by a group of designated liver pathologists. Biopsy reports were retrospectively reviewed and
macrovesicular steatosis percentage was recorded (less than 30% vs. greater than 30%). Early allograft
dysfunction was defined as an aspartate aminotransferase (AST) greater than 2000 U/L within the first
7 days post-LT.

Liver biopsies reported as having moderate (>30% macrovesicular) steatosis were prospectively
re-reviewed by a single liver pathologist (M.S.) to specifically assess for macro- and microvesicular
steatosis, the percentage of small- and large droplet macrovesicular steatosis, zonation, features of
steatohepatitis, fibrosis, preservation reperfusion injury (PRI), and lipopeliosis. Percentages of steatosis
were based on the percentage of hepatic parenchyma involved by fat and were estimated using
previously published reference figures [9].

Operative hemodynamics were quantified using a modified operative inotrope score (inotrope
score = dopamine (×1) + dobutamine (×1) + amrinone (×1) +milrinone (×15) + epinephrine (×100) +
norepinephrine (×100) + phenylephrine (×1) + vasopressin (×1), with each drug dosed in μg/kg/min).
The inotrope score was calculated during the pre-anhepatic, anhepatic, and post-reperfusion phases
for the moderately macrovesicular steatosis cohort [10]. An average of systolic blood pressure (SBP)
and mean arterial pressure (MAP) was also recorded for these operative periods.

Immunosuppression was maintained per our center’s protocol. All recipients were started
on mycophenolate mofetil (MMF), tacrolimus, and prednisone post-LT. MMF was withdrawn at
2–4 months; prednisone was discontinued at 4 months. Tacrolimus trough levels were set at 7–10 ng/mL
for the first 2 months post-LT; at one-year post-LT, trough levels were reduced to 4–6 ng/mL. By protocol
at our centers, tacrolimus is typically started immediately following transplant unless there are concerns
for renal insufficiency. In the setting of post-LT renal insufficiency (defined as creatinine >2.0 mg/dL,
estimated glomerular filtration rate (eGFR) <40 mL/minute or dialysis), Basiliximab 20 mg is given on
post-operative days 0 and 4 to allow for a delay in tacrolimus initiation. In this setting, tacrolimus
initiation is delayed until postoperative day 5.

2.2. Statistical Methods

Descriptive analysis was performed using t-tests for continuous variables and Chi-square for
categorical variables. Continuous variables are shown using mean and standard deviation; categorical
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variables using count and percentage. Wilcoxon rank-sum tests were used for non-normally distributed
continuous variables. Survival analysis was performed using Kaplan-Meier analysis. Logistic
regression was applied to clinically significant variables. Statistical analysis was performed using
Prism software version 7.03 (La Jolla, CA, USA) and SAS version 9.4. A p value of <0.05 was
considered significant.

3. Results

3.1. Postoperative Outcomes

Of the 511 grafts that were included in this analysis, 40 were found to have moderate (>30%)
macrovesicular steatosis. The average steatosis percentage was 41.1% ± 15.8% in the moderate group,
compared to 3.8% ± 5.8% in the non-steatotic group (p < 0.001) (Table 1, Figure 1A,B). For the entire
cohort, the incidence of post-LT AKI was 19.6% (n = 100). In assessing clinical risk factors for kidney
disease, 12.5% (n = 64) of LT recipients were diabetic, 12.7% (n = 65) had hypertension, and 13.5%
(n = 69) were both diabetic and hypertensive. The distribution of diabetes and hypertension did
not vary between the steatotic and non-steatotic grafts (p = 0.95). There were no differences in age
(p = 0.39), sex (p = 0.18), ethnicity (p = 0.72), race (p = 0.57), the biologic Model for End-Stage Liver
Disease (MELD) (p = 0.14) or indications for liver transplant (p = 0.16) between the recipients receiving
moderately steatotic and non-steatotic grafts (Table 1).

Table 1. Pre- and Post-Liver Transplant Recipient Demographics.

Steatotic Grafts (n = 40) Non-Steatotic Grafts (n = 471) p Value

Pre-Liver Transplant
Steatosis (%) 41.1 ± 15.8 3.8 ± 5.8 <0.0001
Recipient Age (years) 57. 4 ± 9.7 56.0 ± 10.3 0.39
Biologic MELD 18.0 ± 8.3 16.1 ± 7.0 0.14
Female 9 (22.5%) 155 (32.9%) 0.18

Indication for LT 0.16
Hepatitis C (HCV) 6 (22.5%) 55 (11.6%)
Cholestatic 5 (12.5%) 53 (11.3%)
Hepatocellular Carcinoma
(HCC)/Other MELD Exception 11 (27.5%) 223 (47.3%)

Alcohol-Related Liver Disease
(ALD) 8 (20.0%) 46 (9.8%)

Nonalcoholic Steatohepatitis
(NASH) 6 (15.0%) 49 (10.4%)

Other 4 (10.0%) 45 (9.6%)

Pre-LT Creatinine (mg/dL) 1.0 ± 0.3 0.9 ± 0.9 0.14
Pre-LT eGFR 57.7 ± 6.3 57.7 ± 6.6 0.97

Post-Liver Transplant
Post-LT AKI 21 (52.5%) 79 (16.8%) <0.0001
Post-LT Temporary Dialysis 4 (10.0%) 5 (1.1%) 0.003
ICU LOS (days) 2.0 ± 1.8 1.8 ± 2.6 0.62
Total Hospital LOS (days) 9.1 ± 10.3 9.9 ± 10.9 0.67

One-Year Post-Liver Transplant
Creatinine (mg/dL) 1.3 ± 0.3 1.3 ± 0.7 0.97
eGFR (mL/min) 53.1 ± 7.9 53.5 ± 10.1 0.70
New Chronic Post-LT Dialysis 0 (0.0%) 2 (0.4%) >0.99
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Figure 1. Liver Graft Biopsy Findings Liver Biopsy Findings. (A) Representative biopsy of a
>30% macrovesicular steatotic allograft. (B) Representative biopsy of a non-steatotic allograft.
(C) Approximately 30% macrovesicular steatosis with a mixture of large (arrows) and small (arrowheads)
droplet fat (hematoxylin and eosin (H&E), 200×). (D) Microvesicular steatosis characterized by diffuse
deposition of fat droplets in the hepatocyte cytoplasm without any macrovesicular steatosis (H&E,
200×). (E) Approximately 40% macrovesicular steatosis seen on a pre-implantation biopsy (H&E frozen
section, 400×). (F) Zonal distribution of macrovesicular steatosis with fat deposition accentuated in zone
three (asterisks) around the central veins (H&E, frozen section, 100×). (G), Lipopeliosis characterized
by the rupture of hepatocytes with coalescence of fat droplets (arrow) in the sinusoidal spaces (H&E,
frozen section, 600×). (H), Lipopeliosis (arrow) in post-reperfusion biopsy (H&E, 600×).

Post-LT AKI was observed in 52.5% of patients receiving moderately steatotic grafts versus 16.8%
in the non-steatotic cohort (p < 0.0001). No patients in the entire cohort had liver allograft primary
non-function. Patients transplanted with moderately steatotic grafts had significantly more early
allograft dysfunction immediately following surgery (AST: 3212 ± 2413 U/L vs. 1118 ± 1473 U/L,
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p < 0.0001). The rise in AST was four-fold higher for recipients of steatotic grafts that went on to
develop post-LT AKI (p < 0.0001). There was a greater need for newly initiated temporary post-LT
dialysis in the moderately steatotic group (10.0% vs. 1.1%, p = 0.003). There were no differences in
intensive care unit (ICU) length of stay (2.0 ± 1.8 vs. 1.8 ± 2.6, p = 0.62) or total hospital length of stay
(9.1 ± 10.3 vs. 9.9 ± 10.9, p = 0.67). At one-year post-LT, there were no observed differences in the need
for new chronic (ongoing) post-LT dialysis (p > 0.99), serum creatinine (1.3 ± 0.3 vs. 1.3 ± 0.7, p = 0.97),
or eGFR (53.1 ± 7.9 vs. 53.5 ± 10.1, p = 0.70) (Table 1).

3.2. Moderately Steatotic Graft Subgroup Analysis

In order to investigate postoperative outcomes in moderately steatotic livers allografts in further
detail, we reviewed the characteristics of the 40 patients who were transplanted with such grafts
(Table 2). In this cohort, there were no differences in age (p = 0.61), sex (p = 0.43), ethnicity (p = 0.60),
race (p = 0.64), or indication for transplant (p = 0.53) among those who developed AKI versus those
who did not (Table 2). Of those receiving steatotic grafts, 52.5% went on to develop AKI; the other
47.5% maintained normal renal function post-transplant. Recipients of steatotic grafts that went on
to develop post-LT AKI had a higher biologic MELD (20.5 ± 8.9 vs. 15.3 ± 6.9, p = 0.04) (Table 2).
There were no differences in pre-LT creatinine (p = 0.21) or eGFR (p = 0.88).

Table 2. Moderately Steatotic Graft Subgroup Analysis.

Post-LT AKI
(n = 21)

No AKI
(n = 19)

p Value

Pre-Liver Transplant
Macrovesicular Steatosis (%) 41.9 ± 15.7 40.3 ± 16.2 0.75
Recipient Age (years) 56.7 ± 8.3 58.3 ± 11.3 0.61
Biologic MELD 20.5 ± 8.9 15.3 ± 6.9 0.04
Female 3 (14.3%) 6 (31.6%) 0.43

Indication for LT 0.53
HCV 4 (19.0%) 2 (10.5%)
Cholestatic 1 (4.8%) 4 (21.1%)
HCC/Other MELD Exception 5 (23.8%) 6 (31.6%)
ALD 4 (19.0%) 4 (21.1%)
NASH 4 (19.0%) 2 (10.5%)
Other 3 (14.3%) 1 (5.3%)

Total Hospital LOS (median) 10.4 ± 13.5 (7.0) 7.1 ± 4.1 (6.0) 0.32

One-Year Post-LT
Creatinine (mg/dL) 1.3 ± 0.2 1.2 ± 0.4 0.27
eGFR (mL/min) 52.7 ± 6.9 53.6 ± 9.1 0.74

Recipients of moderately steatotic grafts were all noted to have early allograft dysfunction
as demonstrated through a significantly elevated AST immediately following surgery (Figure 2).
This occurred regardless of whether or not they developed AKI. The rise in AST was four-fold higher
for recipients of steatotic grafts that went on to develop post-LT AKI as compared to non-steatotic
grafts (40001.0 ± 2471.0 U/L vs. 1118.0 ± 1473.0, p < 0.0001). The rise in AST was also two-fold higher
when comparing steatotic grafts of recipients with and without post-LT AKI (40001.0 ± 2471.0 U/L vs.
2339.0 ± 2074.0, p < 0.0001). There were no differences between the post-LT AKI and no AKI groups
with regards to graft type (i.e., donation after brain death, DBD, vs. donation after cardiac death, DCD)
(19.0% vs. 10.5%, p = 0.66), sex (female: 42.9% vs. 47.4%, p = 0.38), or BMI (32.8 ± 5.9 kg/m2 vs. 32.6 ±
9.4 kg/m2, p = 0.92). Donor age was yonger (43.2 ± 12.6 vs. 52.8 ± 14.9%, p = 0.03) in steatotic grafts
that went on to develop AKI. In addition, there were no differences in allograft cold ischemia time
(CIT) (p = 0.28) or estimated operative blood loss (EBL) (p = 0.49) (Table 3).
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Figure 2. Post-Liver Transplant Patterns in Steatotic and Non-Steatotic Grafts. (A) Post-LT aspartate
aminotransferase (AST) levels. Compared to non-steatotic graft, AST levels were 2-times higher in
steatotic grafts without post-LT AKI and 4-times higher for steatotic grafts with AKI. (B) Post-LT
creatinine levels.

Table 3. Steatotic Graft Recipient Operative Variables.

Post-LT AKI
(n = 21)

No AKI
(n = 19)

p Value

CIT (h) 6.8 ± 2.1 6.1 ± 1.7 0.28
EBL (mL) 2157 ± 1649 1821 ± 1405 0.49
Pre-Anhepatic
SBP (mmHg) 111.2 ± 21.8 104.2 ± 14.5 0.25
MAP 75.1 ± 13.3 73.8 ± 13.6 0.76
Inotrope Score 4.1 ± 11.9 1.7 ± 6.9 0.45
Anhepatic
SBP (mmHg) 106.5 ± 15.4 104.4 ± 15.1 0.67
MAP 75.4 ± 11.0 76.7 ± 9.6 0.71
Inotrope Score 4.3 ± 11.9 2.6 ± 6.8 0.58
Post Reperfusion
SBP (mmHg) 95.6 ± 13.8 96.2 ± 7.9 0.87
MAP 67.0 ± 11.8 65.5 ± 9.8 0.69
Inotrope Score 19.5 ± 20.0 3.8 ± 4.4 0.03

When operative hemodynamics of AKI and non-AKI recipients receiving moderately steatotic
grafts were compared, there were no differences observed in inotrope requirements (p = 0.45), systolic
blood pressure (SBP) (p = 0.25) or mean arterial pressure (MAP) (p = 0.76) during the pre-anhepatic
phase or anhepatic phase (inotrope score p = 0.58; SBP p = 0.67; MAP p = 0.71) of the operation (Table 3).
Post-reperfusion, SBP (p = 0.87) and MAP (p = 0.69) were similar in patients who went on to develop
post-LT AKI versus those who did not suggesting appropriate perfusion parameters were able to be
maintained. The post-reperfusion inotrope requirements, however, were significantly higher in the
post-LT AKI group (19.5 ± 20.0 vs. 3.8 ± 4.4, p = 0.03). Ten percent of the patients in the steatotic
post-LT AKI group (n = 4) required initiation of new dialysis post-LT (p = 0.003) (Table 2). There were
no differences in ICU length of stay (p = 0.62) and total hospital length of stay (p = 0.67) between
steatotic AKI and no AKI groups.

At one-year post-LT, there were no observed differences between those receiving steatotic grafts
that developed AKI versus those who did not with regards to serum creatinine (1.3 ± 0.2 vs. 1.2 ± 0.4,
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p = 0.27) and eGFR (52.7 ± 6.9 vs. 53.6 ± 9.1, p = 0.74) (Table 2). At five years, there were no differences
for AKI vs. no AKI patient survival (HR 0.95, 95% CI 0.08–10.6, p = 0.95) or allograft survival (HR 1.73,
95% CI 0.23–13.23, p = 0.59) for those using steatotic grafts (Figure 3).

 

 

A. B. 

Figure 3. Survival. (A) Patient survival post-LT. Hazard ratio (HR); Confidence Interval (CI). (B) Liver
allograft survival post-transplant. Moderately steatotic grafts with AKI (>30% Macro-AKI); Moderately
steatotic grafts without AKI (>30% Macro-No AKI); Non-steatotic grafts (<30% Macro).

3.3. Liver Graft Biopsy Findings

In prospectively re-reviewing biopsies of all liver allografts with moderate (>30%) macrovesicular
steatosis, the majority of the steatosis was found to be large droplet (Table 4) (Figure 1C,E).
When comparing biopsies in patients with and without post-LT AKI, no differences were observed with
regard to large droplet versus small droplet percentage composition (Figure 1C) (p = 0.41). Although
microvesicular steatosis was minimal in both groups (Figure 1D) (0.0% vs. 21.1%), a higher frequency
was observed in the no AKI group (n = 4, p = 0.04) (Table 4). No significant differences were observed in
the histologic distribution of the steatosis (zonation) in the allograft (p = 0.75) (Figure 1F), inflammation
(p = 0.73), ballooning (p = 0.65), or Mallory hyaline (Table 4). A larger percentage of biopsies in the
post-LT AKI group contained lipopeliosis (61% vs. 31.6%, p = 0.04) (Figure 1G–H). When plotted
against MELD at the time of transplant, recipients of moderately steatotic grafts with lipopeliosis with
a MELD ≥ 20 were found to more likely to develop AKI (88.9%) than recipients of such grafts with
MELD < 20 (40.0%; p = 0.04) (Figure 4). In using logistic regression, variables predictive of post-LT
AKI included the finding of lipopeliosis on liver biopsy and donor age (Table 5).

Table 4. Steatotic Liver Graft Biopsy Findings.

Post-LT AKI
(n = 21)

No AKI
(n = 19)

p Value

Macrovesicular Steatosis
Large Droplet (%) 69.2 ± 16.1 64.7 ± 16.9 0.41
Small Droplet (%) 30.8 ± 16.1 35.3 ± 16.9

Microvesicular Steatosis 0 (0.0%) 4 (21.1%) 0.04
Zonation 14 (66.7%) 11 (57.9%) 0.75
Inflammation 5 (23.8%) 6 (31.5%) 0.73
Ballooning 2 (9.5%) 3 (15.8%) 0.65
Mallory Hyaline 0 (0.0%) 0 (0.0%) -
Lipopeliosis 13 (61.9%) 6 (31.6%) 0.03
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Figure 4. Relationship between MELD, Lipopeliosis and Post-LT AKI.

Table 5. Predictors of AKI in Steatotic Grafts—Logistic Regression.

Effect Odds Ratio 95% CI p Value

Donor Age 0.93 0.87 0.99 0.02
Lipopeliosis 6.04 1.05 34.61 0.04
Post-Reperfusion Systolic BP 1.01 0.95 1.08 0.75

4. Discussion

Primary nonfunction, poor early graft function, and decreased patient and allograft survival have
all been associated with the use of steatotic liver allografts for transplantation [1–3,5]. This, combined
with inaccurate and inconsistent reporting of liver allograft biopsies, has led to a high discard rate of
grafts with moderate (>30%) steatosis [11]. While the risk of adverse events with severely steatotic
liver allografts (>60%) remains well recognized, the use of moderately steatotic grafts (30%–60%) has
been increasing [7].

It has been our experience that steatotic grafts almost universally exhibit early allograft dysfunction
and require additional resource utilization postoperatively specific to the development of post-LT AKI
and the need to initiate new dialysis [7,12–15]. In this study, the occurrence of AKI post-LT was noted
to be markedly increased at 52.5% compared to 19.6% observed in the general liver transplant recipient
pool. Although early allograft dysfunction, best demonstrated by significantly elevated transaminases,
was common to all steatotic grafts, not all recipients developed post-LT AKI (Figure 2). We have
clinically observed this divergent pattern; however, it remains difficult to quantify why some steatotic
grafts behave in this manner while others do not. In this study, patients receiving steatotic grafts that
developed post-LT AKI were noted to have higher inotrope requirements post-reperfusion. Despite
having higher inotrope requirements, no differences were observed in hemodynamic parameters
(systolic blood pressure and MAP) between the patients with and without post-LT AKI, suggesting
that variables other than hemodynamics influence the development of AKI. Not surprisingly, a higher
MELD score was associated with an increased risk of post-LT AKI. This association was particularly
strong when steatotic grafts with lipopeliosis on biopsy were transplanted to patients with MELD
scores of 20 or above (Tables 2 and 5) (Figure 4).

Proper classification of graft steatosis remains challenging even within the transplant
community [9]. Historically, steatosis was classified as microvesicular or macrovesicular, based
on hepatocyte fat droplet size and nucleus displacement. Although often reported, true microvesicular
steatosis is rare and manifests histologically as diffuse deposition of small lipid droplets in the
hepatocyte cytoplasm with a resulting foamy appearance (Figure 1D). Two types of fat droplets are seen
in the setting of macrovesicular steatosis: small droplets and large droplets (Figure 1C). Fat droplets in
small droplet steatosis are not large enough to displace the nucleus; this finding is often inaccurately
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reported as being microvesicular steatosis on biopsy. Although both small and large droplet steatosis
contribute to overall macrovesicular steatosis, historically small droplet macrovesicular steatosis and
microvesicular steatosis were used synonymously, resulting in ongoing confusion [3]. We hypothesize
that some of the observed differences in post-LT AKI between otherwise similarly-appearing steatotic
grafts might be related to this histological variation.

The term lipopeliosis was first identified in the early days of hepatic transplantation and describes
the coalescence of fat droplets from ruptured hepatocytes into larger droplets of fat in the sinusoidal
space [16]. Due to the universal finding of preservation-related injury in these biopsies, lipopeliosis
was presumed to not be of clinical significance [17]. In our experience, however, the histologic finding
of lipopeliosis is, by far, more common in patients who develop post-LT AKI and, in our experience,
has been associated with inferior post-transplant outcomes [18].

Although the current study was not designed to elucidate the mechanisms of AKI post-LT, we
have previously shown that fat droplets, through the process of lipopeliosis, embolize to the pulmonary
vasculature following reperfusion with resulting respiratory failure [18]. This mechanism is likely
similar to that seen after long bone traumatic injuries, where fat droplets are released into the venous
system and migrate to the pulmonary capillary beds [19,20]. Microvascular lodging results in ischemia,
inflammation, and release of inflammatory mediators. The breakdown of fat emboli by pneumocytes
can results in release of free fatty acids that, in turn, enter systemic circulation and result in multisystem
dysfunction [21]. The finding of fat droplets in the urine under these circumstances correlates with the
development of AKI and a systemic process triggered by fat embolization [22]. Whether lipopeliosis in
steatotic liver graft biopsies can be used to predict clinical instability and the development of post-LT
AKI will need to be validated in a larger prospective study. Limitations to this study include its overall
small cohort size. The results also represent the experience of only two centers. Patients with pre-LT
AKI were also excluded in this study to better assess post-LT outcomes specific to AKI development.
The impact of steatosis on renal function in patients with preexisting AKI remains uncertain.

In conclusion, utilization of moderately steatotic grafts is associated with a significantly higher
risk for developing post-LT AKI. This risk appears to be independent of pre-reperfusion operative
hemodynamics. In utilizing these grafts, laboratory abnormalities persist 2 to 3 months post-LT, but
there does not appear to be an impact on long-term renal function, patient, or graft survival. The risk
for AKI in this setting appears increased when the MELD score is greater than 20 and lipopeliosis is
histologically present on biopsy. These outcomes are more favorable as compared to older studies, and
suggest that, with lower MELD recipients, satisfactory outcomes can be achieved with the use of these
grafts [5].

Author Contributions: For research articles with several authors, a short paragraph specifying their individual
contributions must be provided. The following statements should be used “Conceptualization, C.J. and T.T.;
methodology, C.J. and T.T.; software, C.J. and M.N.; validation, C.J., M.N. and T.T.; formal analysis, C.J., M.S.,
M.N., S.M., D.A., K.R., A.M., B.A., T.T.; investigation, C.J., M.S., T.T.; resources, C.J.; data curation, C.J., M.S.,
M.N., S.M, D.A. and T.T.; writing—original draft preparation, C.J., M.S., M.N., S.M., D.A., K.R., A.M., B.A.,
T.T.; writing—review and editing, C.J., M.S., M.N., S.M., D.A., K.R., A.M., B.A., T.T.; visualization, C.J. and T.T.;
supervision, T.T.; project administration, C.J.; funding acquisition, Not applicable. All authors have read and
agreed to the published version of the manuscript.

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

References

1. Verran, D.; Kusyk, T.; Painter, D.; Fisher, J.; Koorey, D.; Strasser, S.; Stewart, G.; McCaughan, G. Clinical
experience gained from the use of 120 steatotic donor livers for orthotopic liver transplantation. Liver Transpl.
2003, 9, 500–505. [CrossRef]

2. Selzner, M.; Clavien, P.A. Fatty liver in liver transplantation and surgery. Semin. Liver Dis. 2001, 21, 105–113.
[CrossRef] [PubMed]

3. Wu, C.; Lu, C.; Xu, C. Short-term and long-term outcomes of liver transplantation using moderately and
severely steatotic donor livers: A systemic review. Medicine (Baltimore) 2018, 97, e12026. [CrossRef] [PubMed]

123



J. Clin. Med. 2020, 9, 954

4. Spitzer, A.L.; Lao, O.B.; Dick, A.A.; Bakthavatsalam, R.; Halldorson, J.B.; Yeh, M.M.; Upton, M.P.; Reyes, J.D.;
Perkins, J.D. The biopsied donor liver: Incorporating macrosteatosis into high-risk donor assessment. Liver
Transpl. 2010, 16, 874–884. [CrossRef] [PubMed]

5. Wadei, H.M.; Lee, D.D.; Croome, K.P.; Mai, M.L.; Golan, E.; Brotman, R.; Keaveny, A.P.; Taner, C.B. Early
Allograft Dysfunction After Liver Transplantation Is Associated With Short- and Long-Term Kidney Function
Impairment. Am. J. Transplant. 2016, 16, 850–859. [CrossRef]

6. Fishbein, T.M.; Fiel, M.I.; Emre, S.; Cubukcu, O.; Guy, S.R.; Schwartz, M.E.; Miller, C.M.; Sheiner, P.A. Use of
livers with microvesicular fat safely expands the donor pool. Transplantation 1997, 64, 248–251. [CrossRef]

7. Croome, K.P.; Lee, D.D.; Croome, S.; Chadha, R.; Livingston, D.; Abader, P.; Keaveny, A.P.; Taner, C.B. The
impact of postreperfusion syndrome during liver transplantation using livers with significant macrosteatosis.
Am. J. Transpl. 2019, 19, 2550–2559. [CrossRef]

8. McCormack, L.; Dutkowski, P.; El-Badry, A.M.; Clavien, P.A. Liver transplantation using fatty livers: Always
feasible? J. Hepatol. 2011, 54, 1055–1062. [CrossRef]

9. Hall, A.R.; Dhillon, A.P.; Green, A.C.; Ferrell, L.; Crawford, J.M.; Alves, V.; Balabaud, C.; Bhathal, P.;
Bioulac-Sage, P.; Guido, M.; et al. Hepatic steatosis estimated microscopically versus digital image analysis.
Liver Int. 2013, 33, 926–935. [CrossRef] [PubMed]

10. Kobashigawa, J.; Zuckermann, A.; Macdonald, P.; Leprince, P.; Esmailian, F.; Luu, M.; Mancini, D.; Patel, J.;
Razi, R.; Reichenspurner, H.; et al. Report from a consensus conference on primary graft dysfunction after
cardiac transplantation. J. Heart Lung Transpl. 2014, 33, 327–340. [CrossRef]

11. Doyle, M.M.; Vachharajani, N.; Wellen, J.R.; Anderson, C.D.; Lowell, J.A.; Shenoy, S.; Brunt, E.M.;
Chapman, W.C. Short- and long-term outcomes after steatotic liver transplantation. Arch Surg. 2010, 145,
653–660. [CrossRef]

12. Leithead, J.A.; Rajoriya, N.; Gunson, B.K.; Muiesan, P.; Ferguson, J.W. The evolving use of higher risk grafts
is associated with an increased incidence of acute kidney injury after liver transplantation. J. Hepatol. 2014,
60, 1180–1186. [CrossRef] [PubMed]

13. Cabezuelo, J.B.; Ramirez, P.; Acosta, F.; Bueno, F.S.; Robles, R.; Pons, J.A.; Miras, M.; Munitiz, V.; Fernandez, J.A.;
Lujan, J.; et al. Prognostic factors of early acute renal failure in liver transplantation. Transpl. Proc. 2002, 34,
254–255. [CrossRef]

14. O’Riordan, A.; Wong, V.; McQuillan, R.; McCormick, P.A.; Hegarty, J.E.; Watson, A.J. Acute renal disease,
as defined by the RIFLE criteria, post-liver transplantation. Am. J. Transpl. 2007, 7, 168–176. [CrossRef]
[PubMed]

15. Leithead, J.A.; Armstrong, M.J.; Corbett, C.; Andrew, M.; Kothari, C.; Gunson, B.K.; Muiesan, P.; Ferguson, J.W.
Hepatic ischemia reperfusion injury is associated with acute kidney injury following donation after brain
death liver transplantation. Transpl. Int. 2013, 26, 1116–1125. [CrossRef]

16. Ferrell, L.; Bass, N.; Roberts, J.; Ascher, N. Lipopeliosis: Fat induced sinusoidal dilation in transplanted liver
mimicking peliosis hepatitis. J. Clin. Pathol. 1992, 45, 1109–1110. [CrossRef] [PubMed]

17. Cha, I.; Bass, N.; Ferrell, L.D. Lipopeliosis: An Immunohistochemical and Clinicopathologic Study of Five
Cases. Am. J. Surg. Pathol. 1994, 18, 789–795. [CrossRef] [PubMed]

18. Rosenfeld, D.M.; Smith, M.L.; Seamans, D.P.; Giorgakis, E.; Gaitan, B.D.; Khurmi, N.; Aqel, B.A.; Reddy, K.S.
Fatal diffuse pulmonary fat microemboli following reperfusion in orthotopic liver transplantation with the
use of marginal steatotic allografts. Am. J. Transpl. 2019, 19, 2640–2645. [CrossRef]

19. Shaikh, N. Emergency management of fat embolism syndrome. J. Emergencies Trauma Shock 2009, 2, 29–33.
[CrossRef]

20. Glossing, H.R.; Pellegrini, V.D. Fat embolism syndrome: A review of pathology and physiological basis of
treatment. Clin. Orthop. Relat. Res. 1982, 165, 68–82.

21. Baker, P.L.; Paxel, J.A.; Pettier, L.F. Free fatty acids, catecholamine and arterial hypoxia in patients with fat
embolism. J. Trauma 1971, 11, 1026–1030. [CrossRef] [PubMed]

22. Evarts, C.M. Diagnosis and treatment of fat embolism. JAMA 1965, 194, 899–901. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

124



Journal of

Clinical Medicine

Article

Inpatient Burden and Mortality of Goodpasture’s
Syndrome in the United States: Nationwide Inpatient
Sample 2003–2014

Wisit Kaewput 1,*, Charat Thongprayoon 2, Boonphiphop Boonpheng 3, Patompong Ungprasert 4,

Tarun Bathini 5, Api Chewcharat 2, Narat Srivali 6, Saraschandra Vallabhajosyula 7 and

Wisit Cheungpasitporn 8

1 Department of Military and Community Medicine, Phramongkutklao College of Medicine, Bangkok 10400,
Thailand

2 Division of Nephrology, Department of Medicine, Mayo Clinic, Rochester, MN 55905, USA;
charat.thongprayoon@gmail.com (C.T.); api.che@hotmail.com (A.C.)

3 Department of Medicine, David Geffen School of Medicine, University of California, Los Angeles,
Los Angeles, CA 90095, USA; boonpipop.b@gmail.com

4 Clinical Epidemiology Unit, Department of Research and Development, Faculty of Medicine, Siriraj Hospital,
Mahidol University, Bangkok, 10700, Thailand; p.ungprasert@gmail.com

5 Department of Internal Medicine, University of Arizona, Tucson, AZ 85721, USA; tarunjacobb@gmail.com
6 Department of Internal Medicine, St. Agnes Hospital, Baltimore, MD 21229, USA; nsrivali@gmail.com
7 Department of Cardiovascular Medicine, Mayo Clinic, Rochester, MN 55905, USA;

Vallabhajosyula.Saraschandra@mayo.edu
8 Division of Nephrology, Department of Medicine, University of Mississippi Medical Center, Jackson,

MS 39216, USA; wcheungpasitporn@gmail.com
* Correspondence: wisitnephro@gmail.com; Tel.: +66-235-4760093613; Fax: +6623547733

Received: 15 January 2020; Accepted: 5 February 2020; Published: 6 February 2020

Abstract: Background: Goodpasture’s syndrome is a rare, life-threatening, small vessel vasculitis. Given
its rarity, data on its inpatient burden and resource utilization are lacking. We conducted this study
aiming to assess inpatient prevalence, mortality, and resource utilization of Goodpasture’s syndrome
in the United States. Methods: The 2003–2014 National Inpatient Sample was used to identify patients
with a principal diagnosis of Goodpasture’s syndrome. The inpatient prevalence, clinical characteristics,
in-hospital treatment, end-organ failure, mortality, length of hospital stay, and hospitalization cost were
studied. Multivariable logistic regression was performed to identify independent factors associated with
in-hospital mortality. Results: A total of 964 patients were admitted in hospital with Goodpasture’s
syndrome as the principal diagnosis, accounting for an overall inpatient prevalence of Goodpasture’s
syndrome among hospitalized patients in the United States of 10.3 cases per 1,000,000 admissions.
The mean age of patients was 54± 21 years, and 47% were female; 52% required renal replacement therapy,
whereas 39% received plasmapheresis during hospitalization. Furthermore, 78% had end-organ failure,
with renal failure and respiratory failure being the two most common end-organ failures. The in-hospital
mortality rate was 7.7 per 100 admissions. The factors associated with increased in-hospital mortality
were age older than 70 years, sepsis, the development of respiratory failure, circulatory failure, renal
failure, and liver failure, whereas the factors associated with decreased in-hospital mortality were more
recent year of hospitalization and the use of therapeutic plasmapheresis. The median length of hospital
stay was 10 days. The median hospitalization cost was $75,831. Conclusion: The inpatient prevalence of
Goodpasture’s syndrome in the United States is 10.3 cases per 1,000,000 admissions. Hospitalization of
patients with Goodpasture’s syndrome was associated with high hospital inpatient utilization and costs.

Keywords: Goodpasture syndrome; anti-GBM disease; epidemiology; hospitalization; outcomes
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1. Introduction

Goodpasture’s syndrome (GS) is a rare, life-threatening, small vessel vasculitis that is mediated by
circulating anti-glomerular basement membrane (anti-GBM) autoantibodies against the NC1 domain of
the alpha 3 chain of type IV collagen, targeting capillaries of the kidneys and lungs [1–4]. It is considered
as one of the organ-specific autoimmune diseases that typically presents as a rapidly progressive
glomerulonephritis (RPGN), accompanied by alveolar hemorrhage with pathology characterized
by crescentic glomerulonephritis with classic linear polyclonal immunoglobulin (Ig) G deposits on
immunofluorescence staining of the GBM on analysis of kidney biopsy samples [1,2,5–7]. Without
prompt diagnosis and treatment, patients with GS can develop organ failure, resulting in significant
morbidities and mortality [1–3].

Among European and Asian populations, the incidence of GS is estimated to have a frequency
of 0.5 to 1.8 cases per million population per year [1–3,8,9]. A recent study from Ireland reported
a nationwide disease incidence of GS of 1.64 per million population per year [10]. While it is well
known that patients with GS can have both pulmonary and renal involvement requiring a mechanical
ventilator and renal replacement therapy [3,4], data on its inpatient burden and resource utilization
are lacking.

Thus, we conducted this study using the 2003–2014 National Inpatient Sample (NIS) database to
assess inpatient prevalence, mortality, and resource utilization of GS in the United States.

2. Materials and Methods

2.1. Data Source

The 2003–2014 NIS database was used to conduct this cohort study. The NIS is the publicly
available, inpatient, all-payer database in the United States. This database was developed and
maintained by the Healthcare Cost and Utilization Project (HCUP) under the sponsorship of the
Agency for Healthcare Research and Quality (AHRQ). The dataset contains more than 7 million
hospitalizations annually, which were obtained from a 20% stratified sample of over 4000 non-federal
acute care hospitals in more than 40 states of the United States. A survey procedure using discharge
weights provided by the HCUP-NIS database was used to generate national estimates for 95% of
hospitalizations nationwide [11]. This dataset includes codes for principal and secondary diagnosis as
well as codes for procedures performed during the hospitalization.

2.2. Study Population

All patients with a principal diagnosis of GS, based on the International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9 CM) diagnosis code of 446.21 for the hospitalization
were included.

2.3. Variables and Outcome of Interest

Patient characteristics included age, sex, race, year of hospitalization, smoking, hemoptysis, and
the presence of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis, which consisted of
granulomatosis polyangiitis, microscopic polyangiitis, and sepsis. Treatments included respiratory
support consisting of invasive mechanical ventilation and non-invasive ventilation, renal replacement
therapy, therapeutic plasmapheresis, and blood transfusion. Patient outcomes included organ failure
or dysfunction, which consisted of respiratory failure, circulatory failure, renal failure, liver failure,
hematologic failure, metabolic failure, and neurologic failure, as well as in-hospital mortality. Resource
utilization included length of hospital stay and hospitalization cost.
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2.4. Statistical Analysis

Discharge-level weights published by the HCUP were used to estimate the total number of GS
patients. Continuous variables were summarized as mean± standard deviation for normally-distributed
data, and median with interquartile range for skewed data. Categorical variables were summarized as
count with percentage. The annual inpatient prevalence of GS in hospitalized patients in the United
States from 2003 to 2014 was calculated. Independent factors associated with in-hospital mortality
were identified using multivariable logistic regression with the forward stepwise selection method.
A two-tailed p-value of less than 0.05 was considered statistically significant. All analyses were
performed using JMP statistical software (version 10, SAS Institute, Cary, NC).

3. Results

3.1. Patient Characteristics and In-Hospital Treatment

Of 93,377,054 hospital admissions during the study period, 964 patients were admitted to hospital
with GS as the principal diagnosis. The mean age of patients was 54 ± 21 years; 47% were female,
65% were Caucasian, and 9% had a co-diagnosis of ANCA-associated vasculitis. Of patients with GS,
19% needed invasive mechanical ventilation, 5% needed non-invasive ventilation support, and 52%
required renal replacement therapy. Plasmapheresis was performed in 39% of patients. Table 1 shows
clinical characteristics and in-hospital treatment of GS patients in this cohort.

Table 1. Clinical characteristics, treatments, outcomes, and resource utilization of Goodpasture’s
syndrome patients.

All
(N = 964)

Clinical characteristics

Age (years) 54 ± 21

≤39 260 (27)

40–49 91 (9)

50–59 141 (15)

60–69 199 (21)

≥70 273 (28)

Male sex 456 (47)

Caucasian 622 (65)

Year of hospitalization

2003–2006 281 (29)

2007–2010 357 (37)

2011–2014 326 (34)

Smoking 95 (10)

Hemoptysis 267 (28)

ANCA vasculitis 84 (9)

Granulomatosis with polyangiitis 54 (6)

Microscopic polyangiitis 30 (3)

Sepsis 62 (6)
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Table 1. Cont.

All
(N = 964)

Treatments

Respiratory support 216 (23)

Invasive mechanical ventilation 181 (19)

Non-invasive ventilation 49 (5)

Renal replacement therapy 499 (52)

Hemodialysis 494 (51)

Peritoneal dialysis 10 (1)

Therapeutic plasmapheresis 376 (39)

Blood transfusion 391 (41)

Outcomes

Number of organ failure

0 230 (24)

1 369 (38)

2 242 (25)

≥3 123 (13)

Respiratory failure 283 (29)

Circulatory failure/shock 53 (6)

Renal failure 597 (62)

Liver failure 10 (1)

Hematologic failure 127 (13)

Metabolic failure 159 (17)

Neurological failure 50 (5)

In-hospital death 74 (8)

Resource utilization

Length of stay (days), median (IQR) 10 (5–18)

<5 215 (22)

5–9 229 (24)

10–14 188 (20)

≥15 332 (34)

Hospitalization cost ($), median (IQR) 75,831.5 (31,687.3–163,201.0)

3.2. Inpatient Prevalence of GS

Table 2 shows the annual distribution and inpatient prevalence of GS in hospitalized patients.
The inpatient prevalence of GS ranged from 6.7 to 12.1 per 1,000,000 admissions between the years 2003
and 2014 in the United States with an overall inpatient prevalence of GS over 12 years of 10.3 cases per
1,000,000 admissions (Figure 1).

128



J. Clin. Med. 2020, 9, 455

Table 2. The distribution and inpatient prevalence of Goodpasture’s syndrome from 2003 to 2014.

Year
Total Number of
Goodpasture’s

Syndrome Patients

Total Number of
Admissions

Inpatient Prevalence
(per 1,000,000
Admissions)

2003 72 7,977,728 9.0

2004 54 8,004,571 6.7

2005 66 7,995,048 8.3

2006 89 8,074,825 11.0

2007 97 8,043,415 12.1

2008 84 8,158,381 10.3

2009 85 7,810,762 10.9

2010 91 7,800,441 11.7

2011 92 8,023,590 11.5

2012 75 7,296,968 10.3

2013 86 7,119,563 12.1

2014 73 7,071,762 10.3

Total 964 93,377,054 10.3

Figure 1. Rate of hospital admission and in-hospital mortality rate for Goodpasture’s syndrome
stratified by year.

3.3. Organ Failure and In-Hospital Mortality

Seventy-six percent of patients had at least one end-organ failure. Renal failure was the most
common end-organ failure (62%), followed by respiratory failure (29%), metabolic failure (17%),
hematologic failure (13%), circulatory failure (6%), neurological failure (5%), and liver failure (1%)
(Table 1). The number of end-organ failures was significantly associated with increased in-hospital
mortality with an adjusted OR of 2.19 (95% CI 0.45–10.58) for one end-organ failure, 7.60 (95% CI
1.67–34.56) for two end-organ failures, and 19.86 (95% CI 4.10–96.19) for ≥3 end-organ failures.

Of 964 patients with GS, 74 (8%) died in the hospital. In the multivariable logistic regression,
age older than 70 years (OR 3.62; 95% CI 1.52–8.61 compared to age ≤ 39 years), sepsis (OR 5.38; 95%
CI 2.53–11.45), respiratory failure (OR 7.41; 95% CI 3.85–14.26), circulatory failure (OR 7.85; 95% CI
3.37–18.26), renal failure (OR 2.55; 95% CI 1.21–5.37), and liver failure (OR 32.32; 95% CI 3.51–297.19)
were associated with increased in-hospital mortality. In contrast, more recent year of hospitalization
(OR 0.23; 95% CI 0.10–0.55 for year 2011–2014 compared to year 2003–2006) and the use of therapeutic
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plasmapheresis (OR 0.43; 95% CI 0.22–0.84) were associated with decreased in-hospital mortality
(Table 3).

Table 3. Univariable and multivariable analysis assessing factors associated with in-hospital mortality
in Goodpasture’s syndrome patients.

Characteristics
Univariable Analysis Multivariable Analysis

Crude OR (95% CI) P-Value Adjusted OR (95% CI) P-Value

Age (years)

≤39 1 (ref) 1 (ref)

40–49 0.85 (0.23–3.17) 0.81 0.76 (0.17–3.35) 0.71

50–59 0.54 (0.15–2.01) 0.36 0.58 (0.13–2.52) 0.47

60–69 2.34 (1.05–5.22) 0.04 1.68 (0.62–4.54) 0.31

≥70 4.42 (2.16–9.02) <0.001 3.62 (1.52–8.61) <0.01

Male 1.34 (0.83–2.16) 0.23

Caucasian 1.34 (0.83–2.17) 0.23

Year of admission

2003–2006 1 (ref) 1 (ref)

2007–2010 1.11 (0.65–1.91) 0.70 0.92 (0.47–1.79) 0.80

2011–2014 0.46 (0.23–0.90) 0.02 0.23 (0.10–0.55) 0.001

Smoking 0.24 (0.06–0.99) 0.04

Hemoptysis 1.99 (1.22–3.23) <0.01

Granulomatosis
with polyangiitis 1.42 (0.59–3.43) 0.43

Microscopic
polyangiitis 0.41 (0.06–3.03) 0.38

Sepsis 14.03 (7.85–25.10) <0.001 5.38 (2.53–11.45) <0.001

Respiratory failure 10.71 (6.04–19.02) <0.001 7.41 (3.85–14.26) <0.001

Circulatory
failure/shock 11.72 (6.35–21.66) <0.001 7.85 (3.37–18.26) <0.001

Renal failure 3.10 (1.68–5.72) <0.001 2.55 (1.21–5.37) 0.01

Liver failure 16.90 (3.71–76.99) <0.001 32.32 (3.51–297.19) <0.01

Hematologic
failure 1.17 (0.60–2.28) 0.66

Metabolic failure 1.32 (0.73–2.39) 0.36

Neurological
failure 3.32 (1.59–6.95) 0.001

Invasive
mechanical
ventilation

11.26 (6.72–18.86) <0.001

Non-invasive
ventilation 1.74 (0.71–4.23) 0.22

Dialysis 1.40 (0.87–2.27) 0.17

Therapeutic
plasmapheresis 0.89 (0.54–1.46) 0.64 0.43 (0.22–0.84) 0.01

Blood transfusion 0.83 (0.51–1.36) 0.46

3.4. Length of Hospital Stay and Hospitalization cost

The median length of hospital stay was 10 (IQR 5–18) days. The median hospitalization cost was
$75,831 (IQR 31,687–163,201) (Table 1).
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4. Discussion

To the best of our knowledge, our study is the first to evaluate inpatient prevalence, mortality, and
resource utilization of GS in the United States. We demonstrated overall inpatient prevalence of GS
among hospitalized patients in the United States of 10.3 cases per 1,000,000 admissions. The in-hospital
mortality rate was 8%. The factors associated with increased in-hospital mortality were age older than
70 years, sepsis, the development of respiratory failure, circulatory failure, renal failure, and liver
failure, whereas the factors associated with decreased in-hospital mortality were more recent year of
hospitalization and the use of therapeutic plasmapheresis.

GS is often described to have an incidence of GS of 0.5 to 1.8 cases per million population per
year in European and Asian populations, primarily based on single-center biopsy or serology-based
series [1–3,8,9,12]. A recent nationwide study from Ireland identified all GS cases over a decade via
reference immunology laboratories and a nationwide pathology database over an 11-year period, which
reported a disease rate of 1.64 per million population per year [10]. In this study, we utilized the United
States inpatient hospitalization data from the NIS database and demonstrated inpatient prevalence of
GS among hospitalized patients in the United States of 10.3 cases per 1,000,000 admissions. Although
hospitalization for GS is infrequent, we found that hospitalized patients with GS commonly had high
rates of end-organ failure, including renal failure (62%) and respiratory failure (29%). While 19%
of hospitalization for GS required invasive mechanical ventilation, 52% required renal replacement
therapy. The median hospitalization cost for GS was as high as $75,831.

Our findings confirmed a bimodal age distribution of GS, with younger patients <39 years having
a male predominance, whereas older patients >60 years old were more frequently female [2,12].
We also observed an increase in the inpatient prevalence of GS from 2004 to 2007, which subsequently
stabilized (Figure 1). Although the reason remains unclear, we speculated that this is because of the
increasing awareness and widespread availability of diagnostic tests around that time [4,13]. Previous
studies have suggested that, in addition to genetic factors, environmental factors can also trigger the
development of GS, such as cigarette smoking, inhaled hydrocarbons, or potential infectious triggers
damaging the alveolar basement membrane and exposing type IV collagen epitopes [3,4,6,14–18].
Future studies are needed to assess if these factors play an important role in the trends of inpatient
prevalence of GS in the United States.

Our study demonstrated that 52% of hospitalization for GS required dialysis, which was consistent
with previous literature indicating that approximately half of patients with GS require hemodialysis [19].
There are limited data on how frequently artificial ventilation is required. Small series estimated that
this occurred in 11% of patients with GS [20–23]. Our study demonstrated that 19% of hospitalizations
for GS needed invasive mechanical ventilation, and 5% needed non-invasive ventilation support.
GS is life-threatening, with irreversible kidney damage and respiratory failure. Aggressive therapy
with modern treatment protocols with antibody removal by plasmapheresis, use of corticosteroids,
and immunosuppressive agents, particularly cyclophosphamide, has dramatically improved patient
outcomes compared to the past [4,18,24–26]. The 5-year survival rate exceeds 80% and fewer than 30%
of patients require long-term dialysis [2]. In our study, we demonstrated that in-hospital mortality rate
of GS in the United States between the years 2003 and 2014 was 8%. Although the data on medication
were limited in the database, we found that recent year of hospitalization and the use of therapeutic
plasmapheresis were associated with decreased in-hospital mortality among patients with GS. While
the underlying explanations of decreased in-hospital mortality among patients with GS in the recent
years of hospitalization remain unclear and require further investigations, this finding may potentially
represent an improvement in patient care of GS in recent years of hospitalization.

There are several limitations of this study. Firstly, although the utilization of the NIS database
allowed us to evaluate U.S. inpatient prevalence and burden of patients with GS, possible inaccuracies
in ICD-9 CM coding may have confounded the results. Secondly, given the administrative nature of the
dataset, the data on medication such as immunosuppression were limited in this study. Consequently,
we could not assess the potential effects of immunosuppression, such as cyclophosphamide treatment
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on hospital outcomes of patients with GS. Thirdly, this was an analysis of an inpatient database in the
United States. Sixty-five percent of patient populations with GS in NIS database were Caucasian, and
this limits generalizability to the patient population in other countries. Fourthly, kidney biopsy, and
laboratory data were lacking in the database. Previous studies have suggested that no patient with
100% glomerular crescents and dialysis dependence at presentation recovered kidney function, and
so current guidelines do not recommend treatment in these cases [27,28]. Furthermore, studies have
also demonstrated that those patients with higher serum creatinine (5.7 mg/dL or higher) and reduced
proportion of normal glomeruli on kidney biopsy have poor renal outcomes [2,13]. Therefore, future
studies are needed to assess the impacts of kidney biopsy findings on the treatment and outcomes
during hospitalizations for GS.

5. Conclusions

In summary, we demonstrate overall inpatient prevalence among patients with GS between the
years 2003 and 2014 in the United States, with 10.3 cases per 1,000,000 admissions. Although the
in-hospital mortality rate was only 8%, hospitalization of patients with GS was associated with high
hospital inpatient utilization and costs.
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Abstract: Hepatitis C virus (HCV) infection in kidney transplant recipients (KTRs) can be successfully
treated with direct antiviral agents (DAA). The aim of our study was to analyze different measures
of vascular function during and after the DAA treatment. As we have observed the improvement
of blood pressure (BP) control in some individuals, we have conducted an analysis of potential
explanatory mechanisms behind this finding. Twenty-eight adult KTRs were prospectively evaluated
before and 15 months after start of DAA therapy. Attended office BP (OBP), augmentation index
(AIx), pulse wave velocity (PWV), flow-mediated dilation (FMD), liver stiffness measurement (LSM),
and liver steatosis assessment (controlled attenuation parameter (CAP)) were measured. In half of the
patients, improvement of OBP control (decline of systolic BP by at least 20 mmHg or reduction of the
number of antihypertensive drugs used) and parallel central aortic pressure parameters, including
AIx, was observed. There was a significant decrease in CAP mean values (241 ± 54 vs. 209 ± 30 dB/m,
p < 0.05) only in patients with OBP control improvement. Half of our KTRs cohort after successful
HCV eradication noted clinically important improvement of both OBP control and central aortic
pressure parameters, including AIx. The concomitant decrease of liver steatosis was observed only in
the subgroup of patients with improvement of blood pressure control.

Keywords: blood pressure; eradication; interferon-free regimen; hepatitis C infection; kidney transplant

1. Introduction

Arterial hypertension is highly prevalent in kidney transplant recipients (KTRs) as a consequence of
common pretransplant hypertension and as an additional effect of immunosuppressive medications [1,2].
It has been shown that blood pressure (BP) control is suboptimal (systolic BP > 140 mmHg) in 50% of
KTRs [3–5]. In addition, higher BP values were associated with reduced graft and patient survival [5].
Notably, cardiovascular disease is the primary cause of mortality among kidney transplant recipients,
mostly due to long-term consequences of chronic kidney disease (CKD) [6]. CKD-related systemic
inflammation, calcium-phosphate abnormalities, and oxidative stress promote endothelial dysfunction,
vascular calcification, and accelerated atherosclerosis in addition to the traditional risk factors [7,8]. Vascular
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injury caused by the uremic milieu results in an increased arterial stiffness and reduced flow-mediated
dilation (FMD) [9,10].

Chronic hepatitis C virus (HCV) infection has been shown to independently worsen posttransplant
survival [11]. HCV infection is a risk factor for increased aortic stiffness and cardiovascular events
in dialysis patients [12], whereas advanced HCV-derived liver fibrosis is associated with increased
endothelial dysfunction, independently of common cardiovascular risk factors [13]. On the other
hand, patients with chronic HCV infection also demonstrate impaired autonomic nervous system
function [14]. All the above disturbances caused by coexisting HCV infection may partially worsen
blood pressure control in KTRs.

A few years ago a breakthrough in the treatment of chronic hepatitis C occurred. The previous
interferon-based therapy, which was contraindicated for kidney transplanted patients due to increased
risk of organ rejection, was replaced by new, direct acting antiviral (DAA) drug regimens. In our
observation, the effectiveness of this therapy, based on sofosbuvir, reached 100% [15]. We hypothesized
that the successful eradication of HCV infection may directly or indirectly improve the endothelial
function. In the present study, patients were prospectively evaluated regarding different measures
of their vascular function, including endothelial function, arterial stiffness measurement, and blood
pressure control. Concurrently, we assessed the liver stiffness and steatosis before and after the DAA
treatment. As we observed the improvement of blood pressure control in some individuals, we
conducted an analysis of potential explanatory mechanisms behind this finding.

2. Material and Methods

2.1. Study Group

The study protocol was accepted by the Bioethics Committee of the Medical University of Silesia in
Katowice (KNW/0022/KB1/119/16) and all participants provided written informed consent. The study
was conducted in accordance with the Declaration of Helsinki. We prospectively studied all eligible
adult kidney transplant recipients (KTRs) who completed treatment with DAA therapy due to HCV
infection and completed both baseline and follow-up examination at least 12 months after the start of
DAA therapy.

2.2. Clinical, Anthropometric, and Laboratory Measurements

Body weight and height were measured following standard procedures and body mass index
(BMI) was then calculated (kg/m2). Body surface area (BSA) was calculated according to the DuBois
formula and was expressed in m2.

Kidney graft function was measured by the estimated glomerular filtration rate (eGFR), which
was calculated according to the abbreviated Modification of Diet in Renal Disease formula.

HOMA-IR (Homeostatic model assessment of insulin resistance) was calculated to assess
insulin resistance.

HCV RNA was measured with COBAS® AmpliScreen HCV v.1.0, with lower limit of detection
of 15 IU/mL (Roche Diagnostics, USA). HCV genotyping and viral load was performed with Linear
Array Genotyping Test and COBAS®TaqMan® Quantitative test v.1.0, with lower limit of detection of
21 IU/mL (TaqMan; Roche Diagnostics, Branchburg, NJ, USA).

Concentrations of blood glycated hemoglobin (HbA1C), serum creatinine, total cholesterol,
triglycerides, and total bilirubin concentrations, as well as aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and gamma glutamyl transpeptidase (GGT) activity were routinely measured
during standard outpatient visits. Additional blood samples were withdrawn in a closed system
into tubes containing citrate and ethylenediaminetetraacetic acid (EDTA) for nonroutine analyses.
The tubes were allowed to stand for 2 h at room temperature, then centrifuged (15 min, 3000 rpm), and
finally plasma aliquots were preserved at −70 ◦C.
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The plasma concentrations of high-sensitivity C-reactive protein (hsCRP) were assessed with the
use of an enzyme-linked immunosorbent assay (ELISA) (Immundiagnostic AG, Bensheim, Germany),
with the limit of quantification (LoQ) of 0.09 mg/L, intra-assay variation <6%, and inter-assay variation
<11.6%. Plasma concentrations of interleukin-6 (IL-6) were assessed with an ELISA (R&D Systems,
Minneapolis, MN, USA) with a LoQ of 0.7 pg/mL, intra-assay variation <4.2%, and inter-assay variation
<6.4%. Plasma concentrations of fibroblast growth factor 21 (FGF-21) were assessed with an ELISA
(Biovendor, Brno, Czech Republic) with a LoQ of 7 pg/mL, intra-assay variation <2.0%, and inter-assay
variation <3.3%. Plasma concentrations of C-peptide and insulin were measured using a Cobas E411
analyzer with intermediate precision <5.0% and <2.8%, respectively.

Each study examination consisted of the measurement of office BP and central arterial pressure
parameters. Echocardiography, pulse wave velocity (PWV), FMD, liver stiffness measurement (LSM),
and liver steatosis assessment (controlled attenuation parameter (CAP)) were also performed at the
same time points.

Attended office blood pressure measurements (OBP) were performed three times in the sitting
position after more than a 5-min rest in the sitting position on the arm without arterio-venous fistula at
the beginning of the study. Patients with systolic BP values ≥140 mmHg and/or diastolic BP values
≥90 mmHg or those who received antihypertensive medication were diagnosed as hypertensive.
For the present post hoc analysis, the OBP control improvement was defined as the decline of attended
office systolic pressure by at least 20 mmHg without pharmacotherapeutic changes or the reduction
of antihypertensive treatment due to the BP decline during the follow-up period. The cut-off value
(20 mmHg) was established based on doubled maximum measurement error of 10 mmHg [16,17].
Patients were divided into two study subgroups based on the BP control improvement during the
follow-up period.

2.3. Echocardiography

Echocardiographic measurements were performed using Toshiba Xario 100 Diagnostic Ultrasound
System (Toshiba, Toshiba Medical System Corporation, Tochigi 324-8550, Japan). M-mode
and two-dimensional measurements were performed as recommended by the American Society
of Echocardiography [18], including left ventricular end-diastolic and end-systolic diameters,
intraventricular septum, and posterior wall end-diastolic thickness. Left ventricular mass (LVM) was
calculated according to the Devereux formula [19]. LVM was indexed for BSA (LVMI).

2.4. Brachial Artery Flow-Mediated Dilation

FMD was measured in the morning, after 10 min of lying in a quiet dimmed room using the
Toshiba Xario 100. During the examination, the patients rested in a seated position with their forearms
and backs supported. A manual sphygmomanometer cuffwas placed on the arm without arteriovenous
fistula and the diameter (lumen) of the brachial artery was measured with a linear transducer. The cuff
was then inflated at approximately 50 mmHg above the current systolic pressure for 5 min [20].
After the deflation of the cuff, the serial measurements during diastole were recorded and the widest
dilation of the brachial artery was used for FMD calculation: FMD% = (A − B)/B × 100%, where A is
the diameter of the artery during reactive hyperemia, and B is the initial diameter of the artery.

Non-endothelial dependent vasodilation (NMD) was assessed after at least a 15-min rest from
the FMD acquisition. Similarly to FMD measurements, vessel diameters were assessed before and
after sublingual nitroglycerin (400 μg) application (Nitromint (glyceroli trinitras), Proterapia, Poland).
Of importance, as we observed unexpected reduction of NMD values in some patients, we repeated all
NMD measurements using a double dose of nitroglycerin, i.e., 800 μg, after approximately 6 months
from the previous follow-up series.
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2.5. Central Aortic Pressure and Arterial Stiffness Measurement

Pulse waveform analysis was performed with the commercially available SphygmoCor 2000
(AtCor Medical, Sydney, Australia). Peripheral pressure waveforms were recorded from the radial
artery using applanation tonometry. After the acquisition of at least 20 sequential waveforms, a
validated generalized transfer function was used to generate the corresponding central aortic pressure
waveform. Central blood pressure measurements, including central aortic systolic and diastolic blood
pressure, central pulse pressure, and augmentation index were performed. Augmentation index was
then normalized according to the heart rate (AIx@75). Only high-quality recordings, defined as an
in-device quality index greater than 80% and visually acceptable curves by the investigator, were
included in the analysis. The entire pulse wave analysis was performed in the sitting position under
standardized conditions in the morning hours, after at least 15 min of rest in the supine position.

Arterial stiffness was also assessed using SphygmoCor 2000 placed over the carotid and femoral
arteries. Pressure signals were calibrated using brachial BP and PWV was calculated as the time of the
pulse wave between the diagnosed points (distance (m)/time (s)).

2.6. Liver Elastography

The controlled attenuation parameter (CAP) and liver stiffness measurement (LSM) were
performed using transient elastography with a M-probe (FibroScan 502 Touch, Echosense, Paris, France).
The operator was a technician certified by Echosense and unaware of patient status. The measurements
were performed using a 3.5-MHz standard probe on the right hepatic lobe through the intercostal
spaces with the patient lying in a supine position. As recommended by the manufacturer, 10 successful
measurements were performed for each patient and only those with a success rate of at least 60% and
an interquartile range/median value of less than 0.3 were considered reliable. The final CAP and liver
stiffness were expressed in dB/m and kPa, respectively [21,22].

2.7. Data and Statistical Analysis

Statistical analyses were performed using the STATISTICA 13.0 PL for Windows software package
(StatSoft Poland, Cracow, Poland). The values were presented as mean values with 95% confidence
interval (CI) (for variables with normal distribution), medians with Q25-Q75 quartile values (for
variables with not normal distribution), or frequencies. Comparisons between groups were done by
using the Student t-test for quantitative variables or the χ2 test for qualitative variables. Variables with
not normal distribution were compared using the Mann–Whitney U test. The comparison of baseline
and follow-up values was performed using the Student t-test, or the Wilcoxon test for variables with
not normal distribution. Correlation coefficients were calculated using the Pearson test. Due to its not
normal distribution, FGF-21 data were logarithmized before the correlation analyses. In all statistical
tests, ‘p’ values below 0.05 were considered as statistically significant.

3. Results

3.1. Study Group

Out of all 73 KTRs with the presence of anti-HCV antibodies, HCV-RNA was detected in 40 patients.
These patients were qualified to further HCV genotyping and viral load. Out of them, 8 patients had
started DAA therapy without baseline examination planned for the present study and were not included
in the final analysis. The other 32 patients were treated with the DAA anti-HCV protocol, including 8 with
a 6-month regimen and 24 patients with a 3-month regimen based on sofosbuvir. The DAA regimen was
shortened in the later enrolled patients as the treatment recommendations were updated during the study
period. Out of this group, 4 KTRs were excluded: 2 of them were normotensive prior to HCV treatment
and 2 others did not finalize the study protocol (Figure 1). Hence, the final study group consisted of 28
hypertensive patients who completed DAA therapy and both baseline and follow-up examinations. In all
study patients, the diagnosis of HCV infection was established prior to kidney transplantation. In all
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patients, HCV viremia was not detectable after the first month of treatment and they all reached sustained
virologic response at 48 weeks from DAA treatment start (SVR48) time point. The clinical characteristics
of the study patients are presented in Table 1.

Figure 1. Study flow chart. KTRs, kidney transplant recipients; HCV, hepatitis C virus; PCR, polymerase
chain reaction.

Table 1. Characteristics of direct antiviral agents-treated kidney transplant recipients stratified to
subgroups based on blood pressure control improvement in the follow-up period.

OBP Control Improvement
n = 14

No OBP Control Improvement
n = 14

p

Age at the start of DAA therapy
(years, means and 95%CI) 49.8 (42.8–56.8) 48.5 (42.2–54.9) 0.78

Sex
(M/F) 8/6 11/3 0.23

Baseline BMI
(kg/m2, means and 95%CI) 24.9 (22.8–26.9) 24.0 (22.3–25.7) 0.48

Follow-up BMI
(kg/m2, means and 95%CI) 25.6 (23.5–27.6) ## 24.4 (22.6–26.3) 0.40

Baseline eGFR
(mL/min/1.73 m2, means and
95%CI)

58.1 (45.1–71.2) 54.2 (36.3–72.1) 0.51

Follow-up eGFR
(mL/min/1.73 m2, means and
95%CI)

54.6 (39.4–69.8) 51.7 (35.0–68.5) 0.51

Diabetes
(n (%)) 4 (28.6) 4 (28.6) 1.0

Duration of HCV infection
(years, means and 95%CI) 11.0 (6.9–15.1) 16.4 (12.6–20.1) <0.05

Dialysis vintage
(months, median and IQR) 30 (18–59) 42 (20–83) 0.37

Time after KTx
(months, means and 95%CI) 121 (56–186) 125 (80–169) 0.92

Calcineurin inhibitor
(CyA/Tc) (n) 8/6 7/7 0.70

Baseline HCV viremia
(IU/mL, median and IQR) 340,258 (29,882–1,149,502) 78,631 (14,847–330,000) 0.40

## p < 0.01 versus baseline. CI, confidence interval; IQR, interquartile range; OBP, attended office blood pressure;
DAA, direct antiviral drug therapy; BMI, body mass index; eGFR, estimated glomerular filtration rate; KTx, kidney
transplantation; CyA, cyclosporine A; Tc, tacrolimus.
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3.2. Study Subgroups Based on Blood Pressure Control

In the follow-up period, half of the patients showed an improvement of OBP control (subgroup 1).
Patients with OBP improvement had initially higher systolic BP (SBP) (p = 0.02), but similar diastolic BP
(DBP) (Table 2). In addition, they received more antihypertensive medications (mean: 2.5 vs. 1.9 drugs)
before the start of DAA therapy; however, this difference was not statistically significant. The observed
overall SBP (Δ −20.4, 95% CI, −26.2 to −14.6 mmHg) and DBP (Δ −12.5, 95% CI, −16.5 to −8.5 mmHg)
decline in subgroup 1 was obtained despite the reduction in the number of antihypertensive drugs in
9 subjects. We also observed mild reduction in SBP (Δ −5.2, 95 % CI, −9.7 to −0.8 mmHg) and DBP
(Δ −4.6, 95% CI, −9.6 to 0.3 mmHg) in the second subgroup.

At baseline, the antihypertensive treatment was used in all patients: Beta-blockers in 67.9%,
calcium channel blockers in 25%, angiotensin-converting enzyme inhibitor or angiotensin receptor
blocker in 32.1%, alpha-blocker in 25%, and diuretics in 32.1% of study participants. The structure of
antihypertensive medication classes was similar in both study subgroups (data not shown).

Both study subgroups did not differ in respect to age, gender, BMI, pretransplant dialysis vintage,
time after kidney transplantation, and the occurrence of diabetes (Table 1). The time from diagnosis
of HCV infection to DAA treatment was significantly longer in the subgroup 2 (Table 1), however,
the percentage of patients with HCV infection lasting more than 13.7 years (mean value in the whole
group) did not differ between study subgroups (p = 0.13). Out of whole group, only 4 patients were
previously treated with interferon-based anti-HCV regimens. There were no differences in regards to
baseline values of serum lipid concentrations, fasting glucose and insulin concentrations, glycated
hemoglobin, and HOMA-IR values between subgroups (Supplementary Table S1).

Also, the HCV genotypes were similar in both subgroups, including 11 patients with genotype 1b
in each group. The percentage of patients with advanced fibrosis, defined based on a METAVIR score
>2, was comparable (28.6 vs. 38.5%, p = 0.59). The mean time between baseline and follow-up study
examinations was also similar (15.0 ± 1.4 vs. 15.9 ± 2.1 months, p = 0.22).

Both study subgroups were similar in respect to calcineurin inhibitor (CNI) structure (Table 1).
There were no CNI-type conversions during the whole study period. At baseline, median cyclosporine
(CyA) doses were comparable (100 (100–125) mg in subgroup 1 vs. 125 (100–150) mg in subgroup 2,
p = 0.60), whereas median tacrolimus (Tc) doses were significantly greater in subgroup 2 (4.0 (2.5–6.0) mg
vs. 1.0 (1.0–2.0) mg in subgroup 1, p < 0.05). Notably, median CyA (97 (70–128) vs. 125 (100–146) ng/mL,
respectively; p = 0.30) and Tc (7.1 (6.1–7.4) vs. 8.4 (6.7–8.7) ng/mL, respectively; p = 0.22) blood trough
concentrations were similar. During and after DAA treatment, the improved liver function resulted in the
reduction of calcineurin inhibitor (cyclosporine or tacrolimus) blood trough concentrations as compared
with baseline values, which were similar in both study subgroups (−21.4 (−37.2 to −5.7) vs. −11.3 (−33.5
to 10.9)%, respectively; p = 0.42) and required individual dose adjustments in 61% of patients (n = 17)
as soon as after one month of therapy. The consecutive CNI dose adjustments were made at physician
discretion and were guided by the drug blood concentration, to prevent the CyA level decreasing below
70 ng/mL or Tc level decreasing below 5 ng/mL. Overall, the median CNI dose changes in both study
subgroups were similar (13.4 (interquartile range (IQR) 0–25) vs. 25 (0–75)%, respectively; p = 0.26). Also,
the absolute median dose changes of CyA (0 (0–75) vs. 25 (12.5–25) mg, respectively; p = 0.73) and Tc (0.5
(0.5–1.0) vs. 0 (−1.5–0.5) mg, respectively; p = 0.26) were similar.
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3.3. Liver Function Tests and Liver Morphologic Assessments

At baseline, there was a numerical difference in HCV viremia between subgroups (Table 1), but
neither HCV viremia nor baseline liver function tests differed significantly. In both subgroups, there
was a significant reduction in aminotransferases and GGT activities after DAA treatment (Supplemental
Materials Table S2). Liver elastography measurements were performed with a success rate near 100%
(only 3 out of 28 patients needed 11 total measurements to obtain 10 valid results). Baseline liver
stiffness measurements did not differ between subgroups and remained unchanged thereafter. On the
contrary, CAP values only declined significantly in subgroup 1 (Supplementary Materials Table S2 and
Figure 2).

Figure 2. Individual plot of the controlled attenuation parameter at baseline and after the follow-up in
patients with and without attended office blood pressure control improvement.

3.4. Central Blood Pressure Parameters

Both baseline and follow-up values of central aortic systolic pressure and central aortic pulse
pressure correlated with corresponding values of OBP (baseline r = 0.669, p < 0.001, follow-up r = 0.557,
p < 0.01 for SBP; and baseline r = 0.730, p < 0.001, follow-up r = 0.502, p < 0.01 for pulse pressure,
respectively). There were also significant correlations between baseline augmentation index values
standardized to heart rate (AIx@75) and both baseline and follow-up values of office SBP and pulse
pressure (baseline r = 0.660, p < 0.001 and r = 0.562, p < 0.01, respectively; follow-up r = 0.484, p < 0.01
and r = 0.545, p < 0.01, respectively) (Table 3).

Parallel to OBP, we observed a 15.4% decline in aortic systolic pressure, a 12.1% decline in aortic
diastolic pressure, and a 21.7% decline in aortic pulse pressure in subgroup 1 after successful DAA
treatment (Table 3). Of note, AIx@75 values decreased significantly only in subgroup 1. On the contrary,
only a mild decline of systolic aortic pressure (7.2%) was observed in subgroup 2. There was a positive
correlation between the percentage change in CAP values and both the change in central aortic systolic
pressure (r = 0.438, p < 0.05) and the change in AIx@75 (r = 0.446, p < 0.05). Of note, both baseline
(r = 0.479, p < 0.05) and follow-up (r = 0.431, p < 0.05) CAP results correlated with corresponding
BMI values.
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3.5. Arterial Structural and Functional Measurements

At baseline and in the follow-up period, PWV values were similar in both subgroups (Table 3).
FMD values were stable in both subgroups, while NMD measured using the standard (400 μg) dose of
nitroglycerin did not change in subgroup 1, but showed a significant reduction in subgroup 2 (Table 3).
However, in an additional repeated NMD measurement with a double dose of nitroglycerin there was
no significant NMD change compared with baseline values in both study subgroups.

3.6. Cardiac Parameters

At baseline, both mean LVM (210 (169–250) vs. 211 (173–250) g, p = 0.84)) and mean LVMI (113
(94–131) vs. 114 (95–133) g/m2, p = 0.98) were comparable in subgroups 1 and 2, respectively. Similarly,
there were no differences in the follow-up LVM and LVMI values (0.70 and 0.87, respectively), and
their absolute changes during the study period did not differ significantly (LVM 7.9 (−23.5 to 39.2) vs.
−0.3 (−44.4 to 43.8), p = 0.57; LVMI 3.3 (−13.4 to 19.9) vs. −1.3 (−23.2 to 20.6) g/m2, p = 0.70).

3.7. Inflammatory Markers

The baseline median of CRP concentration was slightly higher in subgroup 1 (1.7 (IQR 1.1–2.4) vs.
0.9 (0.4–1.4) mg/L in subgroup 2, with borderline significance (p = 0.07)). At follow-up assessment,
there was a borderline increase of median hsCRP in subgroup 2 (3.6 (0.5–6.7), p = 0.06), whereas no
difference was noted in subgroup 1 (1.8 (1.5–3.0), p = 0.33). There were no significant differences in
IL-6 concentration median values, both at baseline (2.7 (2.2–3.2) vs. 2.2 (1.8–2.5) pg/mL, p = 0.23) and
at the follow-up examination (2.7 (1.7–4.1) vs. 2.6 (1.7–5.7) pg/mL, p = 0.76). Levels did not change
significantly during the study period.

3.8. Fibroblast Growth Factor 21 Levels

Median values of FGF-21 measured at follow-up increased significantly in subgroup 1 (411
(204–706) vs. 215 (120–535) pg/mL at baseline, p < 0.01), while they remained unchanged in subgroup 2
(189 (147–481) vs. 226 (116–267) pg/mL at baseline, p = 0.22). The baseline number of antihypertensive
drugs was borderline associated with log values of baseline FGF-21 (r = 0.375, p = 0.05) and significantly
associated with follow-up values of FGF-21 (r = 0.467, p < 0.05). However, the log values of both
baseline and follow-up FGF-21 did not correlate with baseline SBP or DBP values, whereas they
correlated significantly with baseline central systolic aortic pressure (r = 0.388, p < 0.05, and r = 0.434,
p < 0.05, for baseline and follow-up FGF-21 log values, respectively) and borderline with central
diastolic aortic pressure (r = 0.357, p < 0.05, and r = 0.385, p < 0.05, respectively). Moreover, the log
values of follow-up FGF-21 negatively correlated with the change of central systolic and diastolic aortic
pressures (r = −0.361 and r = −0.367, respectively) with both p values = 0.06.

4. Discussion

In the present study, we demonstrated the clinically important improvement of blood pressure
control, defined as the decline of attended office systolic pressure by at least 20 mmHg without
pharmacotherapeutic changes or the reduction of antihypertensive treatment due to the BP decline, in
half of our cohort of HCV-infected stable kidney transplant recipients after successful HCV eradication
with sofosbuvir-based DAA therapy. In this subgroup of patients, we observed the reduction of systolic
BP values despite the de-escalation of antihypertensive treatment in 9 out of 14 subjects. Moreover,
we also documented the parallel decline of central aortic pressure parameters, obtained with the
Sphygmo-Cor device, including augmentation index, in patients with improved BP control. Finally, we
noted the corresponding decrease of liver steatosis, measured by the controlled attenuation parameter,
in this subgroup of patients, which may suggest the potential underlying mechanism of beneficial
vascular changes.
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We are aware that nowadays a majority of dialysis patients with previously diagnosed HCV
infection have already been successfully treated with DAA regimen even before they get a kidney
transplant. Nevertheless, the confirmation of relatively moderate BP control improvement in patients
being currently on dialysis would be much more difficult due to procedural-related fluctuations in
volemia. Thus, the present study findings may help to elucidate or confirm some mechanisms linking
the HCV infection with BP control in CKD patients.

There are several possible pathomechanisms linking the chronic HCV infection with elevated
blood pressure and increased cardiovascular risk, including increased arterial stiffness [23], endothelial
dysfunction [13], and the direct effect of liver steatosis on BP regulation [24]. The virus plays an
etiological and pathogenic role in the development of vasculitis and renal involvement with subsequent
elevated BP and cardiovascular events. Notably, in the present study, the time from HCV diagnosis
to DAA treatment was significantly shorter in the subgroup with improved BP control thereafter,
which may confirm that the longer duration of HCV infection determines the degree of irreversible
vascular damage and, therefore, influences the net effect of HCV eradication on BP control. Recently,
an increased augmentation index following viral eradication with DAA therapy was found in patients
with advanced fibrosis (≥9.5 kPa) [25]. Of note, in patients with non-advanced fibrosis, the authors
observed a stable augmentation index and significantly lower values of both office and central systolic
pressure at the SVR12 time point [25]. In contrast, we observed a significant decrease of the normalized
augmentation index in a subgroup with BP improvement, whereas any change in arterial stiffness,
measured by pulse wave velocity, was found in our cohort, independently of BP changes after
DAA treatment.

When considering the possible changes of endothelial function after successful HCV eradication
with DAA, the reduction of endothelium-derived adhesion molecule levels at the SVR12 time point
was confirmed by two small studies [26,27], but the improvement of FMD values was observed only in
one group [26], and Davis et al. did not find changes in bedside microvascular reactivity, measured by
peripheral arterial tonometry [27]. Of note, both studies were performed in individuals with normal
renal function. In our cohort, we observed stable FMD values and significantly lower NMD values
after DAA treatment; however, a repeated measurement with a double dose of nitroglycerin did not
confirm the preceding finding. As we previously reported, the significant decrease of calcineurin
inhibitor levels shortly after successful HCV eradication in this group [15], we may speculate that
this effect was caused by an improved liver metabolic efficiency, which limited the biologic effect of a
standard nitroglycerin dose used originally. Furthermore, the calcineurin inhibitor co-medication may
also influence the endothelial function in our group [28], though the proportion of cyclosporine A- and
tacrolimus-treated patients was similar in both study subgroups.

It is important to notice that both analyzed subgroups did not differ at baseline in terms of
demographics, co-morbidity, or kidney graft function. Also, arterial stiffness and endothelial function
measures, as well as liver function tests and liver stiffness measurements, were comparable. There
were significantly higher baseline office systolic blood pressure and pulse pressure values, but not
central blood pressure parameters, in subgroup 1. The posttreatment follow-up evaluation, along
with the substantial BP control improvement, revealed a significant decrease of CAP values in these
patients. Notably, in patients without known cause of chronic liver disease, increased CAP was shown
to be a good indicator of fatty liver disease with metabolic abnormalities that manifest even before a
sonographic fatty change appears [29].

In HCV-infected patients, an intrahepatic viral load directly enhances the liver steatosis [30],
especially in the setting of multiple metabolic abnormalities (expansion of visceral adipose tissue,
insulin resistance, reversible hypocholesterolemia, arterial hypertension, and hyperuricemia). On the
other hand, in patients with non-alcoholic fatty liver disease (NAFLD), steatosis grade was the most
important factor for endothelial dysfunction [31]. Furthermore, lower FMD values were shown in
pediatric NAFLD patients, in whom systolic and diastolic blood pressures were significantly higher
than in healthy controls, but also higher than obese children with normal livers [32]. Even more
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importantly, fatty liver was shown to be associated with 24-h systolic blood pressure and daytime
diastolic blood pressure measurements [24]. Recently, Wang et al. demonstrated that NAFLD is
independently associated with hypertension and blood pressure category [33]. In this study, the CAP
value was the predictor of diastolic, but not systolic BP in stepwise analysis for the whole study group,
not only in NAFLD participants [33]. Of note, CAP alone was not sufficient for predicting hypertension
in this study.

It is well known that in the population of KTRs, the measures of vascular damage are conditioned
by many factors, including the duration of chronic kidney disease, pretransplant dialysis vintage,
concomitant immunosuppressive regimen, and non-optimal kidney graft function. Thus, the possibility
for marked improvement of vascular elasticity and distensibility after the successful HCV treatment
is much lower than in the general population. Nonetheless, overall results of our investigation may
indirectly confirm the notable role of decreasing liver steatosis in the BP control improvement in the
study group.

Finally, FGF-21 levels are reported to increase in acute liver injury, but decrease in chronic hepatitis
B patients [34], especially those with advanced fibrosis [35]. We analyzed FGF-21 concentrations before
and after the successful treatment of chronic HCV infection. Its levels significantly increased only
in patients with initially more advanced steatosis as shown by CAP and improved BP control after
DAA therapy and HCV elimination. The concomitant decrease of liver steatosis after DAA therapy
observed in our study is in line with previously published papers [36,37] and may play a significant
role in improved BP control.

The main limitation of our analyzed cohort was its small size, which limited multivariate analysis
of factors independently associated with the BP control improvement. Therefore, our preliminary data
should be investigated in a larger multicenter cohort. However, we included all eligible KTRs with the
sustained elimination of chronic HCV infection. Of note, the structure of DAA regimen in our patients
was uniform: All were treated with a sofosbuvir-based therapy. Another limitation was the method
of OBP measurement used in this study, specifically the lack of unattended BP measurement, which
eliminated the potential bias related to the ‘white coat’ effect. In addition, we did not perform the
24-h ambulatory blood pressure monitoring; however, we observed the central blood pressure values
and found a strong association with OBP results. Lastly, we would like to acknowledge the lack of
monitoring of the adherence to antihypertensive medication in our study.

5. Conclusions

In conclusion, we observed the clinically important improvement of both office blood pressure
control and central aortic pressure parameters, including augmentation index, in half of our
cohort of HCV-infected stable kidney transplant recipients after successful HCV eradication with a
sofosbuvir-based DAA therapy. The concomitant decrease of liver steatosis, measured by the controlled
attenuation parameter, was only observed in this subgroup of patients, which may suggest the potential
underlying mechanism of beneficial hemodynamic changes. Further investigation would elucidate
the pathomechanism of the observed improvement of blood pressure control, however, the increased
availability of DAA therapy already resulted in pretransplant eradication of HCV infection in a majority
of currently dialysis patients. We believe that patients receiving DAA therapy in the pretransplant
period will benefit even more. Nevertheless, the confirmation of relatively moderate BP improvement
in dialysis patients would be much more difficult due to procedural-related fluctuations in volemia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/948/s1,
Table S1: Laboratory parameters before and after successful DAA therapy, divided into subgroups based on
changes in OBP control after treatment, Table S2: The results of liver function tests as well as the measurements of
liver stiffness (LSM) and liver steatosis (controlled attenuation parameter—CAP) in kidney transplant recipients
before and after the successful DAA therapy, divided into 2 subgroups based on the changes in OBP control
after treatment.
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Abstract: Background and objectives: Renal transplantation is the preferred form of renal replacement
therapy for the majority of patients with end stage renal disease (ESRD). The Internet is a key
tool for people seeking healthcare-related information. This current work explored the interest in
kidney transplantation based on Internet search queries using Google TrendsTM. Design, setting,
participants, and measurements: We performed a Google TrendsTM search with the search term
“kidney transplantation” between 2004 (year of inception) and 2018. We retrieved and analyzed
data on the worldwide trend as well as data from the United Network for Organ Sharing (UNOS),
the Organización Nacional de Trasplantes (ONT), the Eurotransplant area, and the National Health
Service (NHS) Transplant Register. Google TrendsTM indices were investigated and compared to
the numbers of performed kidney transplants, which were extracted from the respective official
websites of UNOS, ONT, Eurotransplant, and the NHS. Results: During an investigational period of
15 years, there was a significant decrease of the worldwide Google TrendsTM index from 76.3 to 25.4,
corresponding to an absolute reduction of −50.9% and a relative reduction by −66.7%. The trend was
even more pronounced for the UNOS area (−75.2%), while in the same time period the number of
transplanted kidneys in the UNOS area increased by 21.9%. Events of public interest had an impact
on the search queries in the year of occurrence, as shown by an increase in the Google TrendsTM

index by 39.2% in the year 2005 in Austria when a person of public interest received his second live
donor kidney transplant. Conclusions: This study indicates a decreased public interest in kidney
transplantation. There is a clear need to raise public awareness, since transplantation represents the
best form of renal replacement therapy for patients with ESRD. Information should be provided on
social media, with a special focus on readability and equitable access, as well as on web pages.
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1. Introduction

Kidney transplantation is considered to be the optimal form of renal replacement therapy and
has a positive impact on quality of life, survival rates of the recipients, and overall is considered
cost-effective [1]. Due to organ shortage and longer waiting time, death on the waiting list is a
serious concern and criteria for suitable organs have been extended. There are several advantages
of live donor transplantation compared with deceased donor transplantation including lower risk of
rejection, reduced waiting time for transplantation, and improved allograft and overall survival [2].
The frequency of live kidney donation is stable in the United States (US), while increasing in the
Eurotransplant area and in the United Kingdom (UK) over the last 15 years. Despite these efforts there
are currently 94,621 patients on the kidney waiting list in the US according to the United Network for
Organ Sharing (UNOS), 10,791 (at the end of 2018) potential recipients in the Eurotransplant area and
as of March 2019, approximately 5000 patients were waiting for a kidney transplant in the UK. Analysis
of different surveys among the public revealed barriers towards live kidney transplantation [3], and
strategies to overcome these barriers are necessary to increase the number of transplants.

Google TrendsTM generates data on spatial and temporal patterns according to specified keywords.
A study comparing the reliability of Google TrendsTM in two settings, more common diseases with low
media coverage and less common diseases with higher media coverage, found that Google TrendsTM

seems to be influenced by media presence rather than by true epidemiological burden of one disease [4].
Several studies using Google TrendsTM data have been conducted recently. One of these investigated
the influence of meteorological variables on relative search volumes for pain and found that selected
local weather conditions were associated with online search volumes for specific musculoskeletal pain
symptoms [5]. Analysis of Google TrendsTM search volume queries not only holds great promise in
medicine, but also in other areas of research. Analysis of northern Europeans’ (Finland, Germany,
Norway, Ireland, and the UK) web searching behavior on Mediterranean tourist destinations revealed
a relationship between thermal conditions and the searching behavior, and the authors observed no
time lag between the prevalence of thermal conditions and searching of the keywords [6].

In transplant medicine, public awareness is key to promote discussion around organ donation,
both live and deceased. In the current study, we investigate the public interest in kidney transplantation
using data on Internet search queries extracted from the Google TrendsTM tool.

2. Materials and Methods

2.1. Retrieving Transplantation Numbers for UNOS, ONT, and Eurotransplant

Data were retrieved by accessing the respective websites of the transplant organizations ((https:
//unos.org) for the UNOS, (http://www.ont.es) for the Organización Nacional de Trasplantes (ONT),
(https://www.eurotransplant.org) for the Eurotransplant countries, and (https://www.nhsbt.nhs.uk) for
the UK.

Information about live and deceased donor kidney transplantation over a period of 15 years
(2004–2018) for the following countries was extracted from the web pages as stated above: United
States of America (UNOS), Spain (ONT), Austria, Belgium, Croatia, Germany, Hungary, Slovenia, and
the Netherlands (belonging to the Eurotransplant countries), and the UK (NHS Transplant Register).

2.2. Retrieving Google TrendsTM Data on Kidney Transplantation

The Google TrendsTM tool (https://trends.google.com/trends/) was used to retrieve data on Internet
user search activities in the context of kidney transplantation. Google TrendsTM is a freely accessible tool
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that enables researchers to study trends and patterns of Google search queries [7]. It was implemented
in 2004 and data on Internet search queries are available since then on a monthly basis. Google
TrendsTM expresses the absolute number of searches relative to the total number of searches over the
defined period of interest. The retrieved Google TrendsTM index ranges from 0 to 100, with 100 being
the highest relative search term activity for the specified search query in any given month [7]. Thus,
a search index of 50 indicates that the search activity for kidney transplantation was 50% of that seen at
the time when search activity was most intense [7].

Worldwide Google TrendsTM indices were retrieved between January 2004 and December 2018
using the search term “kidney transplantation”. We retrieved Google TrendsTM indices for the US,
Spain, the following European countries being part of the Eurotransplant network, namely Austria,
Belgium, Croatia, Germany, Hungary, Slovenia, and the Netherlands, and the UK. No Google TrendsTM

indices could be retrieved for Luxembourg. Whereas the worldwide search was performed in English,
the individual searches in the respective countries were performed in the official languages (see
Table S1).

2.3. Data Analysis

Annual average Google TrendsTM indices were calculated based on the monthly data downloaded
from the Google TrendsTM webpage. Time-lag correlations between transplant numbers and Google
TrendsTM indices were calculated using the ccf function of the tseries R package using a time lag
between −3 and +3. The ggplot2 R package was used to generate all graphics. R version 3.4.1 was
used for all analyses.

None of the queries in the Google database for this study can be associated to a particular
individual. The database retains no information about the identity, Internet protocol address or specific
physical location of any user. Furthermore, any original web search logs older than nine months are
anonymized in accordance with Google’s privacy policy (www.google.com/privacypolicy.html).

3. Results

The worldwide search query using Google TrendsTM highlighted a decrease from an index of
76.3 in 2004 to 25.4 in 2018 (absolute reduction −50.9, or a relative reduction of −66.7%, see Figure 1).
This trend was particularly confirmed in the US, with a decrease of the Google TrendsTM index from
an index of 68.4 to 17.0 (absolute reduction −51.4, relative reduction of −75.2%) over time. While an
initial sharp decrease in search results was observed from an index of 68.4 to 37.6 (absolute reduction
−30.8, relative reduction of −45.0%) within two years, there was a further decrease by 54.8% over the
following thirteen years. In the same period of time, UNOS reported an increase of deceased donor
kidney transplants from 16,007 in 2004 to 21,167 in 2018 (+32.2%); within the same period the live
donor kidney transplantation rate remained stable (6648 in 2004 and 6442 in 2018, −3.1%). A similar
search tendency of a decreased Google TrendsTM index was found for the Eurotransplant area and
the UK. There was a modest increase in Google TrendsTM search queries in Spain, with a very low
number in 2004 (index of 8.3) and 10.1 in 2018 (absolute increase +1.8, or a relative increase of +21.7%).
In the same time-period the number of transplanted kidneys increased from 2125 to 3313 (+55.9%).
In smaller countries, it is likely that events of interest to the public lead to an increase in search queries
in that particular year. This for example might explain the increase in search queries in Austria in 2005
when a person of public interest received a second live-related kidney transplant in the same year.
We observed an increase of Google TrendsTM search queries from an index of 26.3 in 2004 to 36.6 in 2005
(absolute increase +10.3 or relative increase of +39.2%). In the following years, a decrease was found
with an index of 12.9 in 2018 (absolute reduction −13.4 or a relative decrease of −51.0%). Similar curves
were observed in all Eurotransplant countries, even in countries with a higher number of live-related
kidney transplants, for example, the Netherlands (48.1% in 2004 and 40.0% in 2018), where more
web-based information retrieval might be expected. Online searches assessed by Google TrendsTM

decreased from 49.3 to 37.8 (−11.5, or −23.3%) over 15 years. In Germany a decrease from 52.4 to 30.7
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(−21.7, or −41.4%) was found in the same period, with even more pronounced reductions observed in
Belgium (from 21.5 to 8.1, corresponding to a decrease of 13.4, or −62.3%) and Hungary (from 8.3 to
2.6, absolute reduction of −5.7 or relative reduction by −68.7%). In the UK, Google TrendsTM indices
decreased from 33.25 to 7.58 with an absolute reduction of 25.67 and a relative reduction of −77.2%,
mirroring the decrease observed in the US. An overview of Google TrendsTM changes over time and
number of transplants (deceased donor and live donor transplantation) in the respective countries is
highlighted in Table 1, Table S2, and Figure 2.

Figure 1. A worldwide decrease in the Google TrendsTM indices from inception to 2018 was found.
During a period of 15 years, the index decreased from 76.3 to 25.4, corresponding to a change of −66.7%.

We used correlation analysis to compare the Google TrendsTM indices to the number of transplants
over time and found negative correlations in particular for the UK, Belgium, and Austria, but also for
Hungary, Slovenia, Germany, and the US. Spain is the only country where both transplant numbers as
well as Google TrendsTM indices show positive correlations above 0.5 (Figure 3).
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Figure 2. The respective numbers of renal transplants (red line) and the Google TrendsTM indices
(blue line) are given for the United Nations of Organ Sharing (UNOS), the Organización Nacional de
Trasplantes (ONT), the Eurotransplant areas, and the UK National Register. Numbers of deceased and
living donor transplants are indicated by light and dark red areas. While there was a marginal increase
in the Google TrendsTM index observed in Spain, the curves obtained from the UNOS, Eurotransplant
areas, and the UK National Register mirror the worldwide trend.
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Figure 3. Time-lag correlations of Google TrendsTM indices and number of performed transplants for
the countries under study. Negative correlations between Google TrendsTM indices and number of
transplants are highlighted in green to blue whereas positive correlations are given in orange to red.

4. Discussion

To our knowledge, this is the first study investigating the trend of search queries for kidney
transplantation. We observed a global decrease in public interest regarding kidney transplant, in
particular in the UNOS, the Eurotransplant areas, and the UK. There is a global increase in transplanted
kidneys, however, an increase in waiting time and a shortage of kidney donors highlight the demand [8].
Kidney transplant is the optimal form of renal replacement therapy for patients with end stage renal
disease, improving both quality and quantity of life. Whilst this is true for both live and deceased
organ donation, recipients of a live donor kidney transplant demonstrate better outcomes at both,
one and five-years post transplantation [9]. Thus, raising and maintaining awareness about kidney
transplants is imperative. How can we achieve this essential goal? Along with strategies discussed
below, supra-national alliances such as the European Kidney Health Alliance (EKHA) are essential.

Efforts should be made to increase the number of live kidney donor transplants which are
performed [9]. To help overcome hurdles like lack of awareness, particularly in populations with lower
rates of live donor kidney transplants, namely ethnic minority populations and in groups who suffer
from socioeconomic deprivation [10,11], successful campaigns have been orchestrated using both
traditional media as well as online media, and community-based venues. By using Google AnalyticsTM,
the authors found an eight-fold increase in traffic to the Infórmate website, a website developed by the
Northwestern University faculty in partnership with the National Kidney Foundation, compared to
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the pre-campaign period [12]. Website exposure was associated with a significant knowledge score
increase between pretest and posttest assessments, which was maintained at a follow-up assessment at
three weeks [13]. Readability and accessibility of online living donor and deceased donor recipient
material is essential. An analysis of the top ten websites for both revealed that the reading level for the
living donor materials was 12.54, while it was 12.87 for the deceased donor materials, corresponding to
a university level. Overall, the readability of online material remains too high for the corresponding
health literacy rates among potential kidney transplant recipients [14]. Whilst the readability must be
increased, Information Score (IS) assessment also revealed a poor quality of many websites and that
more input from transplant physicians is needed. Information should be freely available in multiple
languages, as well as in Braille format and as audio text. Generally, websites belonging to academic
institutions have higher IS than professional, or commercial websites [15]. Among 46 Italian YouTube®

videos analyzed for usefulness to inform about live donor kidney transplantation, only a minority
(15.2%) were categorized to contain useful information for the general population [16].

Kidney transplant knowledge should be improved in potential recipients. The Knowledge
Assessment of Renal Transplantation (KART) contains 15 items including basic information about the
procedure, prognosis, and insurance issues, and has an acceptable evidenced reliability. The KART
distinguished patients who spent more or less than one hour receiving different types of education,
including communication between doctors and medical staff, reading brochures, browsing the Internet,
and watching videos [17]. Limited knowledge is not only present among patients but is also
evident amongst medical students. In total, 96% were aware of the possibility of live donor kidney
transplantation, but only 8% of the surveyed students were registered as potential donors in this South
African study [18]. Similarly, a study from Leeds found that students had a basic understanding of
organ donation and transplantation but lack detailed knowledge, such as understanding the criteria
which are commonly used for brain death testing [19]. A study from India reporting on 200 interviews
found that awareness will promote organ donation and there is a need for effective campaigns that
educate people with relevant information, since a majority (59%) believed that donated organs might
be misused, abused, or misappropriated [20].

Potential kidney transplant donors and recipients and those who have donated or received a
transplant should be invited to share their experience online, in person, and on social media platforms.
A survey involving 199 patients revealed that half use social media (52.3%, not further specified which
channels were used) and most reported to be willing to post information about live kidney donation on
their social networks (51%) [21]. Renal patients’ organizations must also be supported and encouraged
to provide information via social media.

Transplant physicians, surgeons, and nursing staffmay also use social media to increase awareness
of kidney transplantation. A survey among members of the American Society of Transplant
Surgeons indicated that among 299 physicians who completed the survey, 59% use social media
to communicate with surgeons, 57% with transplant professionals, 21% with transplant recipients, 16%
with living donors, and 15% with waitlisted candidates. Younger age and fewer years of experience in
transplantation were significantly associated with a stronger belief that social media may be influential
in living organ donation [22].

Religious differences in mixed communities may play a role. In a Dutch study, the impact of
religion on live donor kidney transplantation was assessed. The authors reported that religion is
not perceived as an obstacle to live donation in the Netherlands. However, there is a necessity for
increased clarity and awareness for different religions with respect to live donation [23]. While most of
the patients seemed to favor live donor kidney transplantation, a variety of potentially modifiable
barriers were identified, including inadequate patient education, emotional factors, restrictive social
influences, and suboptimal communication [24].

Altruistic live donation will play an increasing role in the future. Social media is used to facilitate
transplantation (i.e., through websites such as MatchingDonors.com), which was implemented as
early as 1994. An organ registration fee is one of the ethical concerns of such strategies. Facebook and
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Twitter are freely available platforms to communicate with others within groups and via hashtags and
offer the opportunity to connect with potential live donors [25]. Moorlock et al. critically assessed the
so-called “identifiable victim effect” and proposed that institutionally organized personal case-based
campaigns aimed at promoting specific recipients for directed donation, despite its ethical concerns,
should be preferred to facilitate altruistic live donation [26]. Building a framework for social media
and organ donation is necessary and recommendations for transplant hospitals have been issued [27].
Programs such as the Kidney Coach Program (KCP) need to be implemented in the clinical practice to
equip individuals (candidates and advocates for candidates) with tools to identify potential donors,
which enables individuals to discuss donation with people in their social network [28].

Amongst countries participating in the Eurotransplant program, different legal strategies are
employed; for instance, in Germany a potential donor needs to declare willingness to be registered
as a deceased donor or ‘opt in’ [29]. This can increase the time it takes to ascertain suitability and
thus delay transplant surgery. It also means that there are likely to be many willing donors, who
simply do not register but if the system were ‘opt out’ would be very willing to be organ donors.
Furthermore, ‘opt in’ systems for deceased donor donation lead to ongoing political debate which one
might anticipate would help to raise awareness. When this was assessed via a Google TrendsTM search,
the decrease in the Google TrendsTM index mirrored the changes observed in other Eurotransplant
countries and thus this ongoing debate did not influence the public interest as assessed by Google
TrendsTM. By the end of 2020, the organ donation laws in the UK will have moved from an ‘opt in’
system for deceased donor organ donation to an ‘opt out’ system (i.e., a deemed authorization system,
applicable to the vast majority of the population with some notable exceptions). Northern Ireland is
excepted from this change and the donation system there remains ‘opt in’ [30]. A significant factor in
this change in legislation is the result of campaigning and lobbying from a nine-year old boy, Max
Johnson, and his family. Max was awaiting a heart transplant which he ultimately received from Keira
Ball, a nine-year old girl whose parents selflessly agreed to donate her organs. The legislation is to be
commonly referred to as Max and Keira’s Law [31].

Whilst this study shows a decreasing interest in web-based information over time in most areas,
the number of live kidney donations increased in the ONT, the Eurotransplant areas, and the UK,
while it was almost stable over time in the UNOS area (−3.1% from 2004 to 2018). This highlights that
in most countries information from the treating physicians is more important than from the World
Wide Web. A scoping review addressed strategies to increase live kidney donation and found that
recipient-based education that reaches friends and family has the best evidence of being effective [32].
In contrast to the global trend, the Google TrendsTM search highlighted an increase in search queries in
Spain. In the same time period, the number of live and deceased kidney transplantation increased by
480.3% and 46.3%. It is tempting to speculate that either a sharp increase in transplant numbers or the
implementation of non-heart-beating donation increased public interest [33].

This study has a few limitations. While Google TrendsTM captures Google search queries and
might act as a surrogate for public interest, Google is not the only available search engine next to
other social media networks being used to search for information on the Internet. Previous work by
others however indicates that Google TrendsTM is a very valid measure of public interest. Additionally,
the results obtained from Google TrendsTM represent only relative numbers with no information
on the absolute interest being available. We restricted our analysis to countries with an excellent
documentation of transplant numbers and excluded countries from Asia and Africa, although they
were included in the worldwide Google TrendsTM analysis.

In conclusion, our Google TrendsTM analysis found a decreasing public interest in renal
transplantation. Strategies to inform the general population about unmet needs in the transplant
setting (i.e., reduction of the waiting list time and live kidney donation) need to be utilized by all
involved in the care of patients with kidney disease, by the patients themselves, and by national
societies and academic institutions. Easily accessible information must be provided which is coherent
and available in multiple languages including Braille and audio text. The message conveyed should be
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consistent and the information should be made available on multiple platforms including webpages,
social media, and paper format. This may help reduce barriers in accessing information for different
groups and improve outcomes according to the principles of patient-centered care.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/1048/s1,
Table S1: Search terms for the respective countries and languages are given, Table S2: The numbers of deceased
donor and living donor kidney transplantations over time are given.
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Abstract: Background: Rapidly progressive glomerulonephritis (RPGN) is a syndrome characterized
by a rapid decline in renal function that often causes end-stage renal disease. Although it is
important to predict renal outcome in RPGN before initiating immunosuppressive therapies, no
simple prognostic indicator has been reported. The aim of this study was to investigate the associations
of neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) to renal outcomes in
patients with RPGN. Methods: Forty-four patients with a clinical diagnosis of RPGN who underwent
renal biopsy were enrolled. The relationships between NLR and PLR and renal outcome after 1 year
were investigated. Results: NLR and PLR were significantly higher in patients with preserved
renal function in comparison to patients who required maintenance hemodialysis (p < 0.05 and
p < 0.01, respectively). An NLR of 4.0 and a PLR of 137.7 were the cutoff values for renal outcome
(area under the curve, 0.782 and 0.819; sensitivity, 78.4% and 89.2%; specificity, 71.4% and 71.4%,
respectively). Furthermore, an NLR of 5.0 could predict recovery from renal injury in patients
requiring hemodialysis (area under the curve, 0.929; sensitivity, 83.3%; specificity, 85.7%). Conclusion:
NLR and PLR could be candidates for predicting renal outcomes in patients with RPGN.

Keywords: NLR; PLR; RPGN; predictive value; hemodialysis; withdrawal; cellular crescent;
global sclerosis

1. Introduction

Rapidly progressive glomerulonephritis (RPGN) is a syndrome characterized by hematuria,
proteinuria, anemia, and a rapid decline in renal function [1]. The diagnosis of RPGN is made
when renal dysfunction occurs within a short period of time and is complicated with proteinuria or
hematuria [2]. The etiology of RPGN is divided into three classifications: immune complex crescentic
glomerulonephritis, pauci-immune crescentic glomerulonephritis, and anti-glomerular basement
membrane (GBM) crescentic glomerulonephritis. In Japan, the number of end-stage renal disease
(ESRD) cases caused by RPGN has increased approximately 3.1 times between 1994 and 2018, which
represents the fifth most common etiology of ESRD [2,3]. Since RPGN causes a progressive decline in
renal function, patients with RPGN require aggressive treatment with steroids and immunosuppressive
agents [4]. However, these treatments are not always effective and, in such cases, RPGN is refractory
and requires maintenance hemodialysis (HD). Considering that steroids and immunosuppressive
agents can cause life-threatening infections, conservative treatment is also considered for patients with
RPGN. Although it is critically important to predict renal outcomes in the early stages of RPGN [5], a
simple prognostic marker for RPGN is yet to be established.
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In recent years, neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR)
have received attention as potential new markers of systemic inflammation. In previous studies,
NLR and PLR have been reported to be useful in systemic inflammatory diseases such as aortitis
syndrome [6], Behçet’s disease [7], Kawasaki disease [8], Henoch–Schönlein purpura [9], systemic
lupus erythematosus [10], and anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV) [11,12]. Furthermore, NLR and PLR have been proposed as markers of inflammation in patients
with ESRD [13,14]. Therefore, we speculated that NLR and PLR could be simple predictors of renal
decline in RPGN. The purpose of this study was to investigate the associations of NLR and PLR to
renal outcome in patients with RPGN.

2. Materials and Methods

2.1. Study Population

In this study, we enrolled 501 patients who underwent renal biopsy at the Tottori University
Hospital between 2009 and 2019. Renal biopsies were performed according to the indications of the
guidelines from the Japanese Society of Nephrology [15]; persistent hematuria and/or proteinuria,
proteinuria more than 0.5 g/day, a rapid decline in renal function, or gross hematuria. Among the 501
patients enrolled, 47 patients were clinically diagnosed with RPGN based on the guidelines from the
Japanese Society of Nephrology [16]. Excluding 2 cases with an active bacterial infection and 1 case
with a relapse of the glomerulonephritis, 44 patients were included in the analyses (Figure 1). None
of the patients included had a history of cancer or prescribed corticosteroids. Immunosuppressive
therapies were determined according to the guidelines [16]. This study was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics Committee of Tottori University Hospital
(approval number: 19A138).

 

Figure 1. Study design. Of the 501 patients who underwent renal biopsy, 44 patients were included in
the analysis.

2.2. Clinical and Laboratory Findings

The patient’s characteristics and laboratory findings on admission, including white blood cell
count (WBC), neutrophil count (Neu), lymphocyte count (Lym), platelet count (Plt), creatinine (Cr),
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estimated glomerular filtration rate (eGFR) [17], C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), myeloperoxidase (MPO)-ANCA, proteinase 3 (PR3)-ANCA, and the anti-GBM antibody,
were acquired retrospectively. NLR was calculated as the ratio of neutrophil count to lymphocyte
count (NLR =Neu/Lym), and PLR was calculated as the ratio of platelet count to lymphocyte count
(PLR = Plt/Lym). Renal outcomes 1 year from diagnosis were also recorded.

2.3. Histological Findings

Ultrasound-guided renal biopsy was performed as previously described [18]. In brief, renal tissue
was obtained using a 16-gauge biopsy gun (Acecut; TSK Laboratory, Tochigi, Japan). The specimen
was fixed in 10% formalin and embedded in paraffin. Sections (4 μm thickness) were stained with
periodic acid-Schiff (PAS). Pathological changes in glomeruli were defined as global sclerosis, cellular
crescent, fibrocellular crescent, fibrous crescent, and others. Pathological analyses were performed
by an experienced nephrologist (S.F.), who was independent of the acquisition and analysis of the
clinical information.

2.4. Statistical Analyses

Continuous variables were expressed as the mean ± standard deviation or the median (range)
according to the distribution. The Kolmogorov–Smirnov test was used to assess normal distribution.
Differences between groups were analyzed using the Student’s t test for normally distributed variables,
the Mann–Whitney U test for non-normally distributed variables, or the chi-square test for categorical
variables. In addition, receiver operating characteristic (ROC) curve analysis was performed to
determine the optimal cutoff values for NLR and PLR. The optimal cutoff point was determined by
minimizing the square of the distance between the point (sensitivity of 1, 1-specificity of 0) and any
point on the ROC curve. Multivariate regression analysis was carried out, in which age, eGFR, CRP,
and NLR or PLR were selected, with the stepwise forward selection method, to investigate independent
predictors of renal outcomes in the 44 patients. StatFlex Ver7 for Windows (Artec, Osaka, Japan) was
used for the statistical analyses. A two-tailed p-value of < 0.05 was considered statistically significant.

3. Results

3.1. Differences between Patients with Preserved Renal Function and Renal Failure

All patients enrolled in this study were ethnically homogenous. The etiology of the 44 patients
was as follows: ANCA-associated vasculitis (n = 34), ANCA-negative vasculitis (n = 6), and anti-GBM
disease (n = 4). We first divided the patients into two groups according to their renal outcomes at 1
year post diagnosis. The characteristics of the 37 cases with preserved renal function (pre-dialysis
group) and 7 cases with renal failure (maintenance HD group) are shown in Table 1 and Figure 2. WBC,
Neu, Plt, Cr, eGFR and the anti-GBM antibody all showed significant differences between the groups.
We also observed significant differences in NLR (8.2 (2.0–32.0) vs. 3.9 (2.8–8.4), p = 0.019) and PLR
(265.7 (82.9–2255.0) vs. 126.0 (107.1–269.0), p = 0.008) between the pre-dialysis and maintenance HD
groups, respectively. Multivariate regression analysis revealed that renal function was the strongest
influencing factor for renal outcome (stdβ = 0.363, p = 0.012). There was also a trend suggesting the
significance of NLR as a predictive value (stdβ = 0.276, p = 0.052); PLR, however, did not display this
significance (stdβ = 0.207, p = 0.148).
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Table 1. Patient’s characteristics between the pre-dialysis and maintenance hemodialysis (HD) groups.

Pre-dialysis (n = 37) Maintenance HD (n = 7) p Value

Sex (Male/Female) 22/15 5/2 0.132
Age (years) 71.4 ± 11.6 65.7 ± 7.8 0.222

Classifications of RPGN
Immune complex CGN 33 (89.2%) 1 (14.3%)

Pauci-immune CGN 4 (10.8%) 2 (28.6%)
Anti-GBM CGN 0 (0%) 4 (57.1%)

Immunosuppressive therapy
Pulse corticosteroids 29/8 6/1 0.557
Cyclophosphamide 13/24 0/7 0.069

Plasma exchange 0/37 3/4 0.003
White blood cell count (103/μL) 10.2 (4.9–23.5) 6.2 (4.7–12.4) 0.037

Neutrophil count (103/μL) 8.5 (3.6–22.1) 4.6 (3.3–8.4) 0.012
Lymphocyte count (103/μL) 1.17 ± 0.59 1.31 ± 0.43 0.550

Platelet count (103/μL) 327 (98–808) 189 (117–269) 0.015
Creatinine (mg/dL) 2.80 ± 2.01 8.74± 1.80 <0.001

eGFR (mL/min/1.73 m2) 27.3 ± 21.2 5.4 ± 2.0 <0.001
CRP (mg/dL) 5.0 (0–24.8) 4.0 (0.4–26.9) 0.987
ESR (mm/h) 99 (10–140) 111 (62–134) 0.771

MPO-ANCA (U/mL) 166 (0–860) 0 (0–2440) 0.109
PR3-ANCA (U/mL) 0 (0–35.8) 0 (0–0) 0.308

anti-GBM antibody (U/mL) 0 (0–0) 42.3 (0–858.0) <0.001
NLR 8.2 (2.0–32.0) 3.9 (2.8–8.4) 0.019
PLR 265.7 (82.9–2255.0) 126.0 (107.1–269.0) 0.008

Data are presented as the mean ± standard deviation, median (range), or number (%). HD—hemodialysis;
RPGN—rapidly progressing glomerulonephritis; CGN—crescentic glomerulonephritis; eGFR—estimated
glomerular filtration rate; CRP—C-reactive protein; ESR—erythrocyte sedimentation rate; MPO—myeloperoxidase;
ANCA—anti-neutrophil cytoplasmic antibody; PR3—proteinase 3; GBM—glomerular basement membrane;
NLR—neutrophil-to-lymphocyte ratio; PLR—platelet-to-lymphocyte ratio.

(a) (b) 

Figure 2. Neutrophil-to-lymphocyte ratios (NLR) and platelet-to-lymphocyte ratios (PLR) in the
pre-dialysis and maintenance hemodialysis (HD) groups. (a) NLR in the pre-dialysis and maintenance
HD groups. (b) PLR in the pre-dialysis and maintenance HD groups. The top and the bottom of the
boxes are the first and third quartile, respectively. The length of the box represents the interquartile
range. The line through the middle of each box represents the median. The error bars show the
minimum and maximum values (range). *, p < 0.05; ** p < 0.01. NLR—neutrophil-to-lymphocyte ratio;
PLR—platelet-to-lymphocyte ratio; HD—hemodialysis.
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The ROC curves analyses were performed to define the cutoff value of PLR and NLR for predicting
renal outcomes after 1 year (Figure 3). Both NLR and PLR were accurate predictors of renal outcomes,
with an area under the curve (AUC) of 0.782 in NLR and 0.819 in PLR. The cutoff values defined were
4.0 in NLR, with a sensitivity of 78.4% and specificity of 71.4%, and 137.7 in PLR, with a sensitivity of
89.2% and specificity of 71.4%.

 
(a) (b) 

Figure 3. The receiver operating characteristic (ROC) curve of neutrophil-to-lymphocyte ratio (NLR)
and platelet-to-lymphocyte ratio (PLR) for predicting renal outcome. (a) The ROC curve of NLR
showing an area under the curve (AUC) of 0.782. An NLR of 4.0 was the cutoff value with a sensitivity
of 78.4% and a specificity of 71.4%. (b) The ROC curve of PLR showing an AUC of 0.819. The cutoff
value of 137.7 was determined with a sensitivity of 89.2% and a specificity of 71.4%.

3.2. Differences between Patients with Temporary Hemodialysis and Maintenance Hemodialysis

Since renal function on admission was a strong predicting factor for renal outcome, we divided
the 13 patients who required HD into two groups as follows: 6 patients with recovery of renal function
(temporary HD group) and 7 patients with persistent renal failure (maintenance HD group). Sex, WBC
and Neu showed significant differences between the groups (Table 2). NLR was significantly higher in
the temporary HD group compared to the maintenance HD group (12.4 (4.1–21.4) vs. 3.9 (2.8–8.4),
p = 0.008, respectively, Figure 4). However, no significant difference was observed in PLR between
the temporary HD group and the maintenance HD group (341.7 ± 217.7 vs. 156.1 ± 62.6, p = 0.053,
respectively). The ROC curve analysis showed that an NLR of 5.0 could predict withdrawal from HD
with a sensitivity of 83.3% and a specificity of 85.7%, with an AUC of 0.929 (Figure 5).
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Table 2. Patient’s characteristics between temporary the HD and maintenance HD groups.

Temporary HD (n = 6) Maintenance HD (n = 7) p Value

Sex (Male/Female) 1/5 5/2 0.048
Age (years) 72.7 ± 18.4 65.7 ± 7.8 0.381

Classifications of RPGN
Immune complex CGN 0 (0%) 1 (14.3%)

Pauci-immune CGN 6 (100%) 2 (28.6%)
Anti-GBM CGN 0 (0%) 4 (57.1%)

Immunosuppressive therapy
Pulse corticosteroids 6/0 6/1 0.538
Cyclophosphamide 1/5 0/7 0.462

Plasma exchange 6/0 3/4 0.049
White blood cell count (103/μL) 12.6 ± 5.1 7.6 ± 2.9 0.048

Neutrophil count (103/μL) 11.0 ± 5.0 5.3 ± 2.1 0.018
Lymphocyte count (103/μL) 1.10 ± 0.58 1.31 ± 0.43 0.470

Platelet count (103/μL) 289.7 ± 112.7 191.4 ± 55.6 0.066
CRP (mg/dL) 11.2 ± 7.0 8.1 ± 10.3 0.554
ESR (mm/h) 104 ± 32 103 ± 27 0.985

MPO-ANCA (U/mL) 160 (17.0–469.0) 0 (0–2440) 0.138
anti-GBM antibody (U/mL) 0 (0–0) 42.3 (0–858.0) 0.065

NLR 12.4 (4.1–21.4) 3.9 (2.8–8.4) 0.008
PLR 341.7 ± 217.7 156.1 ± 62.6 0.053

Data are presented as the mean ± standard deviation, median (range), or number (%). HD—hemodialysis;
RPGN—rapidly progressing glomerulonephritis; CGN—crescentic glomerulonephritis; eGFR—estimated
glomerular filtration rate; CRP—C-reactive protein; ESR—erythrocyte sedimentation rate; MPO—myeloperoxidase;
ANCA—anti-neutrophil cytoplasmic antibody; PR3—proteinase 3; GBM—glomerular basement membrane;
NLR—neutrophil-to-lymphocyte ratio; PLR—platelet-to-lymphocyte ratio.

Figure 4. Neutrophil-to-lymphocyte ratios (NLR) of the temporary and maintenance hemodialysis
(HD) groups. The top and the bottom of the boxes are the first and third quartile, respectively.
The length of the box represents the interquartile range. The line through the middle of each box
represents the median. The error bars show the minimum and maximum values (range). ** p < 0.01.
NLR—neutrophil-to-lymphocyte ratio; HD—hemodialysis.
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Figure 5. The receiver operating characteristic (ROC) curve for neutrophil-to-lymphocyte ratio (NLR)
for recovery from renal failure. The NLR of 5.0 was determined to be a cutoff value with a sensitivity of
83.3% and a specificity of 85.7%, and the area under the curve was 0.929.

We further investigated histological changes in the temporary HD group and maintenance HD
group (Table 3, Figures 6 and 7). The number of globally sclerotic glomeruli was significantly lower in
the temporary HD group (9.0% ± 10.1% vs. 53.0% ± 9.7%, p < 0.001), whereas the number of glomeruli
with cellular crescent was significantly higher in the temporary HD group (27.9 (0–73.3) vs. 0 (0–13.3),
p = 0.022).

Table 3. Histological changes in the temporary hemodialysis (HD) and maintenance HD groups.

Temporary HD (n = 6) Maintenance HD (n = 7) p Value

Cellular crescent (%) 30.4 ± 24.1 4.4 ± 5.7 0.022
Fibrocellular crescent (%) 11.9 ± 14.1 10.2 ± 9.4 0.945
Fibrous crescent (%) 19.0 ± 22.9 20.1 ± 16.3 0.921
Global sclerosis (%) 9.0 ± 10.1 53.0 ± 9.7 <0.001

Data are presented as the mean ± standard deviation. HD—hemodialysis.

 
(a) 

 
(b) 

Figure 6. Quantification of histological findings in the temporary and maintenance hemodialysis
(HD) groups. (a) Comparison of the percentage of glomeruli with cellular crescent between the
temporary and maintenance HD groups. (b) Comparison of the percentage of globally sclerotic
glomeruli between the temporary and maintenance HD groups. Bars indicate mean ± SEM. *, p < 0.05;
*** p < 0.001. HD—hemodialysis.
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(a) 

 
(b) 

Figure 7. Histological findings in each group. Representative images of Periodic acid-Schiff staining on
paraffin-embedded kidney sections, from patients in (a) the temporary hemodialysis (HD) group, and
(b) the maintenance HD group. Cellular crescentic glomeruli were dominant in the temporary HD
group, whereas most of the glomeruli were globally sclerotic in the maintenance HD group.

4. Discussion

In this study, we found that NLR and PLR at the point of diagnosis of RPGN are associated with
renal outcome. In particular, NLR was considered to be a useful prognostic indicator for the recovery
from HD in patients with RPGN.

RPGN often causes a progressive decline in renal function that leads to ESRD at a high rate. In this
study, we observed that around 16% of the cases resulted in ESRD. Several renal prognostic indicators
of RPGN, such as the degree of decline in renal function on admission, histological classification, and
the level of the anti-GBM antibody, have been suggested in previous reports [4,19]. However, it is
difficult to accurately predict renal outcome without a renal biopsy or in patients who require HD.
Therefore, it is important to establish a simple renal prognostic indicator other than renal function or
histological assessment.

NLR and PLR are simple and cost-effective markers, that represent the ratio of the number of
cells with two different hemocytes. Neu and Plt increase with inflammation [11,20], while Lym may
decrease with inflammation in autoimmune diseases [21]. Since the majority of the patients included
in this study had an etiology of autoimmune vasculitis, it was expected that the increase in Neu and
Plt, and the decrease in Lym, would be proportionate to the degree of inflammation. Therefore, we
considered that NLR and PLR could be more reliable than a single hemocyte number. Infection, cancers,
ischemic heart disease and peripheral vascular disease affect NLR and PLR [22]. In addition, steroids
increase Neu, while immunosuppressive agents may reduce Neu by myelosuppression. Thus, in this
study, we excluded patients who had infectious diseases and who were already administered steroids
or immunosuppressive drugs at diagnosis, and confirmed no patient had a history of malignancy,
ischemic heart disease or peripheral vascular disease.

NLR and PLR have been reported to be associated with AAV disease activity; high NLR and PLR
indicate a higher disease activity [11,12,20,22]. On the other hand, several studies have mentioned that
the application of NLR and PLR is limited. It has been demonstrated that NLR is a good predictor of
the relapse rate, but not of death in patients with AAV [22]. PLR is also able to predict the disease
activity but cannot predict relapse in AAV patients [20]. In this study, both NLR and PLR at diagnosis
were significantly higher in patients with preserved renal function than in patients with maintenance
HD. We speculate that a higher NLR and PLR indicate acute disease and an active phase, sustaining
the possibility of a positive response to immunosuppressive therapy, whereas a lower NLR and PLR
may suggest a chronic phase with irreversible renal injury. This was confirmed by the histological

170



J. Clin. Med. 2020, 9, 1128

analysis, which revealed significant differences in glomerular changes. The majority of the glomeruli
in the maintenance HD group were globally sclerosing, indicating irreversible renal injury. Cellular
crescent presence, suggesting a possibility of improvement, was highly observed in the temporary
HD group. We demonstrated that an NLR < 4.0 or PLR < 137.7 at diagnosis were associated with
negative renal outcomes, especially in patients requiring HD. An NLR < 5.0 at diagnosis could predict
irreversible renal failure.

Since the patients in the pre-dialysis group showed variable renal function, and the multivariate
analysis revealed that renal function was the strongest influencing factor, we investigated the predictive
abilities of NLR and PLR in patients requiring HD. Among the 13 patients, NLR at diagnosis was
significantly higher in the temporary HD group than in the maintenance HD group. Although PLR
showed an increased presence in the temporary HD group, the difference was not significant. The
half-life of Neu and Plt could affect this result. Neu can survive for less than 24 h, while Plt survives
for 10 days, and their lifespans are controlled by endogenous apoptosis [23,24]. Plt, which is increased
by inflammation, circulates for a longer period than Neu. In predicting the course of patients requiring
HD, it would be desirable to evaluate the acute phase of inflammation and disease activity. Therefore,
NLR would be a better predictor than PLR for withdrawal of HD.

There are some limitations to our study. First, all the patients were treated based on the clinical
guidelines for the ANCA-associated RPGN [25]; thus, the treatment strategy differed in each patient.
Since all four patients with an anti-GBM disease required maintenance HD, this may affect the result
of our study. However, we observed a significant difference in NLR between the temporary and
maintenance HD groups when these patients were eliminated. In addition to the variations in NLR
and PLR, this study was a retrospective study, with a small number of subjects. Therefore, the results
of the present study should be carefully interpreted, and a prospective study with a larger number of
patients is required to confirm the suitability of NLR and PLR as predicative factors in renal outcomes.

5. Conclusions

In conclusion, we revealed that the NLR and PLR at diagnosis could predict renal outcomes
in patients with RPGN, and that NLR could predict withdrawal from HD in patients requiring HD.
Treatment strategies could be modified according to the NLR and PLR, especially in patients whose
renal function is unlikely to recover, which may reduce the risk of treatment-related complications.
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Abstract: Background and aims: The markers of renal damage defining subclinical AKI are not
widely used in children undergoing allogeneic hematopoietic stem cell transplantation (alloHSCT).
The aim of the study was to evaluate serum and urinary clusterin as indices of kidney injury after
alloHSCT in relation to damage (kidney injury molecule (KIM)-1) and functional (cystatin C) markers.
Material and methods: Serum and urinary clusterin, KIM-1 and cystatin C concentrations were
assessed by ELISA in 27 children before alloHSCT, 24 h, 1, 2, 3 and 4 weeks after alloHSCT and in
controls. Results: All parameters were significantly higher in HSCT patients compared to controls
even before the transplantation. The serum concentrations increased after HSCT and this rising trend
was kept until the third (clusterin) or 4th (KIM-1, cystatin C) week. Urinary clusterin and KIM-1 were
elevated until the third week and then decreased yet remained higher than before HSCT. Urinary
cystatin C has risen from the second week after HSCT and decreased after the third week but was
still higher than before alloHSCT. Conclusions: The features of kidney injury are present even before
alloHSCT. Clusterin seems useful in the assessment of subclinical AKI and may become a new early
marker of sublethal kidney injury in children.

Keywords: acute kidney injury; cystatin C; hyperfiltration; kidney injury molecule (KIM)-1;
tubular damage

1. Introduction

Renal tubular epithelial cells are prone to hypoxia and metabolic stress, thus they become first
target cells in the course of kidney injury. Contrast-induced nephropathy is a classic example of
reversible acute kidney injury (AKI) with tubular involvement [1]. Animal and human studies showed
that contrast administration triggers both systemic and renal cytotoxic effects [2,3]. However, if the
conditions are unfavorable, further irreversible changes may lead to progression to chronic kidney
disease [4].

Acute kidney injury is a well-documented phenomenon characteristic for HSCT [5–8]. However,
most studies on AKI take into account the KDIGO classifications, focusing on the serum creatinine
values and diuresis [9]. Such criteria do not ease the AKI diagnosis. In order to secure the patient with
positive fluid balance and prevent oliguria, additional hydration and forced diuresis are implemented.
These conditions may bias the values of estimated glomerular filtration rate (eGFR) and urine output.
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Recent classifications have expanded the definition of AKI beyond the functional criteria. They
distinguish four options, based on the combined evaluation of function and damage markers [10]. This
new approach defines normal renal function as an absence of any index alteration, subclinical AKI as
an isolated increase of any damage marker, functional AKI when solely function markers are modified
and combined AKI with both function and damage markers altered [10,11].

The search for new markers was conditioned by the failure of serum creatinine as an early marker
of renal function decrement. The indices of cellular damage—especially of tubular injury—are of
particular interest as new markers of the so-called “subclinical AKI” [10]. The preliminary studies
concerning children after cardiosurgery or hematopoietic stem cell transplantation (HSCT) proved that
combination of the biomarkers of renal function and tubular damage may be of added value in the
early diagnosis of AKI [12,13].

Indeed, the risk of AKI is increased in children undergoing hematopoietic stem cell transplantation
(HSCT), mainly due to the nephrotoxicity of drugs. Additionally, renal hypoperfusion, infections and
immune complications (including graft versus host disease) count. Moreover, patients with allogeneic
HSCT suffer from AKI more often than those undergoing the autologous transplantation [14,15].
The assessment of renal function in the early (up to 28 days) post-transplantation period seems of
paramount importance, because it may reveal the potential direction of future changes into either full
renal recovery or acute kidney disease or chronic kidney disease [16,17]. First promising results in
the population of children undergoing HSCT should urge further search for reliable early markers of
kidney injury [13].

2. Aim of Study

Therefore, the objective of the study was to assess the usefulness of serum and urinary clusterin as
new indices of kidney injury in the early post-HSCT period in relation to other renal damage (KIM-1)
and functional (cystatin C) markers and to estimate their potential value as factors differentiating
between children transplanted because of oncological and non-oncological reasons.

3. Material and Methods

3.1. Study Design and Settings

This observational pilot study concerned 27 children (15 girls, 12 boys) undergoing first alloHSCT
in the Department of Bone Marrow Transplantation, Pediatric Oncology and Hematology, in 2019
(patient flow is shown in Figure 1). The observation period started before introducing conditioning
therapy, then parameter examinations were performed 24 h, 1, 2, 3 and 4 weeks after HSCT.

The exclusion criteria for the patients were the age below 2 years and over 18 years, autologous
HSCT and retransplantation. The whole alloHSCT group contained 27 patients (median age 4.5 years,
interquartile range 3.1–8.0 years). The subdivision into two groups was carried out depending on
the indications for allotransplantation. Seventeen patients (median age 6.6 years, interquartile range
4.0–9.8 years) were qualified for transplantation due to oncological reasons, 10 (median age 4.5 years,
interquartile range 3.1–7.0 years) underwent HSCT due to non-oncological indications (mainly severe
aplastic anemia). In 79% of cases the donor was unrelated, in 18%-related and in 3%-haploidentical.

The conditioning therapy concerned myeloablative (busulfan, cyclophosphamide and fludarabine
or fludarabine, treosulfan, thiotepa) or non-myeloablative (cyclophosphamide, fludarabine) regimens.
In most patients graft versus host disease (GvHD) protocol contained pre-HSCT ATG, cyclosporine
A since 1 day before HSCT and methotrexate given in the 1st, 3rd and 6th day after transplantation.
Nineteen out of 27 patients developed GvHD. None of the patients died in the observation period.
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Figure 1. Patient flow.

The control group contained 18 age-matched children (9 girls, 9 boys; median age 7.8 years,
interquartile range 7.0–9.8 years) with monosymptomatic nocturnal enuresis and normal kidney function.

Informed consent was obtained from the patients over 16 and their parents, if necessary.

3.2. Methods

Blood samples were drawn from peripheral veins after an overnight fast. Samples were clotted
for 30 min, centrifuged at room temperature, 1000 g for 15 min, then serum was stored at −80 ◦C
until assayed. Urine was collected aseptically from the first morning sample, centrifuged at room
temperature, 1000 g for 15 min and then stored at −80 ◦C until assayed.

The serum and urine concentrations of clusterin, cystatin C and KIM-1 were evaluated by
commercially available ELISA kits (clusterin EIAab, reagent kit E1180h; cystatin C R & D Systems,
reagent kit DSCTC0; KIM-1 EIAab, reagent kit E0785 h). Standards, serum and urine samples were
transferred to 96-well microplates precoated with recombinant antibodies to human clusterin, cystatin
C, KIM-1 and creatinine. Captured proteins were then detected using monoclonal antibodies against
clusterin, cystatin C and KIM-1 conjugated to horseradish peroxidase. Next, the assay was developed
with tetramethylbenzidine substrate and blue color was developed proportionately to the amount
of captured protein. The addition of acid stop solution ended the color development and converted
it to the endpoint yellow. The intensity of the latter was measured in a microplate reader at 450
nm, with the correction wavelength at 550/650 nm. Each sample was tested in duplicate and the
arithmetical mean was considered a final result. Measurements were performed according to the
manufacturer’s instructions; results were calculated by reference to standard curves. Detection limits
were as follows: clusterin 1.56 ng/mL; cystatin C 3.13 ng/mL; KIM-1 0.15 ng/mL. The intra-assay
and inter-assay coefficients of variation (% CV) for examined parameters did not exceed 8.5% and
9.4%, respectively.

The assessment of kidney function relied on hematological protocols assessing serum creatinine
in fixed time points. Serum and urine chemistry parameters were measured using automated routine
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diagnostic tests on the Beckman Coulter AU2700 analyzer. The serum creatinine was assessed
with the use of enzymatic method (creatinine OSR61204 reagent, creatininase–sarcosine oxidase
reactions). Serum and urine concentrations of all parameters was measured before conditioning, 24
h after allotransplantation and then 1 week, 2, 3, 4 weeks after alloHSCT. eGFR was calculated in
all time points, based on the Schwarz formula [18]. The eGFR changes were confronted with the
pre-transplantation values.

All urinary concentrations of evaluated parameters were normalized to urinary creatinine values.
AKI was diagnosed based on the pRIFLE criteria [9]. Hyperfiltration was defined as eGFR ≥ 140

mL/min/1.73 m2, according to recent meta-analysis and pediatric experience [19,20].

3.3. Statistical Analysis

Results were expressed as median values and interquartile ranges. The null hypothesis of normality
of distribution of analyzed variables was rejected by Shapiro–Wilk test. Thus, the comparisons
between paired and unpaired data were evaluated by using nonparametric tests (Friedman, Wilcoxon,
Kruskal–Wallis, Mann–Whitney U). The correlations between parameters were assessed with the use
of Spearman’s correlation coefficient R. Statistical analysis was performed using the package Statistica
ver. 13.3 (StatSoft). A p-value < 0.05 was considered significant.

4. Results

None of the patients presented with eGFR < 60 mL/min/1.73 m2 and median eGFR values in
both groups were above 90 mL/min/1.73 m2 at any time point (Table 1) Most oncological patients
demonstrated hyperfiltration until the 3rd week after transplantation (with peak incidence in the first
week after HSCT). Non-oncological children with eGFR > 140 mL/min/1.73 m2 were in minority. The
median eGFR values in non-oncological children were comparable to those of the controls during the
whole study except for the early (24 h after HSCT) measurement, when they became significantly higher
(Table 1). Contrarily, the eGFR records in oncological patients remained significantly elevated compared
to controls from point zero until the 3rd week after alloHSCT. They were increased throughout the
whole study period compared to the non-oncological patients (Table 1).

Table 1. eGFR values in examined groups.

eGFR (mL/min/1.73 m2)
Median Value

(Interquartile Range)

Before
alloHSCT

24 h
after alloHSCT

1 Week after
alloHSCT

2 Weeks after
alloHSCT

3 Weeks after
alloHSCT

4 Weeks after
alloHSCT

Oncological patients 142 (112–149) a 183 (153–216) a,b 172 (155–205) a,b 188 (166–195) a,b 149 (140–174) a,b,c 134 (123–149) a,c

Non-oncological patients 107 (96–129) 140 (126–176) b 131 (118–149) b 130 (114–136) b 129 (100–145) b 126 (92–134)

a p < 0.05 oncological pts vs. non-oncological pts; b p < 0.05 any time point vs. before alloHSCT; c p < 0.05 2
weeks after vs. 3 weeks after; eGFR estimated glomerular filtration rate; alloHSCT allogeneic hematopoietic stem
cell transplantation.

The urinary clusterin, KIM-1 and cystatin C concentrations were significantly elevated in all
patients compared to controls, irrespective of the indication for transplantation (oncological or
non-oncological), even before alloHSCT. Normalization of the urinary concentrations of clusterin,
KIM-1 and cystatin C for urinary creatinine maintained these differences (Figures 2–4). In the case
of clusterin, the urinary values have increased nearly 3-fold 24 h after transplantation, then kept the
plateau phase until the second week and rose again in the 3rd week. Finally, they decreased in the
4th week after HSCT, yet remained higher than before HSCT (Figure 2). The urinary KIM-1 values
rose by 50% 24 h after HSCT, then kept growing until the 3rd week and finally decreased (Figure 3).
Urinary cystatin C demonstrated the delayed elevation from the 2nd week after transplantation,
lasting only until the 3rd week and followed by a significant decrease 1 week later (Figure 4). After
4 weeks of observation, all urinary biomarkers were still significantly elevated compared to the
pre-transplantation values.
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Figure 2. Urinary clusterin values in examined groups. before—before alloHSCT; after—24 h after
alloHSCT; 1 w (2 w, 3 w, 4 w)—1 week (2, 3, 4 weeks) after alloHSCT.

Figure 3. Urinary KIM-1 values in examined groups. before—before alloHSCT; after—24 h after
alloHSCT; 1 w (2 w, 3 w, 4 w)—1 week (2, 3, 4 weeks) after alloHSCT.
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Figure 4. Urinary cystatin C values in examined groups. before—before alloHSCT; after—24 h after
alloHSCT; 1 w (2 w, 3 w, 4 w)—1 week (2, 3, 4 weeks) after alloHSCT.

The serum concentrations of clusterin, KIM-1 and cystatin C in children before transplantation
were significantly higher than in controls (Table 2). The serum values further increased 24 h after HSCT
and the rise was most spectacular in the case of clusterin (over 2-fold) compared to 50%–60% elevation
of other markers. Then the concentrations rose systematically until the 3rd week (clusterin) or 4th
week (KIM-1, cystatin C) after alloHSCT. There was no significant difference in the urinary or serum
marker values between oncological and non-oncological patients at any time point (Table 2).

Table 2. Serum parameter values in examined groups.

Serum Parameter
Median Value (Interquartile Range)

s Clusterin (ng/mL)
s KIM1
(ng/mL)

s Cystatin C
(ng/mL)

Control group 1.3 (1.2–1.4) 2.3 (2.2–2.4) 148 (141.7–164.3)

Before alloHSCT 3.1 (3.0–3.1) a 4.2 (4.1–4.3) a 408 (387.6–433) a

24 hafter alloHSCT 7.9 (7.2–8.4) a,b 6.7 (6.3–6.8) a,b 634.8 (604.6–689.1) a,b

1 week after alloHSCT 8.9 (8.8–9.1) a,c 6.7 (6.0–6.8) a 905.6 (879–961.6) a,c

2 weeks after alloHSCT 9.5 (9.3–10) a,d 8 (7.8–8.2) a,d 898 (878.7–926.3) a

3 weeks after alloHSCT 13.3 (12.8–13.6) a,e 8.9 (8.8–8.9) a,e 1106 (1053–1157) a,e

4 weeks after alloHSCT 13.3 (12.8–13.6) a 9.2 (9.1–9.2) a,f 1262 (1222–1288) a,f

a p < 0.05 any time point vs. control group; b p < 0.05 24 h after alloHSCT vs. before alloHSCT; c p < 0.05 1 week
after alloHSCT vs. 24 h after alloHSCT; d p < 0.05 2 weeks after alloHSCT vs. 1 week after alloHSCT; e p < 0.05 3
weeks after alloHSCT vs. 2 weeks after alloHSCT; f p < 0.05 4 weeks after alloHSCT vs. 3 weeks after alloHSCT. No
significant correlations were detected between the analyzed parameters.
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AKI was diagnosed in 4 patients (3 oncological and 1 non-oncological), according to the pRIFLE
criteria. Risk stage was diagnosed in 3 of them, 1 developed Injury stage. None of the patients required
renal replacement therapy.

5. Discussion

Although AKI is a common finding in the patients undergoing alloHSCT, most of the classifications
assessing the degree of renal impairment concentrate on the functional indices. However, damage
markers seem a promising and objective alternative in the assessment of kidney injury. The fact that
the number of potential AKI markers is increasing proves that the problem is emerging. Thus, our
aim was to confront the known indices of tubular injury (KIM-1) and glomerular function (cystatin C,
eGFR) with a new marker of cellular stress and damage. Clusterin has not been analyzed in a specific
population of patients undergoing HSCT so far.

Every patient in this study group, irrespective of the indication for HSCT, demonstrated the
features of cellular damage seen even before the procedure of transplantation. The interpretation of this
unexpected result was quite challenging, because up-to-date studies on the populations undergoing
HSCT have never compared their records to those of age-matched controls with normal renal function
and no history of kidney injury. The pre-transplantation therapies, including chemotherapeutics and
nephrotoxic drugs, seem of paramount importance as an explanation for this phenomenon. Indeed, all
patients transplanted due to oncological reasons have undergone series of chemotherapies, whereas
many of the non-oncological children were treated with potentially nephrotoxic antibiotics prior
to alloHSCT. All these interventions were related to their primary diagnoses and could trigger the
pre-transplantation subclinical kidney damage. Irrespective of the underlying cause, such observation
would suggest that subclinical background is a common finding and, thus, the key player in the
HSCT-related AKI.

The post-transplantation aggravation of cellular damage was rather predictable, taking into
account the nephrotoxic and cytotoxic potentials of conditioning regimens, anti-GvHD prophylaxis
and treatment of infections. The essential finding was that these signs of injury concerned both serum
and urine, depicting not only renal, but also systemic cell damage after HSCT.

Among all analyzed parameters, the serum and urinary clusterin values have shown the most
spectacular changes in children before HSCT compared to controls and before HSCT compared to 24 h
after HSCT. The serum and urinary values before transplantation were at least two times higher than
in controls and rose over 2.5-fold after transplantation. In the meantime, the other serum markers
increased by no more than 60%, whereas the urinary values became 14% higher (KIM-1) or remained
unchanged (cystatin C). Only in the case of clusterin the post-HSCT response was more spectacular
than the difference between control group and pre-HSCT values.

Clusterin is a 75–80 kDa heat shock protein secreted by both epithelial and secretory cells in
response to stress. Its protective and anti-apoptotic roles against renal ischemia-reperfusion injury
have been demonstrated in murine kidneys [21]. Interestingly, clusterin was detected in both renal
tubular epithelial and mesangial cells. Its decreased expression aggravated postischemic renal injury,
as well as proteinuria in the course of glomerulopathy. Clusterin knockout mice suffered from the
progression of renal inflammation and fibrosis after ischemia–reperfusion injury [22]. Investigation
concerning humans is restricted to single reports on the urinary clusterin in patients with diabetes
mellitus and promising results of a diagnostic multi-biomarker kit including urine clusterin in the
scope of indices of chronic kidney injury [23,24].

Taking into account the experimental data, the above mentioned reports and our results, we could
put forward the hypothesis about the protective role of clusterin in the kidney injury due to HSCT.
Such presumption would provide the explanation for increasing levels in both serum and urine as a
response to systemic and kidney stress conditions. Moreover, clusterin has turned out the most accurate
marker predicting drug-induced AKI in adults, better than cystatin C or KIM-1 [25]. Interestingly, all
three markers became higher compared to non-AKI controls already 1–3 days before the onset of AKI.
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This may suggest the reason for the early pre-transplant elevation of all indices compared to healthy
controls. It also shows the added value of all tested markers in diagnosing nephrotoxicity. Moreover,
yet, testing big cohorts may give unequivocal results in the pediatric population, questioning for
example the accuracy of KIM-1 as a predictor of AKI in children [26].

In our study group, urinary KIM-1 behaved similarly to urinary clusterin, although the elevation
after HSCT did not reach 50%. However, the rising trend persisted until the third week and then a
significant decrease was noticed. Yet, the values remained higher than before transplantation. Such
scheme would talk into the tubular damage aggravating since the HSCT procedure. The serum KIM-1
concentrations kept the systematic growth throughout the whole observation period, except for the
plateau phase between 24 h and one week after HSCT. These results have suggested the ongoing tubular
damage in the course of HSCT procedure, triggered most probably by nephrotoxic drugs. Increased
serum KIM-1 could point at its release by the cells damaged in the course of conditioning therapy,
anti-GvHD prophylaxis or current infection treatment, as well as the accumulation of a molecule that
cannot be filtered freely through glomeruli due to its molecular mass of 90–110 kDa. The possible
long-term consequence has been discovered in experimental studies, when chronic KIM-1 elevation in
mice promoted fibrosis, thus linking AKI to CKD [27].

However, both abovementioned markers seemed similar in the mode of early reaction to kidney
injury. The usefulness of clusterin and KIM-1 could be strengthened by the fact that their elevated serum
and urine values were noticed even before transplantation, both in oncological and non-oncological
patients, whereas pre-transplantation eGFR changes concerned only oncological children. In detail,
their eGFR values were significantly higher compared to controls and most of the patients demonstrated
hyperfiltration. This finding was confirmed by other authors, who put the main stress on hypermetabolic
states and previous chemotherapy as causative factors of hyperfiltration [28]. The eGFR discrepancies
could also be the consequence of many transplant-related covariates like catabolism, inflammation or
weight loss, directly influencing serum creatinine [29].

Whether this hyperfiltration could be the early sign of progression into chronic kidney injury,
remains unexplained, because the longer time of observation would be needed. However, the elevation
of both damage parameters and eGFR could be the proof for the pre-transplantation kidney injury in
oncological patients. This finding justifies the current attempts to prevent renal injury or at least to
minimize the impact of potential nephrotoxins on the kidney. The reduction of nephrotoxic exposure
is one of the effective tools already used in oncological patients [30]. The animal models suggest
the possibility to prevent AKI with the use of phosphodiesterase-5 inhibitors prior to potentially
nephrotoxic treatment [31,32]. Independent of the chosen strategy, the threat of renal injury should
urge careful follow-up of the patient in order to avoid additional insults triggering irreversible damage
to the kidney.

Cystatin Cis an established marker of glomerular function and a good predictor of AKI in children,
so it seemed a good candidate to verify the abovementioned discrepant eGFR results. However, it
did not confirm differences between oncological and non-oncological patients [33]. Out of the three
examined markers, cystatin C was the only one with low molecular weight (13 kDa) freely filtered
through glomeruli. Therefore, the fact that the elevation of cystatin C in serum has outrun the increase
of the urinary value was the direct proof of the serum origin of cystatin C found in the urine. Having
said that, the increased values of urinary clusterin and KIM-1, both of higher molecular weight than
cystatin C, must have been of tubular cell origin. Therefore, their elevation was probably proportionate
to the degree of cell damage and, in case of clusterin, to the intensity of protective mechanisms against
kidney injury.

Summarizing, in our study clusterin has outperformed the targeted glomerular (cystatin C) and
tubular (KIM-1) indices of kidney function. Therefore, it seems a promising early marker of the
sublethal kidney injury, covering both tubular and glomerular spectrum of renal damage. Whether
clusterin may become a duplex renal functional and damage marker, is yet to be established in the
studies performed on a larger group of patients.
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We also must acknowledge the limitations of our study. First, the clinical data were collected
according to the hematological protocols, not taking into account all nephrological aspects. Thus, the
full information about urine output is missing. This is the first report on the clusterin serum and
urinary values in children, so it is impossible to confront them with the age-related reference values.
We are also aware of the low number of patients and the heterogeneity of examined groups, which
limits the power of conclusions and urges the continuation of the study throughout a longer period on
a larger group of patients.

6. Conclusions

All children demonstrated the features of cell damage already before alloHSCT; thus, the
subclinical AKI is a common finding in this population. Clusterin seems more useful in the assessment
of subclinical AKI than the classical indices of tubular (KIM-1) and glomerular (cystatin C) damage
analyzed separately. It may become a new early marker of sublethal kidney injury in this group
of patients.
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Abstract: Changes in kidney function in extremely preterm infants (EPT) with conservatively
managed hemodynamically significant (HS) patent ductus arteriosus (PDA) are not known well.
We aimed to present the postnatal course in serum creatinine levels (sCr), prevalence of acute kidney
injury (AKI), then relevance between AKI and adverse outcomes in EPT with conservatively managed
HS PDA. By review of medical records, we analyzed the postnatal course of sCr and prevalence of
stage 3 AKI defined by the modified Kidney Disease Improving Global Outcome (KDIGO) in EPT at
gestational age of 23 to 26 weeks with conservatively treated HS PDA. We investigated if the presence
and/or prolonged duration of stage 3 AKI elevated the risk of adverse outcomes. The results showed
that, neither factor was associated with adverse outcomes. While the average PDA closure date was
at postnatal day (P) 41 and 53, sCr peaked at P 10 and 14 and the cumulative prevalence of stage
3 AKI was 57% and 72% in the EPT of 25–26 and 23–24 weeks’ gestation, respectively. The high
prevalence of stage 3 AKI without adverse outcomes in EPT with conservatively managed HS PDA
suggests that it might reflect renal immaturity rather than pathologic conditions.

Keywords: acute kidney injury; patent ductus arteriosus; conservative management

1. Introduction

Assessing kidney function is crucial for meticulous fluid, electrolyte, and nutritional support,
and the adjustment of medication dosage in extremely preterm infants (EPT) [1–4]. Serum creatinine
level (sCr) is a commonly used in evaluating renal function and could also be applied in assessment of
glomerular filtration rate (GFR) in neonates and infants [4–7]. However, the use of sCr for renal function
assessment in preterm infants is problematic as their sCr at birth reflects maternal levels [8,9], and sCr
is quite variable according to gestational age (GA), birth weight, and chronological age [4,7,10,11].
Limited data are available on how sCr is affected by gestational age and birth weight and how this
value changes over time, especially in the peri-viable EPT [5,7,10,12–14]. Despite these limitations,
all the three current available acute kidney injury (AKI) definitions use change in sCr to classify the
stage of AKI in the newborn infants [5,15,16].

AKI in premature infants are known to be related to increased mortality [11,17–21] and morbidities,
which includes bronchopulmonary dysplasia (BPD) [2,22,23] and intraventricular hemorrhage
(IVH) [24]. However, these associations have not been well reported and elucidated in EPT, although
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EPT are at high risk for acute AKI because of low GFR resulting from under-developed kidney systems,
exhibiting incomplete nephrogenesis and low nephron number [25,26]. Meanwhile, hemodynamically
significant (HS) patent ductus arteriosus (PDA) could promote developing AKI by decreasing renal
perfusion in the preterm infants in recent studies [16,17,27–29]. However, growing evidences support
that the conservative management of HS PDA could be safe and feasible without increased mortality
and/or morbidities [30–33]. Furthermore, the risks of developing AKI and the ensuing adverse
outcomes with the conservative management of HS PDA have not yet been delineated. Therefore,
we conducted this investigation to provide the natural postnatal course of changes in sCr, and the
prevalence of AKI in EPT at gestation of 23–26 weeks with HS PDA exclusively managed with a
conservative approach [31,32]. We also examined if the presence or persistence of AKI stage 3 adversely
affected the risk of adverse events by comparing mortality and morbidities between EPT with and
without AKI stage 3.

2. Experimental Section

2.1. Study Sample

The Samsung Medical Center (SMC) Institutional Review Board approved our investigation
and waived the need for consent on October 10, 2019 (No. SMC 2015-10-156). We reviewed medical
charts of 97 EPT at gestation of 23–26 weeks admitted to our Neonatal Intensive Care Unit (NICU)
from January 2011 to June 2014 presenting with HS PDA, and treated exclusively by a conservative
approach [31,32]. We stratified the extremely preterm infants into 23–24 (n = 50) and 25–26 (n = 47)
weeks’ gestation, and analyzed rates of mortality and morbidities, such as necrotizing enterocolitis
(NEC), BPD, and intraventricular hemorrhage (IVH) in accordance with the presence/absence of and
duration of AKI stage 3 [5,16,18].

2.2. AKI

AKI events occurring during the 6-week postnatal period were detected by the neonatal modified
KIDGO sCr criteria [5,16,18] (Table 1). Measuring a chemistry panel including sCr q 1–3 days is usual
at our NICU if the infant’s condition is critical during the first few weeks of life, and increasing the
interval up to q 1–2 weeks, if the infant’s condition has become stabilized. Although we did not adopt
urine amount criteria to classify stage, we calculated urine output from flow sheets, and reported the
incidence of oliguria (<0.5 mL/kg/day) at each stage of AKI.

Table 1. The maximum AKI stage within a first month after birth according to neonatal acute kidney
injury KDIGO classification.

Stage Serum Creatinine
GA 23–24

Weeks
n = 50

GA 25–26
Weeks
n = 47

Total
n = 97

Total with
Oliguria

(<0.5 mL/kg/day)
n = 97

0 No change in SCr or rise
< 0.3 mg/DL 4 (8%) 3 (6%) 7(7%) 1(1%)

1

SCr rise ≥ 0.3 mg/dL
within 48 h or SCr rise
≥ 1.5–1.9 × reference SCr

a within 7 days

2 (4%) 5 (11%) 7(7%) 1(1%)

2 SCr rise ≥ 2.0–2.9 ×
reference SCr a 7 (14%) 11 (23%) 18(19%) 1(1%)

3
SCr rise ≥ 3 × reference

SCr a or SCr ≥ 2.5 mg/dL
b or receipt of dialysis

36 (72%) 27 (57%) 63(66%) 18(19%)

a Reference SCr will be considered as the lowest prior SCr value. b SCr value of 2.5 mg/dL corresponds to GFR
less than 10 mL/min/1.73 m2. AKI, acute kidney injury; SCr, serum creatinine; KDIGO, Kidney Disease Improving
Global Outcomes.
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2.3. HS PDA

We defined HS PDA as more than 2 mm in ductal diameter plus predominant left to right flow
on echocardiography initially performed at average postnatal day 7; requiring ventilator support
accompanying signs and symptoms consistent with symptomatic PDA, such as hypotension with mean
airway pressure below GA; grade ≥ 2 cardiac murmur; pulse pressure widening (>30 mmHg); or need
for increased respiratory support [31,32]. We deferred until postnatal day 7 as spontaneous ductal
closures could occur even in EPT for the first postnatal week [17,34]. Follow-up echocardiography was
conducted regularly at 2–4 weeks intervals until PDA closure. During the study period, 50/54 (93%)
and 47/74 (64%) in the EPT of 23–26 weeks of gestation were diagnosed with HS PDA, respectively.

2.4. Fluid Therapy

We managed all EPT with HS PDA with non-interventional conservative management without
any pharmacologic and/or surgical intervention. We judiciously restricted the fluid intake starting
with the first-day mean fluid volume around 67 mL/kg/day, and maintaining mean fluid intake around
107–115 mL/kg/day from days 7 to 28 for the first two months of life [31,32]. We individualized and
adjusted the target fluid volume for each EPT q 24 h after assessment of volume status by body weight,
serum sodium level, urine output and specific gravity, or cardiomegaly. In this present study, we could
obtain judicious fluid restriction in EPT through meticulous NICU care including better room care
delivery, minimal handling, and high humidification [35,36].

2.5. Data Collection and Definition

We analyzed clinical characteristics, which included sex, birth weight, GA, Apgar score at
1-min and 5-min, mode of delivery, chorioamnionitis, use of inotropic drugs, antenatal steroid use,
and oliguria. We determined GA using the last menstrual period of mother and modified Ballard score.
We confirmed chorioamnionitis using placental pathology. We reported oliguria when urine amount is
less than 0.5 mL/kg for a day.

We analyzed adverse outcomes including≥moderate BPD [37], cystic periventricular leukomalacia,
IVH (grade ≥ 3) [38], NEC (Bell’s stage ≥ 2b) [39], retinopathy of prematurity (ROP) (stage ≥ 3) [40],
and mortality.

To present the time course of sCr and AKI by gestational age, cumulative incidence rates of AKI
in EPT at gestational age of 23–24 and 25–26 weeks were evaluated. We measured the adjusted odds
ratios (ORs) of mortality and morbidities by the presence and/or persistence (per increase of week) of
AKI stage 3 using multivariate regression analyses.

2.6. Statistical Analyses

We analyzed the categorical variables by χ2 tests and Fisher’s exact test. For continuous variables,
we analyzed data through Student’s t-tests and Mann–Whitney U tests. We also did multivariable
analyses by binary logistic regression to measure adjusted ORs and 95% CI of the association between
the duration of stage 3 AKI and adverse outcomes including mortality within the entire cohort.
We considered a p value less than 0.05 as statistically significant. We used SPSS version 21 (SPSS Inc.,
Chicago, IL, USA) in all data analyses.

3. Results

3.1. Natural Course of sCr

For the time course of sCr, the initial increase in sCr peaked at postnatal day (P) 10 and postnatal
week 2 in EPT at 25–26 and 23–24 weeks of gestation, respectively (Figure 1A). The peak sCr showed
a higher tendency without statistical significance in EPT at gestation of 23–24 weeks than in those
at 25–26 weeks. After this, sCr gradually declined until postnatal week 9 in both subgroups and
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reached sCr at birth at postnatal week 6 and 7 in EPT at 25–26 and 23–24 weeks’ gestation, respectively.
In EPT of 25–26 weeks’ gestation without HS PDA, sCr showed a similar time course without statistical
significance with the EPT of 25–26 weeks’ gestation with HS PDA (Supplementary Figure S1).

Figure 1. Time course of the mean serum creatinine levels within different gestational groups and
prevalence of acute kidney injury (AKI) by stage in a week interval. (A) Serum creatinine profile for the
6 weeks of life in accordance to different gestational age groups; (B) Prevalence of AKI by stage in a
week interval. * p < 0.05 in comparison between infants at 23–24 and those at 25–26 weeks of gestation.

3.2. AKI Prevalence

Table 1 demonstrates the cumulative AKI stage within the first six postnatal weeks according
to neonatal KDIGO classification stratified by gestational age group. While only 6% and 8% were at
AKI stage 0 in EPT at 25–26 and 23–24 weeks of gestation, respectively, the prevalence of AKI stage 3
tended to be higher (72%) in EPT at gestation of 23–24 weeks than in EPT of 25–26 weeks (57%) without
statistical significance.

For the time course of the prevalence of AKI by stage in a week interval, postnatal increase in
the prevalence of AKI stage 3 peaked at postnatal week 2 in both groups, and afterwards prevalence
gradually declined till postnatal week 6 (Figure 1B). The prevalence of AKI stage 3 at postnatal week
2 and 6 in EPT at gestation of 23–24 weeks was higher significantly than that in EPT at gestation of
25–26 weeks.

3.3. Clinical Characteristics According to AKI Stage

Demographic and clinical characteristics in each study group in accordance with AKI stages are
described in Table 2. In EPT with AKI stage 3, total GA was significantly lower, and male gender in
EPT at gestation of 25–26 weeks had higher GA than in EPT with AKI 0–2. While total oliguria and
oliguria in EPT at 25–26 weeks of gestation with AKI stage 3 were higher compared with those with
AKI stage 0–2 significantly, no differences were observed in other clinical variables between AKI stage
3 and stage 0–2 groups.

3.4. Adverse Outcomes According to AKI Stage

While sepsis in EPT at 25–26 weeks of gestation with AKI stage 3 was slightly higher than
infants with AKI stage 0–2, no significant differences were found in other adverse outcomes, including
mortality and BPD, between the AKI stage 3 and stage 0–2 groups (Table 3).

190



J. Clin. Med. 2020, 9, 699

Table 2. Demographics and clinical characteristics of EPT in period II: Stage 0–2 AKI vs. stage 3 AKI.

Clinical Characteristics

Total (n = 97)

GA 23–24 Weeks
(n = 50)

GA 25–26 Weeks
(n = 47)

Total
(n = 97)

AKI 0–2
(n = 13)

AKI 3
(n = 36)

AKI 0–2
(n = 18)

AKI 3
(n = 27)

AKI 0–2
(n = 31)

AKI 3
(n = 63)

Gestational age (weeks) 23.9 ± 0.4 23.6 ± 0.5 25.6 ± 0.5 † 25.3 ± 0.4 † 24.8 ± 1.0 24.3 ± 1.0 *
Birth weight, mean (SD), g 684 ± 90 636 ± 79 743 ± 145 829 ± 140 † 718 ± 127 719 ± 145

Male, n (%) 6(46) 19(53) 7(39) 19(70) * 13(42) 38(60)
Apgar score at 1-min 3.9 ± 0.7 4.2 ± 1.3 4.4 ± 1.8 4.7 ± 1.4 4.2 ± 1.4 4.4 ± 1.4
Apgar score at 5-min 6.9 ± 1.1 6.5 ± 1.4 6.8 ± 1.4 6.9 ± 1.5 6.8 ± 1.3 6.7 ± 1.5

Cesarean delivery, n (%) 8 (62) 2 6(72) 16 (89) 24 (89) 24 (78) 50 (79)
Hypertension in pregnancy, n (%) 0 0 1 (6) 0 1 (3) 0

Chorioamnionitis, n (%) 6 (46) 25 (69) 9 (50) 15 (56) 15 (48) 40 (62)
Use of inotropic drugs, n (%) 3 (23) 8 (22) 4 (22) 1 (4) 7 (44) 9 (56)
Antenatal steroid use, n (%) 12 (92) 27 (75) 13 (72) 24 (89) 25 (81) 51 (81)

Oliguria, n (%) 1 (8) 9 (25) 1 (6) 9 (33) * 2 (7) 18 (29) *

* p < 0.05 compared with Stage 0–2 AKI. † p < 0.05 compared with infants at 23–24 weeks of gestation.

Table 3. Adverse outcomes of infants in period II: stage 0–2 AKI vs. stage 3 AKI.

Adverse Outcomes

Total (n = 97)

GA 23–24 Weeks
(n = 50)

GA 25–26 Weeks
(n = 47)

Total
(n = 97)

AKI 0–2
(n = 13)

AKI 3
(n = 36)

AKI 0–2
(n = 18)

AKI 3
(n = 27)

AKI 0–2
(n = 31)

AKI 3
(n = 63)

Mortality, n (%) 1 (8) 7 (19) 1 (6) 1 (4) 2 (7) 8 (13)
Length of stay 111 ± 14 120 ± 64 130 ± 68 110 ± 59 122 ± 53 116 ± 62

NEC (Stage ≥ 2b), n (%) 0 5 (14) 2 (11) 3 (11) 2 (7) 8 (13)
ROP (requiring laser operation), n (%) 3 (23) 10 (28) 5 (28) 7 (26) 8 (26) 17 (27)

Blood culture-proven sepsis, n (%) 3 (23) 13 (36) 1 (6) 10 (37) * 4 (13) 23 (37) *
Cystic PVL, n (%) 3 (23) 7 (20) 3 (17) 2 (7) 6 (19) 9 (15)

IVH (Grade ≥ 3), n (%) 1 (8) 8 (22) 1 (6) 2 (7) 2 (7) 10 (16)
BPD (≥moderate BPD), n (%) 5 (39) 15 (47) 6 (33) 8 (30) 11 (36) 23 (39)
Survival without BPD, n (%) 1 (0) 0 1 (6) 3 (11) 2 (7) 3 (5)

* p < 0.05 compared with Stage 0–2 AKI.

3.5. Adjusted ORs for Risk of Adverse Outcomes by AKI Stage 3

The adjusted ORs for the risk of unfavorable outcomes were not increased in AKI stage 3 in
multivariate analyses (Table 4). In addition, the adjusted ORs for outcomes were not elevated by
prolonged duration (per week) of AKI stage 3 (Table 5).

Table 4. Adjusted ORs * for risk of adverse outcomes by presence of Stage 3 AKI.

Outcomes Adjusted OR (95% CI) p Value

Mortality 0.965 (0.140–6.661) 0.971
BPD (more than moderate BPD) 1.441 (0.507–4.095) 0.493

Survival without BPD 0.314 (0.018–5.559) 0.430
IVH (Grade ≥ 3), n (%) 1.923 (0.360–10.269) 0.444

Cystic PVL 0.460 (0.116–1.819) 0.268
ROP (requiring laser operation), n (%) 1.538 (0.480–4.926) 0.469

NEC (Stage ≥ 2b), n (%) 3.610 (0.439–29.654) 0.232
Blood culture-proven sepsis 3.556 (0.965–13.101) 0.057

OR, odds ratio; AKI, acute kidney injury; CI, confidence interval; BPD, bronchopulmonary dysplasia; IVH,
intraventricular hemorrhage; PVL, periventricular. leukomalacia; ROP, retinopathy of prematurity; NEC, necrotizing
enterocolitis. * adjusted for birth weight, gestational age, small for gestational age, antenatal steroid use, 1-min and
5-min Apgar scores, hypertension in pregnancy, chorioamnionitis.
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Table 5. Adjusted ORs * for risk of adverse outcomes by duration (per week) of stage 3 AKI.

Outcomes Adjusted OR (95% CI) p Value

Mortality 1.040 (0.602–1.797) 0.887
BPD (more than moderate BPD) 1.043 (0.745–1.459) 0.808

Survival without BPD 0.332 (0.083–1.329) 0.119
IVH (Grade ≥ 3), n (%) 1.164 (0.074–1.823) 0.508

Cystic PVL 0.709 (0.437–1.150) 0.163
ROP (requiring laser operation), n (%) 1.000 (0.693–1.441) 0.998

NEC (Stage ≥ 2b), n (%) 1.325 (0.748–2.346) 0.335
Blood culture-proven sepsis 1.170 (0.820–1.665) 0.382

OR, odds ratio; AKI, acute kidney injury; CI, confidence interval; BPD, bronchopulmonary dysplasia; IVH,
intraventricular hemorrhage; PVL, periventricular. leukomalacia; ROP, retinopathy of prematurity; NEC, necrotizing
enterocolitis. * adjusted for birth weight, gestational age, small for gestational age, antenatal steroid use, 1-min and
5-min Apgar scores, hypertension in pregnancy, chorioamnionitis.

4. Discussion

This present study is the first human study demonstrating the natural postnatal evolution of sCr
and the prevalence of AKI in the peri-viable EPT at gestation of 23–26 weeks with HS PDA who received
exclusive conservative management. In this present study, while sCr at birth was about the same
between the study groups, representing maternal levels [8,9], the peak sCr and the peak prevalence
of AKI stage 3 during the first two postnatal weeks were higher in EPT at gestation of 23–24 weeks
than in EPT of 25–26 weeks. These findings suggest that very low initial GFR and tubular immaturity,
and its slow improvement, might be inversely related to GA in these peri-viable EPT [7,11,14,27,41].
Furthermore, as HS PDA closed averagely at postnatal day 41 and 53 in EPT of 25–26 and 23–24
weeks’ gestation, respectively [31,32], our data suggests that renal immaturity inversely related to GA,
rather than HS PDA induced renal hypo-perfusion [17,27–29], are primarily responsible for the initial
postnatal rise in sCr and the peak prevalence of AKI stage 3 during the first two postnatal weeks [42].

sCr after peak declined rapidly, and reached a birth sCr at postnatal week 6 and 7, compatible
with corrected GA of 31–32 weeks in EPT at 25–26 and 23–24 weeks of gestation, respectively, and after
then, sCr approached a stable plateau in both GA subgroups, indicating a steady state between
endogenous Cr production and excretion [13,27,41]. In the preterm infant, the GFR is lower until the
full nephrogenesis is finished by 34–35 weeks of gestation [43–46]. Overall, our data suggest that
despite its inverse relationship with GA, the postnatal renal maturation and the ensuing logarithmic
increase in GFR are accelerated by 2–3 weeks in these peri-viable EPT [47].

Although AKI in premature infants has been known to be related to raised mortality [11,17–21]
and morbidity rates, including BPD [2,22,23] and IVH [24], evidence supporting their direct causal
relationships are lacking. In contrast, while sepsis rate was more elevated in AKI stage 3 than in stage
0–2, only in EPT at gestation of 25–26 but not of 23–24 weeks, neither the presence nor the prolonged
duration of AKI stage 3 was associated with elevated mortality or any morbidities rates including
BPD and IVH. The reasons for our results, which are contradictory to other studies showing increased
mortality and/or morbidities [2,11,17–24], are difficult to explain. Few data are available for the
peri-viable EPT of 23–24 week’s gestation, and actively treated with pharmacologic agents for HS PDA
could be cofounders in other studies. A further controlled study with a homogeneous patient population
and same clinical management policy might be necessary to clarify these contradictory findings.

Fluid therapy and drug dosing in premature infants need to be adjusted according to renal
function, i.e., GFR [3,4,45,46]. Considering our results, which showed greater and delayed peak of
sCr and very high prevalence of AKI stage 3 at the first two postnatal weeks in these peri-viable EPT
with HS PDA, judicious fluid restriction might be prerequisite for the success of non-interventional
treatment for HS PDA [2,48,49]. In our prior studies [31,32], fluid volume of 67 mL/kg/day at day of
birth, and raising up to ≤115 mL/kg/day for the first month was accomplished without restricting
caloric support or elevating the risk of renal dysfunctions and electrolyte imbalance. Acute fluid
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overload in the newborn infants was associated with adverse outcomes, including mortality [50]
and morbidities [2,48]. Furthermore, the extent of volume overload in critical adult patients also
correlated with worse clinical course [51–53]. In contrast, fluid restriction was associated with reduced
mortality [54] and morbidities, such as PDA and NEC [55]. Overall, these findings suggest that
judicious fluid restriction might be essential for the success of the non-interventional conservative
treatment of HS PDA in EPT [45].

Heterogeneous time intervals and variable number of follow-up sCr measurements for review
could be limitations of this retrospective uncontrolled observational single center study. The absence of
long-term outcome assessments including growth and neurodevelopment might be another limitation
of this study. However, a relatively large sample size (n = 50) of the peri-viable EPT at gestation of
23–24 weeks with HS PDA exclusively managed with a conservative treatment, as well as less variation
in clinical management policies, might be a strength of this single-center study.

5. Conclusions

In conclusion, the study findings suggest that AKI observed in EPT with conservatively managed
HS PDA is not a pathological entity and might reflect a physiological postnatal developmental process
of the immature renal system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/3/699/s1,
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Abstract: Despite new advancements in surgical tools and therapies, exposure to immunosuppressive
drugs related to non-immune and immune injuries can cause slow deterioration and premature
failure of organ transplants. Diagnosis of these injuries by non-invasive urine monitoring would
be a significant clinical advancement for patient management, especially in pediatric cohorts.
We investigated the metabolomic profiles of biopsy matched urine samples from 310 unique kidney
transplant recipients using gas chromatography–mass spectrometry (GC-MS). Focused metabolite
panels were identified that could detect biopsy confirmed acute rejection with 92.9% sensitivity
and 96.3% specificity (11 metabolites) and could differentiate BK viral nephritis (BKVN) from acute
rejection with 88.9% sensitivity and 94.8% specificity (4 metabolites). Overall, targeted metabolomic
analyses of biopsy-matched urine samples enabled the generation of refined metabolite panels that
non-invasively detect graft injury phenotypes with high confidence. These urine biomarkers can be
rapidly assessed for non-invasive diagnosis of specific transplant injuries, opening the window for
precision transplant medicine.

Keywords: kidney transplantation; metabolomics; immunosuppression; urine; acute rejection;
immunosuppression; allograft

1. Introduction

Kidney transplantation (KTx) is the preferred method of treatment for end-stage kidney failure [1].
Increasing the longevity of transplanted kidneys is critical because of the shortage of available kidneys
and kidney donors [2]. While improved short-term survival of the transplanted kidney has been
attributed to better immunosuppressive drugs and sophistication in organ procurement and surgical
methods [3], long-term survival outcomes have largely remained limited and unchanged [4]. Currently
used methods of KTx monitoring, such as patient serum creatinine and proteinuria, are neither
sufficiently sensitive nor specific to detect early-stage injury and only detect advanced and often
irreversible tissue injury [5]. Additionally, kidney biopsies cannot easily be used to predict injury [6,7].
Over recent years, the application of high throughput technologies towards a more discovery-based
approach for correlative biomarkers of graft injury have utilized sequencing [8] gene expression,
proteomic [9–14], and metabolomic methods [15,16]. Many of these approaches show background
signals of other clinical confounders, such as immunosuppression exposure [17], and thus require the
application of more customized and robust analytical techniques for improving the diagnostic accuracy
of biomarkers in blood and urine to reflect different transplant (Tx) injury phenotypes [18–20].
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In this study, we hypothesized that the recipient’s immune response towards the graft induces
immunological and downstream metabolic changes at the time of specific injuries, such as acute
rejection (AR), which result in perturbations in specific urine metabolite concentrations. We also
hypothesized that specific metabolic pathways are injury-specific such that a panel of metabolites
can be used as a surrogate biomarker to monitor KTx injuries. In this report, we present our
findings from a comprehensive targeted metabolomics analysis of urine collected from pediatric KTx
patients. These samples have been biopsy matched, providing an accurate phenotype characterization,
and enabling exploration of metabolic pathways associated with KTx dysfunction.

2. Experimental Section

2.1. Patients and Samples

Biobanked urine samples available in the Sarwal lab from previously funded studies were
screened for matching biopsy data on the day of urine collection. Out of a total of 2016 biobanked
urine samples collected between 2006 and 2009, 770 were biopsy-matched, of which 326 unique and
clinically annotated urine samples were included in the first part of this study. These patients were on
calcineurin inhibitor (CNI) based immunosuppression (IS). All urine samples were stored at −80 ◦C
with urine processing techniques, procedures, and conditions in which we have previously shown
negligible degradation of urine components [11].

All samples from our biobank were matched with transplant biopsies; all biopsies were read by a
central pathologist and scored by the Banff and Chronic Allograft Damage Index (CADI) [21–23] as
acute cellular or humoral rejection with clinical graft dysfunction, and tubulitis and/or vasculitis on
histology (AR; n = 106) [24], stable with no histological or clinical graft injury (stable graft function
(STA); n = 111), interstitial fibrosis and tubular atrophy (IFTA; n = 71) [25], and BK viral nephritis with
SV40 staining on histology, with/without clinical graft dysfunction (BK viral nephritis (BKVN); n = 22).
Intragraft C4d stains were performed to assess for antibody-mediated rejection (ABMR). AR was
defined, at minimum, by the following criteria: (i) TCMR consisting of either a tubulitis (t) score > 2
accompanied by an interstitial inflammation score> 2 or vascular changes (v) score> 0; (ii) C4d-positive
ABMR consisting of positive donor-specific antibodies (DSAs) with a glomerulitis (g) score > 0 or
peritubular capillaritis score (ptc) > 0 or v > 0 with unexplained acute tubular necrosis/thrombotic
microangiopathy (ATN/TMA) with C4d = 2; or (iii) C4d-negative ABMR consisting of positive DSA
with unexplained ATN/TMA with g + ptc ≥ 2 and C4d = 0 or 1. Stable allografts were defined by an
absence of substantial injury on the matched biopsy pathology and definitions of the inflammation or i
score and the tubulitis or t score. IFTA used standard pathology definitions as described by the Banff
schema on the paired biopsies from each individual urine sample.

This study was conducted in accordance with the relevant guidelines and regulations as approved
by the University of California San Francisco (UCSF) Human Research Protection Program Institutional
Review Board (IRB) under IRB #14-13573. All patients provided written informed consent. In cases of
pediatric and young adult patients, written informed consent was obtained from a parent and/or legal
guardian to participate in the research, in full adherence to the Declaration of Helsinki. The clinical
and 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 Transplantation Tourism’. As such,
no organs or tissues were procured from prisoners. All organs or tissues were procured from the
Departments of Surgery at either UCSF or Stanford University.

2.2. Urine Collection, Initial Processing, Storage, and GC/MS-TOF Analysis

Second morning void mid-stream urine (50–100 mL) was collected in sterile containers and
was centrifuged at 2000× g for 20 min at room temperature within 1 h of collection. Specifically,
the urine specimens were collected in sterile polypropylene collection tubes that are leak-resistant with
a sterility seal. Processing of the urine was done all in one bath with sterile polypropylene plastic
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tubes. The supernatant was separated from the pellet containing any particulate matter including
cells and cell debris. The pH of the supernatant was adjusted to 7.0 with Tris-HCL and stored at
−80 ◦C in polypropylene plastic tubes until further analysis. The identification of metabolites followed
the well-established FiehnLib protocol [26]. In brief, all metabolite reference standards underwent a
two-step derivatization procedure following the previously published protocol [27]. The derivatization
of urine metabolites procedure has been described previously [27]. Briefly, neat urine samples were
lyophilized without further pretreatment after our initial finding of severe alterations using urease
treatments. To the dried samples, 20 μL of 40 mg/mL methoxylamine hydrochloride in pyridine was
added, and samples were agitated at 30 ◦C for 30 min. Subsequently, 180 μL of trimethylsilylating
agent N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) was added, and samples were agitated
at 37 ◦C for 30 min. GC–MS analysis was performed using an Agilent 6890 N gas chromatograph
(Atlanta, GA, USA) interfaced to a time-of-flight (TOF) Pegasus III mass spectrometer (Leco, St. Joseph,
MI, USA) [27]. Automated injections were performed with a programmable robotic Gerstel MPS2
multipurpose sampler (Mülheim an der Ruhr, Germany). The GC was fitted with both an Agilent
injector and a Gerstel temperature-programmed injector, cooled injection system (model CIS 4), with a
Peltier cooling source. An automated liner exchange (ALEX) designed by Gerstel was used to eliminate
cross-contamination from sample matrix occurring between sample runs. Multiple baffled liners for the
GC inlet were deactivated with 1 μL injections of MSTFA. The Agilent injector temperature was held
constant at 250 ◦C while the Gerstel injector was programmed (initial temperature 50 ◦C, hold 0.1 min,
and increased at a rate of 10 ◦C/s to a final temperature of 330 ◦C, hold time 10 min). Injections of
1 μL were made in split (1:5) mode (purge time 120 s, purge flow 40 mL/min). Chromatography was
performed on a Rtx-5Sil MS column (30 m × 0.25 mm inner diameter (i.d.), 0.25 μm film thickness) with
an Integra-Guard column (Restek, Bellefonte, PA, USA). Helium carrier gas was used at a constant
flow of 1 mL/min. The GC oven temperature program was initially 50 ◦C with a 1-min hold time
and ramping at 20 ◦C/min to a final temperature of 330 ◦C with a 5-min hold time before cool-down
for a 20 min run time. MS parameters were based on Autotune using FC43 (Perfluorotributylamine)
with manufacturer-specific tune settings. Transfer line temperature was 250 ◦C and electron impact
ionization was set at 70 eV. Filament source temperature was at 250 ◦C and TOF at room temperature.
After a solvent delay of 350 s, mass spectra were acquired at 20 scans/s with a mass range of 50 to 500
m/z. Initial peak detection and mass spectrum deconvolution were performed with Leco Chroma-TOF
software (version 2.25, Leco) and samples were exported to the netCDF format for further data
evaluation with MZmine [28] and XCMS [29].

2.3. Raw Data Processing and Statistics

All chromatograms were assessed in the same manner by software packages MZmine [28] and
XCMS [29]. These packages performed peak finding in an automated and unbiased way using the
common MS netCDF file format that enables a unique way of data export irrespective of different
instrument platforms. For the raw GC–MS data, the netCDF export function from the Leco ChromaTOF
software was used. For MZmine, the m/z bin size was set to 0.01, the chromatographic threshold level
was set to 0.5, the absolute intensity threshold was set to 2500, the tolerance in m/z values was set to 0.5,
the tolerance in intensity was set to 1.0, and the minimum peak length was set to 2 s.

The raw data was normalized using urine creatinine, as an internal control, measured as a
part of urine metabolome assessment and quantile normalization for batch correction. Moreover,
310 biopsy-matched urine samples, with resulting panels of 266 metabolites, were used for the analyses
of both post-transplant injury classification and significant metabolite selection. Non-parametric
imputation was applied to these samples via the missForest algorithm [30]. If more there was missing
data on more than one-third of the metabolites, these samples were excluded. Sixteen samples met
this criterion.

Clustering was performed and visualized with Morpheus (Broad Institute) using average linkage
hierarchical clustering. The log-transformed data was median centered, per metabolite, prior to
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clustering for better visualization. One minus Pearson’s correlation was used for the similarity metric.
A fire color scheme was used in heat maps of the metabolites. Z-score analysis scaled each metabolite
according to a reference distribution.

To evaluate the performance of the classification models, these 310 samples were randomly
assigned to training (75%) and test (25%) sets. To avoid overfitting, 10-fold cross-validation was
performed for models on the training set. The primary statistical learning method used for allograft
outcome classification was Random Forests [31] via the randomForest package in R. Significant
metabolites were selected from the Random Forests model using the VSURF package in R [32].
Additionally, for visualization of significant metabolites, volcano plots were produced using variable
importance values derived from Random Forests models as a significance measure. Metabolite selection
was done by Bonferroni-corrected p-value in addition to VSURF to display a traditional volcano plot
and directly compare VSURF to traditional t-testing methods and their resulting metabolite lists.
These variable importance scores are defined as the mean percentage decrease in classification accuracy
of the model if the metabolite data were to be randomly permuted rather than taken as quantified
(a higher score denotes a higher variable importance). Comparison of classification models was done
by computing and plotting area under the curve (AUC) from the receiver operating characteristic (ROC)
using the pROC package in R. Statistical comparison between full and abbreviated metabolite models
to assess diagnostic accuracy similarity was carried out using the DeLong’s test [33]. Given that certain
clinical data variables were significantly different between groups, these variables were reviewed for
any association with particular variable differences within or between groups and their impact on
metabolite signatures of different transplant phenotypes. Analysis was performed using the R statistical
software version 3.4.3. MetaboAnalyst (www.metaboanalyst.ca) was used to perform targeted pathway
and enrichment analysis [34].

2.4. Data Availability

The datasets generated during and analyzed during the current study are not publicly available
due to legacy IRB consent restrictions on public sharing of data from these patient populations but are
available from the corresponding author on reasonable request.

3. Results

3.1. Metabolites in Urine Are Perturbed in Different Transplant Injuries in Kidney Transplantation

We processed 326 urine samples for a targeted metabolomics assay that identified 266 metabolites.
Figure 1 summarizes the study. Sixteen samples had missing data on more than one third of total
metabolites identified following a tool called MissForest on non-parametric missing value imputation
for mixed-type data [30]. Metabolomics data on the remaining 310 biopsy-matched urine samples was
used for the analyses of both post-Tx injury detection and associated metabolic pathways and their
enrichment. Baseline characteristics of the study subjects is provided in Table 1.

The data was used for supervised clustering to generate a heat map (Figure 2A) and z-score
plot (Figure 2B). The heatmap shows heterogeneity in overall metabolome data across urine samples
from different phenotypes. In the z-score plot, stable-based z-scores were plotted for each of the
266 metabolites. The plots revealed robust metabolic alterations in AR (z-score range: −4.2 to 800.5)
and IFTA (z-score range: −3.8 to 265.4) compared to fewer changes in BKVN samples (z-score range:
−3.4 to 116.9).
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Figure 1. Sample selection and study schematic of the study. Summary outlining study samples, assay
platform, study phenotypes, analysis, and results.

Table 1. Patient demographic data for the discovery cohort.

Phenotype AR STA IFTA BKVN p-Value

Number of Patients 106 111 71 22

Maintenance (% Steroid-free) 63.2% 50.5% 56.3% 36.4% 0.078

Recipient Gender (% M) 64.2% 58.6% 67.6% 59.1% 0.002

Recipient Age * (years) 13 ± 5 (14; 2–21) 14 ± 5 (15; 1–21) 10 ± 6 (10; 1–20) 14 ± 5 (17; 1–18) 0.003

Donor Gender (% M) 46.2% 52.3% 52.1% 72.7% 0.123

Donor Age * (years) 29 ± 11 (29; 4–50) 30 ± 10 (28; 14–51) 30 ± 10 (32; 12–50) 28 ± 10 (29; 16–49) 0.353

Month post-Tx (mean ± SD) 71 ± 32 15 ± 24 23 ± 32 8 ± 7 0.311

Donor Source (%):
1 = Living Related 1 = 24.5% 1 = 37.8% 1 = 43.7% 1 = 9.1%

2 = Living Unrelated 2 = 40.6% 2 = 8.1% 2 = 8.5% 2 = 31.8%
3 = Deceased 3 = 34.0% 3 = 44.1% 3 = 47.9% 3 = 54.5%

Recipient Race (%):
1 = Caucasian 1 = 42.5% 1 = 43.2% 1 = 50.7% 1 = 27.3%

2 = Asian 2 = 5.7% 2 = 4.5% 2 = 7.0% 2 = 0.0%
3 = African American 3 = 16.0% 3 = 18.0% 3 = 18.3% 3 = 13.6%

4 = Hispanic 4 = 7.5% 4 = 2.7% 4 = 5.6% 4 = 18.2%
5 =Mixed and Others 5 = 12.3% 5 = 16.2% 5 = 9.9% 5 = 0.0%

HLA Mismatch 4.64 ± 1.41 4.15 ± 1.35 3.62 ± 1.67 4.80 ± 1.15 0.245

eGFR 75.3 ± 42.3 95.4 ± 28.5 104.1 ± 36.7 N/A # 0.171

* Age in years: mean ± SD (median; range). AR, acute rejection; STA, stable graft function; IFTA, interstitial
fibrosis and tubular atrophy; BKVN, BK virus nephropathy. # Estimated glomerular filtration rate (eGFR) data were
unavailable for BKVN samples. Immunosuppression consisted of Tacrolimus and Mycophenolate Mofetil for all
patients, with maintenance steroids for those on steroid-based immunosuppression. All patients received IL2R
monoclonal antibody (Daclizumab) induction; steroid-based patients received this for 2 months and steroid-free
patients received this for 6 months. Most patients were unsensitized and recipients for first allografts, with 4 repeat
transplants. Of the 106 AR, 29 were ABMR. The clinical data variables that were significantly different between
groups were assessed for any statistical association with their impact on metabolite signatures of different transplant
phenotypes and were not found to be significant.
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Figure 2. Metabolomic profiling of renal transplant outcomes. (A) Heat map representation of
unsupervised hierarchical clustering by metabolite (rows) grouped by transplant phenotype (columns).
Shades of black to red to orange to yellow represent continuous increases of a metabolite relative to the
median metabolite levels (see color scale). (B) z-score plots for the data in a normalized to the mean of
the stable phenotype urine samples (truncated at 25 s.d. for clarity).

3.2. Metabolite Marker Panel for Alloimmune Injury

Applying the VSURF method, a panel of 9 metabolites (Table 2) were selected out of 266 to
accurately classify post-Tx alloimmune injury, combining the output from samples with either acute or
chronic alloimmune injury (AR/IFTA) versus stable (STA) samples. The resulting model had a 95%
accuracy of correctly discriminating between the two outcome groups (AUC= 0.950, sensitivity= 95.3%,
specificity = 75.9%). This lower specificity is likely due to within group heterogeneity between AR
and IFTA phenotypes. The 9 metabolite VSURF model was nearly identical in accuracy to the full
266-metabolite model, which had an AUC of 0.954. This difference in AUC values was not significant
using DeLong’s test (p = 0.731), meaning there is no significant change in classification accuracy
between the full and abbreviated metabolite models (Figure 3A). This suggests that no diagnostic
accuracy is lost in using the abbreviated metabolite model.

Table 2. Transplant phenotype-specific metabolite markers.

Injury-Specific (n = 9) AR (n = 11) BKVN (n = 5)

Glycine Glycine Arabinose

N-methylalanine Glutaric acid 2-hydroxy-2-methylbutanoic acid

Adipic acid Adipic acid Hypoxanthine

Glutaric acid Inulobiose Benzyl alcohol

Inulobiose Threose N-acetyl-d-mannosamine

Threitol Sulfuric acid

Isothreitol Taurine

Sorbitol N-methylalanine

Isothreonic acid Asparagine

5-aminovaleric acid lactam

Myo-inositol
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Figure 3. Identification of potential biomarker panel of metabolites for KTx alloimmune injury and acute
rejection using VSURF method. (A) Two receiver operating characteristic (ROC) curves representing
classification accuracies and a statistical comparison of the full and sparse RF models for alloimmune
injury and the table displaying classification accuracy on the test set. The metabolites in the panel are
listed on the right-hand side (B) Two ROC curves representing classification accuracies and a statistical
comparison of the full and sparse Random Forests (RF) models for acute rejection (AR) injury and the
bottom table displaying classification accuracy on the test set. The metabolites in the panel are listed on
the right-hand side.

3.3. Metabolite Marker Panel for Acute Rejection

In order to identify a metabolite marker panel specific to acute rejection of KTx, we applied
VSURF exclusively to the AR and STA urine metabolome datasets (n = 217). The resulting model
contained 11 metabolites (Table 2) for AR detection. The ROC analysis resulted with an AUC of 0.985
with 92.9% sensitivity and 96.3% specificity (Figure 3B). Individual distributions for the three most
significant metabolites, glycine, N-methylalanine, and inulobiose, are presented in the form of bean
plots (Figure 4).

Figure 4. Significantly altered metabolites in AR versus STA. Bean plots demonstrating distribution of
the 3 most significant metabolites in AR comparing to STA. The bold horizontal line represents mean
value for each group.

3.4. Metabolite Marker Panel for BK Virus Nephritis

In order to identify BKVN-specific metabolites, we used VSURF on 22 BKVN urine and 288
non-BKVN urine that included AR, IFTA, and STA urine. The resulting VSURF panel contained 5
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metabolites, Arabinose, 2-hydroxy-2-methylbutanoic acid, hypoxanthine, benzyl alcohol, and N-acetyl-
d-mannosamine (Table 2) for BKVN classification with 72.7% sensitivity and 96.2% specificity (Table S1).
When we confined our analysis to only BKVN vs. STA, VSURF resulted in a panel of 4 metabolites,
arabinose, 2-hydroxy-2-methylbutanoic acid, octadecanol, and phosphate. For this panel, BKVN
classification was 88.9% sensitive and 94.8% specific (Table S2). The 4-metabolite VSURF model had
accuracy comparable to that of the full 266-metabolite model, which had a sensitivity of 87.5% and
specificity of 93.2% (Table S3).

3.5. Metabolic Pathways Associated with Graft Injury

To explore metabolite significance by both statistical significance and magnitude of fold change in
the injury group, a volcano plot with Random Forests (RF) importance score was generated (Figure 5A)
that shows the relative importance of the metabolite in terms of RF score for AR-specific panel.
Additionally, a volcano plot with fold changes (increased or decreased) and corresponding p-values
displayed the significance of the various metabolites in AR (Figure S1). The plot reveals metabolites of
increasing significance relative to the Random Forests classification model. Some metabolites from
the 9-metabolite marker panel for alloimmune injury and the 11-metabolite marker panel for AR are
among the very highly perturbed metabolites. The metabolites significantly perturbed in KTx injury
with p-value < 0.001 (n = 42) were analyzed for metabolic pathway enrichment with MetaboAnalyst.
Pathway analysis for enrichment identified nitrogen metabolism, ascorbate, and aldarate metabolism,
and amino sugar and nucleotide sugar metabolism as the three most significantly enriched pathways
(Figure 5B).

Figure 5. Metabolites and pathways significantly perturbed in KTx alloimmune injury. (A) Volcano
plot displaying fold change and significance of metabolites. Red dots denote metabolites significant at
a Random Forests importance score greater than 0.5. The right half displays metabolites in the injury
group with a higher signature relative to the stable group. Some metabolites from the 9-metabolite
marker panel for alloimmune injury and the 11-metabolite marker panel for AR are among the very
highly perturbed metabolites labeled in red dots. (B) Enrichment analysis of metabolic pathways
using significantly altered metabolites showed enrichment in nitrogen metabolism (p = 0.0055),
ascorbate and aldarate metabolism (p = 0.0083), and amino sugar and nucleotide sugar metabolism
(p = 0.05) as significantly enriched pathways. The y-axis represents the p-values as the negative of their
natural logarithm.
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4. Discussion

Sophisticated interrogation of urine through advanced technologies for kidney diseases is important
as urine provides an attractive alternative biospecimen [35] and unlike invasive biopsies, urine metabolite
changes can be diagnostic of advanced tissue injury. Additionally, our data suggest that these urine
panels can have much greater sensitivity and specificity over measured serum creatinine [35–39].
Molecular perturbations in the kidney have been previously shown to occur much earlier than both
histological changes and clinical alterations in kidney function, and previously published studies
confirm that urine is an excellent mirror of these intra-graft molecular changes [11,35,40–49]. In this
comprehensive study, we had access to a unique resource of over 300 biopsy matched urine samples
archived from kidney transplant patients transplanted at multiple transplant centers, mapped with
detailed clinical demographics, which enhanced the results obtained from the urine metabolomic
studies conducted in this study.

Prior studies, using different assay platforms, have evaluated the urine metabolome for assessing
kidney transplant injury [43,50–52]. Wang et al. [50] applied matrix-assisted laser desorption/ionization
Fourier transform mass spectrometry (MALDI-FTMS) for studying acute tubular injury, Blydt-Hanson
et al. [51] used liquid chromatography tandem mass spectrometry for studying transplant rejection,
Dieme et al. [52] used GC-MS to study the metabolic effects of calcineurin inhibitor drugs in kidney
transplant patients, Ho et al. [53] used LC-MS for analysis of alloimmune injury, and Suhre et al. [43]
applied LC-MS and GC-MS. Most of these studies have larger metabolite diagnostic panels and only
few studies have urine samples that are all biopsy-matched, resulting in little overlap across the
identified panels to date. Using all biopsy-matched urine samples matched with pathologist blinded
biopsy evaluations, GC-MS, and custom informatics analyses using nonlinear, nonparametric machine
learning model development, we were able to greatly refine, as well as cross-validate the performance
of small panels of urine metabolites for AR and BKVN. These clinical phenotypes are often difficult
to distinguish even by biopsy, and pose a clinical challenge for patient management, specifically
concerning the decision between immunosuppression augmentation (in AR) or minimization (in BKVN).
In addition to selecting the most informative metabolites to provide discriminant diagnostic models
for biopsy matched transplant injury categories, we have also tried to better understand the biological
mechanisms that some of the metabolites suggest are dysregulated in transplant injury, using panels in
this study and other published studies on the urine metabolome.

Many of the metabolites that we identified as correlated with transplant injury have previously
been associated with changes in renal physiology. Taurine is a key metabolite that was included in
our AR specific panel and was found to have significantly reduced levels in urine during rejection.
Taurine plays a role in different physiologic and biologic processes in the kidney as reflected in urinary
excretion patterns. Taurine participates in several physiological functions in the kidney [54–56], such as
its role in the renal cell cycle and apoptosis. It also functions as an osmolyte during the stress response.
Therefore, the changes in urinary taurine levels seen in this study may relate to the higher burden of
tissue injury in AR, and its lower levels in the kidney may reflect a failure in protecting the kidney
during immune-mediated damage [57]. The low level of taurine in urine during rejection may reflect a
combination of decreased production in the kidney and perturbed osmolar reabsorption of taurine in
the medulla [58].

Myo-inositol was found to be a significant biomarker in our model and had been previously
shown by Dieme et al. [52] and Suhre et al. [43] to be relevant to and increased in transplant rejection.
Urinary myo-inositol was the most important metabolite for discriminating between AR, STA, and IFTA
phenotypes in our models. Myo-inositol is an osmolyte of the renal medulla that plays an important role
in protecting renal cells from hyperosmotic stress [59]. It is enriched under hyperosmotic conditions
via the sodium/myo-inositol cotransporter in the thick ascending limb of the loop of Henle [60].
The kidney is the most important organ for myo-inositol metabolism given that there is high expression
of its associated enzymes, l-myo-inositol-1-phosphate synthetase, and myo-inositol oxygenase, in the
renal parenchyma [61]. Inhibition of myo-inositol transport has been shown to cause acute renal
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failure in rats [62]. Furthermore, it has recently been shown through urine metabolomics profiling
of humans that increased levels of myo-inositol are significantly associated with kidney disease and
inversely proportional to eGFR [63]. It has also been shown to be elevated in the plasma metabolomic
profiles of patients with end-stage renal disease [50,61]. These studies suggest an essential role of
myo-inositol in renal physiology. Thus, its higher levels in AR may relate to the severity or progression
of rejection. In looking at known perturbations in gene expression levels in AR [14] we observed that the
sodium-myo-inositol transporter (SMIT), encoded by SLC5A3, is located in the thick ascending limb and
functions to reabsorb myo-inositol into the renal medullary cells under conditions of hypertonicity [64].
Thus, perturbations of this transporter may be a key mechanism for acute rejection related tissue injury,
mediated by hyperosmolar stress [63]. Given that patients with AR may have preserved kidney graft
function and stable serum creatinine levels, the utility of this biomarker may be confounded given
its correlation with eGFR. Further studies are needed to further validate role of myo-inositol in the
progression of rejection.

These are first observations, should be consolidated with more integrative analysis of multi-omic
datasets, and could be further aided by spatial metabolomics. Use of metabolomics for kidney disease
outcomes generally could complement diagnostics made using other modalities, including gene
expression, cell-free DNA, and proteomics [65–69].

This study benefits from the evaluation of the human urine metabolome in different geographic and
demographic cohorts, as the samples came from enrolled patients at Stanford and UCSF. The diversity
of patient samples supports the robustness and clinical utility of the described metabolite panels.
Translation of these biomarker panels to clinical practice can be done by GC-MS/TOF based assays
that are readily available in most commercial labs. Despite the fact that we have analyzed urine from
a diverse population and using two different immunosuppressive drugs, additional independent
validation studies that allow for prospective clinical testing and application of these metabolite panels
will be required to validate the performance of these biomarker panels for diagnostic transplant
monitoring. This is important because the diversity of the cohort also introduces many factors that are
known to affect the metabolic profiles of patients, such as age, gender, BMI, diet, exercise, comorbidities,
and even the time of day as a function of the circadian rhythm [70]. In our cohorts, age and gender
were significantly different and as would be expected from a pediatric population, they had few
comorbidities. A future study consisting of a larger cohort size that collected these additional details
would help to delineate the effects of these parameters on the metabolic profiles. Furthermore, we note
that storage length is known to affect the metabolites present and detected in urine studies. While our
urine samples were stored at −80 ◦C, this may have influenced the distribution of the metabolites in
the samples. Future work should be done to compare biobanked samples versus freshly collected
samples to delineate any potential differences in the metabolomic profile.

There are a number of additional limitations to this study. We note that certain patient subsets,
such as the BKVN arm had a relatively smaller number of patients (n = 22), and this warrants further
investigation with a larger number of samples to validate the results. We also note that all samples AR
samples used were collected at the time of the rejection, rather than before, and thus we could not
assess the predictive value of metabolite alterations in transplant rejection. We believe this would be a
useful area of future study, as predictive signatures of rejection prior to clinical AR (e.g., picking up
subclinical AR) would be valuable to prevent further decline of kidney function [71].

Nevertheless, urinary metabolite profiles provide an exciting opportunity for rapid
bedside–to-bench screening for risk assessment, improved immunosuppression titration, and rejection
prevention to ultimately improve transplant and patient outcomes. With the increasing number of
studies in this space [43,72], a comprehensive metabolomics picture of allograft outcomes can be
created and further contribute to the care management of transplant patients.
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Abstract: After decades of pioneering and improvement, kidney transplantation is now the renal
replacement therapy of choice for most patients with end-stage kidney disease (ESKD). Where focus
has traditionally been on surgical techniques and immunosuppressive treatment with prevention of
rejection and infection in relation to short-term outcomes, nowadays, so many people are long-living
with a transplanted kidney that lifestyle, including diet and exposure to toxic contaminants, also
becomes of importance for the kidney transplantation field. Beyond hazards of immunological
nature, a systematic assessment of potentially modifiable—yet rather overlooked—risk factors for
late graft failure and excess cardiovascular risk may reveal novel targets for clinical intervention
to optimize long-term health and downturn current rates of premature death of kidney transplant
recipients (KTR). It should also be realized that while kidney transplantation aims to restore kidney
function, it incompletely mitigates mechanisms of disease such as chronic low-grade inflammation
with persistent redox imbalance and deregulated mineral and bone metabolism. While the vicious
circle between inflammation and oxidative stress as common final pathway of a multitude of
insults plays an established pathological role in native chronic kidney disease, its characterization
post-kidney transplant remains less than satisfactory. Next to chronic inflammatory status, markedly
accelerated vascular calcification persists after kidney transplantation and is likewise suggested a major
independent mechanism, whose mitigation may counterbalance the excess risk of cardiovascular
disease post-kidney transplant. Hereby, we first discuss modifiable dietary elements and toxic
environmental contaminants that may explain increased risk of cardiovascular mortality and late
graft failure in KTR. Next, we specify laboratory and clinical readouts, with a postulated role within
persisting mechanisms of disease post-kidney transplantation (i.e., inflammation and redox imbalance
and vascular calcification), as potential non-traditional risk factors for adverse long-term outcomes in
KTR. Reflection on these current research opportunities is warranted among the research and clinical
kidney transplantation community.

Keywords: nephrology; kidney transplant; kidney transplant recipients; long-term outcomes; graft
failure; cardiovascular mortality; lifestyle; inflammation; vascular calcification; bone mineral density;
dual-energy X-ray absorptiometry

1. Introduction

Chronic kidney disease (CKD) is a major public health problem, with a current worldwide
prevalence of approximately 843 million individuals [1]. Global mean prevalence was recently reported
at 13.4% for all CKD stages together (1–5) and at 10.6% if only the more severe CKD stages (3–5)
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are considered [2]. Whereas the prevalence of all stages of CKD rises with age, older patients with
similar levels of eGFR are less likely than their younger counterparts to progress to the need of renal
replacement therapy, which has raised the question of whether all older patients who meet criteria for
CKD actually have CKD [3].

The prevalence of CKD, its detection, treatment, and impact on health have been mainly studied
in economically developed countries [1]. Nevertheless, even in these circumstances, it usually remains
a silent, smoldering health threat, with, e.g., rates of awareness of being afflicted with kidney disease
of approximately 10% among patients with CKD in an economically developed country like the
United States [4]. Along the same line, in 2016, approximately 35% of patients diagnosed with incident
end-stage kidney disease (ESKD) received little or no nephrology care prior to actually being diagnosed
with ESKD [4]. Regrettably, prevalence of ESKD and prevalence of renal replacement therapy continue
to increase (Figures 1 and 2) [4].

 
Figure 1. Prevalence of end-stage kidney disease (ESKD) in the United States (US) population,
1980–2016. This figure shows a steady increase in ESKD prevalence over recent ~35 years in the US.
Standardized for age, sex, and race. Data Source: USRDS 2018 Annual Data Report [4].

Figure 2. Prevalence of renal replacement therapy in Latin America, 1991−2013. This figure shows
a steady increase in prevalence of renal replacement therapy over recent ~25 years in Latin America.
Reprinted from “Latin American Dialysis and Transplant Registry: Experience and contributions to
end-stage kidney disease epidemiology” [5].

Compared to chronic dialysis treatment, kidney transplantation is considered the renal replacement
therapy of choice and the gold-standard treatment for most ESKD patients because it offers superior
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cost-effectiveness, quality of life, and life expectancy [6–10]. However, the latter has largely been due
to significant improvements of short-term outcomes [11]. Advances in immunosuppression, tissue
typing, treatment of infections, and surgical techniques led rates of 1-year graft survival at a pinnacle,
whereas improvement of long-term outcomes post-transplant remains a major challenge in the kidney
transplantation field [11].

On the one hand, the life-saving benefit of a kidney transplant remains largely hampered by
cumulative injury of a multitude of hazards through immune and non-immune mechanisms of kidney
damage. Over time, these mechanisms lead to chronic interstitial fibrosis and tubular atrophy as
histopathological consequence and end-stage kidney allograft failure as functional repercussion,
eventually requiring restart of dialysis or re-transplantation as final adverse clinical event (i.e., graft
failure) [11–15].

On the other hand, kidney transplant recipients (KTR) are at particularly high risk of premature
death, depicting overall mortality rates considerably higher than that of age-matched controls in the
general population [16,17].

Indeed, approximately half of all kidney allograft losses are due to premature death with a
functioning graft, a long-standing pattern that has remained largely unchanged over recent years [17,18].

Next, under the general understanding that cardiovascular disease is the leading cause of premature
death post-kidney transplant (Figure 3) and thereby importantly challenging the improvement
of longevity of KTR, great efforts have focused on the improvement of long-term cardiovascular
outcomes [19–21].

Figure 3. Mortality by causes of death with graft function in US KTR in 2015. This figure shows that
cardiovascular disease was the leading cause of mortality among US KTR in 2015. Cardiovascular
disease included acute myocardial infarction, atherosclerotic heart disease, congestive heart failure,
cerebrovascular accident, and arrhythmia/cardiac arrest. Adapted from USRDS 2018 Annual Data
Report [4].

In the clinical setting of KTR after the first-year post-transplant, beyond hazards of immunological
nature, there is a pressing need to systematically study and characterize the clinical impact of
potentially modifiable risk factors, such as lifestyle, diet, and exposure to toxic contaminants, which
are underexplored areas in the kidney transplantation field [22–26]. This evidence is needed to
guide decision making by clinicians and policy-makers in post-transplantation care. Furthermore,
because kidney transplantation aims to restore kidney function but it incompletely mitigates collateral
mechanisms of disease, such as chronic low-grade inflammation with persistent redox imbalance
and deregulated mineral and bone metabolism, further research investigating specific clinical and
laboratory readouts with a proposed involvement in such pathological pathways may point towards
non-traditional risk factors and reveal novel targets for clinical intervention [27–32].
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In the kidney transplantation field, future advances are expected from amelioration of adverse
long-term outcomes by increasing recognition and developing novel, early, and cost-effective
risk-management strategies focused on the non-immune aspects of post-kidney transplantation
care and thus optimize long-term health and downturn current rates of premature death in stable
KTR [11].

2. Lifestyle: Healthy Diet and Toxic Contaminants

One area with great potential for improvement is lifestyle, in particular diet and exposure to
toxic contaminants. Systematic investigation of traditional and potentially modifiable risks factors in
the post-kidney transplant setting may point towards otherwise overlooked early risk-management
opportunities and thus provide the basis for the development of cost-effective interventional approaches
to increase the lifespan of KTR. Healthy diet is a cornerstone element of cardio-metabolic health in the
general population [33–38]. In general, a healthy diet is recommended as essential for cardiovascular
disease prevention in all individuals. Surprisingly, however, little is known about the potential impact
of a healthy diet on cardiovascular health and survival benefit in kidney patients across the continuum
of CKD stages, in patients undergoing kidney replacement therapy, and remarkably limited evidence
is available in the post-kidney transplantation clinical setting [39–42]. Moreover, native CKD and
pre-transplant ESKD patients are generally advised to follow seemingly conflicting and challenging
dietary recommendations with the aim of restricting individual nutrients such as potassium, salt,
phosphorus, and protein [43]. It should be realized that there is scant evidence to support such
restrictive dietary recommendations [44–46]. Finally, there is a notorious lack of studies aimed to aid
on the development of evidence-based recommendations to appropriately adjust any pre-transplant
dietary advice to the patient after kidney transplantation has been performed [26,43,44,47,48]. Below,
we provide several examples of where opportunities may lie (Box 1).

Box 1. Characteristics of a healthy diet [49].

• ≥200 g of fruit per day (2–3 servings).
• ≥200 g of vegetables per day (2–3 servings).
• Fish 1–2 times per week, one of which to be oily fish.
• Saturated fatty acids to account for <10% of total energy intake through replacement by polyunsaturated

fatty acids.
• Trans unsaturated fatty acids: as little as possible, preferably no intake from processed food and <1% of

total energy intake from natural origin.
• 30 g unsalted nuts per day.
• <5 g of salt per day.
• Consumption of alcoholic beverages should be limited to 2 glasses per day (20 g/d of alcohol) for men and 1

glass per day (10 g/d of alcohol) for women.
• Sugar-sweetened soft drinks and alcoholic beverages consumption must be discouraged.

2.1. Fruit and Vegetable Consumption Post-Kidney Transplantation

With the aim of limiting potassium intake, for example, pre-transplant ESKD patients have
largely been discouraged from a high consumption of fruits and vegetables, which are, however,
well-known essential components of a healthy diet [50–54]. Beyond being rich in potassium, fruits
and vegetables are rich in fibers, polyunsaturated and monounsaturated fatty acids, magnesium, iron,
and generate less acid and contain smaller amounts of saturated fatty acids, protein, and absorbable
phosphorus in comparison to meat [39,55]. At least four servings of fruit and vegetables per day are
widely recommended for the prevention of major chronic diseases in the general population [49].
Indeed, increased consumption of fruits and vegetables has consistently shown to confer superior
cardiovascular prognosis in the general population [52–54,56].

Recent studies show that KTR consume less fruits and vegetables than the general population,
which has been associated with higher risk of cardiovascular mortality and posttransplant
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diabetes [57,58]. At present, however, post-kidney transplant, there is no clear incentive by transplant
healthcare providers to prescribe restoration of the consumption of these basic items of a healthy diet.
This attitude may respond to the fact that it remains relatively unexplored whether an increase of
fruits and vegetables consumption post-kidney transplantation positively impacts outcomes of KTR,
which would be hypothetically expected mainly by decreasing the excess cardiovascular burden and
premature cardiovascular death. Epidemiological studies aimed to estimate a theoretical benefit of
a relative increase of these specific food items are warranted as first step to, thereafter, investigate
potential interventional strategies promoting novel, cost-effective, and patient-centered approaches to
the nutritional management of KTR, adequately informing clinical practice and policy.

2.2. Fish Intake Post-Kidney Transplantation and Mercury Exposure

Similarly, fish are rich in the omega-3 polyunsaturated fatty acids (n-3 PUFA) EPA (eicosapentaenoic
acid) and DHA (docosahexaenoic acid), which are suggested to yield several beneficial effects for
cardiovascular health [59–62]. Circulating levels of EPA and DHA have been associated with reduced
cardiovascular risk in both healthy populations and in patients with pre-existing cardiovascular
disease [59–62]. Proposed beneficial health effects of marine-derived n-3 PUFA are wide-ranging,
favorably impacting inflammation, fibrosis, lipid modulation, plaque stabilization, blood pressure,
artery calcification processes, and endothelial function [63–66]. These properties render EPA and DHA
as of encompassing therapeutic potential in the management of cardiovascular risk of KTR. Indeed, in
this particular setting, recent observational studies showed that plasma levels of marine-derived n-3
PUFA are inversely associated with cardiovascular mortality risk [67,68].

It should be realized, however, that the results of randomized control trials using supplementation
of these individual nutrients are not yet sufficiently powered to draw definitive conclusions and
recommendations for KTR [69,70]. Moreover, no study has been devoted to evaluating the potential
beneficial effect of a relatively high dietary fish intake, as mostly shown in the general population [71–75].
Indeed, fish is the main dietary source of n-3 PUFA, and its inclusion in diet seems reasonable because
it is a good source of protein without potentially adverse effects of accompanying intake of high
saturated fat as present in fatty meat products. Not exempt of drawbacks, however, fish is also the
major source of human exposure to organic mercury (with the exception of industrial accidents or
particular occupational exposures) [76–78]. Therefore, alongside the study of the potential health
benefits of marine-derived n-3 PUFA, weighted investigation of a relatively higher fish intake has
been performed as necessary step towards developing cautious evidence-based dietary guidelines
for clinical uptake [79], suggesting that beneficial effects of a higher dietary intake of n-3 PUFA by
increasing fish consumption post-kidney transplantation may not be mitigated by postulated increased
cardiovascular risk due to concomitant exposure to mercury [79].

2.3. Cadmium Exposure and Nephrotoxicity in the Post-Kidney Transplant Setting

Cadmium is another heavy metal of environmental and lifestyle-related concern, with tobacco and
diet as primary sources of exposure. Previous studies have demonstrated that cadmium may induce
hypertension, which in turn is associated with accelerated kidney function decline and particularly
demonstrated in KTR, by shortened allograft survival [80–84]. Most importantly, a strong body
of evidence shows that the kidney is the most sensitive target organ of cadmium-induced body
burden, through postulated direct mechanisms of cadmium-induced injury in this organ, wherein it
accumulates with a half-life of up to 45 years [85–89]. It is important to note that, particularly in settings
of long-term oxidative stress such as that of KTR, cadmium-induced nephrotoxicity may be associated
with impaired kidney function at concentrations that are otherwise considered non-toxic [90–92].
Taking also into account that the most effective way to reduce cardiovascular disease in KTR may indeed
be preservation of graft function, the aforementioned constellation of factors turn the investigation of
cadmium-associated risk of encompassing relevance within the study of long-term outcomes of kidney
allograft function [21,84]. Furthermore, bodily cadmium is susceptible to therapeutic interventions [93].
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Thus, cadmium-targeted interventional strategies may offer novel opportunities to decrease the
long-standing high burden of late kidney graft failure; however, whether the nephrotoxic exposure to
cadmium represents an overlooked hazard for preserved graft functioning remains unknown.

3. Inflammation and Oxidative Stress and Vascular Calcification

Another area of great opportunities for further improvement may lie in a better evaluation of
disease mechanisms long-term after transplantation. Traditional risk factors such as diabetes mellitus,
smoking, and hypertension, among others, do not suffice to account for the excess burden of premature
cardiovascular death of, otherwise, stable KTR [94–97]. Indeed, cardiovascular disease has an atypical
nature in KTR when compared with the general population [20,21]. Unexplained cardiovascular risk
subsidizes current efforts to provide cutting-edge evidence on the potential independent hazard of
novel (non-traditional) cardiovascular risk factors post-kidney transplantation [98–102].

It should be taken into account that while kidney transplantation aims to restore kidney function,
it incompletely abrogates mechanisms of disease. Moreover, an aggregate of factors specific to
the transplant milieu such as a chronic low-grade immunologic response to the kidney allograft,
long-term toxicity of maintenance immunosuppressive, as well as various degrees of progressive
uremia, contribute to perpetuate chronic inflammation, redox imbalance, and deregulated mineral and
bone metabolism, which have to be proposed as major independent and evolving pathophysiological
mechanisms, whose mitigation may counterbalance—at least to a considerable extent—the excess risk
of cardiovascular disease and graft failure post-kidney transplantation [30,32,101,103,104]. Below, we
provide several examples of where opportunities may lie.

3.1. Inflammation and Oxidative Stress Post-Kidney Transplantation

Indeed, while the vicious circle between inflammation and oxidative stress as final common
pathway of a multitude of insults plays an established pathological role in native chronic kidney
disease (CKD), its characterization post-kidney transplant has been less than satisfactory [105–109].
This is relevant because, at a physiological level, the cornerstone role of the complex interplay between
inflammation and oxidative stress (Box 2) provides a theoretical and conceptual framework upon
which upcoming research may deepen the understanding of the pathophysiological status of KTR
once they reach a seemingly stable clinical stage [105].

Box 2. Oxidative stress.

Oxidative stress is defined as an imbalance between the generation and removal of oxidant species. The most
representative biological oxidant agents are reactive oxygen species (ROS) and reactive nitrogen species (RNS).
The former group includes hydrogen peroxide, superoxide anion, and hydroxyl radical, whereas within the latter
group relevant species are peroxynitrite anion, nitric oxide, and nitrogen dioxide radicals. Oxidative stress occurs
when ROS and/or RNS production overwhelms the endogenous antioxidant defense system, either by excess
production and/or inadequate removal. The antioxidant defense system is constituted by enzymatic antioxidant
agents, including catalase, glutathione peroxidase, and superoxide dismutase. Non-enzymatic antioxidant
components include a diversity of biological molecules, such as ascorbic acid (vitamin C), α-tocopherol (vitamin
E), reduced glutathione, carotenoids, flavonoids, polyphenols, and several other exogenous antioxidants [110].

3.1.1. Vitamin C as Anti-Inflammatory and Antioxidant Agent and Its Depletion
Post-Kidney Transplant

Inflammation, specifically the established inflammatory biomarker high-sensitivity C-reactive
protein (hs-CRP)—which is also an indirect marker of increased oxidant production—has been
previously shown to be independently associated with increased mortality risk in KTR [98,100].
Supported by data consistently showing an inverse correlation with hs-CRP in different settings, vitamin
C is well-known by its anti-inflammatory effects [111–114]. Moreover, vitamin C is a physiological
antioxidant agent, with radical-scavenger and reducing activities, of paramount importance for
protection against diseases and degenerative processes caused by oxidant stress [115]. This particular
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composite of biochemical properties renders vitamin C as compelling research candidate to broaden
the understanding of the interaction of inflammation and oxidative stress in the mechanisms leading
to excess risk of premature death post-kidney transplantation. It should be realized, moreover, that
pre-transplant ESKD patients often have an imbalance of several critical trace elements and vitamins [39].
Vitamin C, particularly, has been shown to be removed by conventional hemodialysis membranes,
leading to drastic vitamin C depletion and oxidative stress [116–118]. Through an inverse mediating
effect on inflammatory signaling biomarkers, sub-physiological levels of vitamin C (depletion) may be
hypothesized to be implicated in mechanisms that associate with increased risk of adverse long-term
outcomes [119–123]. To date, however, relatively little is known regarding the prevalence of abnormal
vitamin C status post-kidney transplantation, yet recent studies have shown that low plasma vitamin
C contributes to excess risk for premature death post-kidney transplantation [124,125].

3.1.2. Advanced Glycation End products as Amplifiers of Oxidative Stress and
Inflammatory Responses

Inflammation is referred to as a redox-sensitive mechanism on the basis that reactive oxygen
species may activate transcription factors such as nuclear factor kappa B (NF-kB), which regulates
inflammatory mediator genes expression [126]. In this regard, advanced glycation end products
(AGE) are particularly interesting oxidative stress biomarkers because it has been demonstrated
that, upon binding to AGE-specific receptors, AGE activate intracellular pathways that amplify
inflammatory and oxidative stress responses and regulate the transcription of adhesion molecules
through NF-kB activation [127]. In agreement, data derived from clinical studies in pre-transplant
ESKD patients support the implication of AGE in the complex feedback loop between oxidative stress
and inflammation leading to endothelial dysfunction and adverse cardiovascular effects [128–130].

Several studies have observed accumulation of AGE in native and transplant CKD patients, and
a strong body of evidence on the general theory of AGE pathophysiology supports its pivotal role
in the initiation and progression of mechanisms underlying cardiovascular disease. However, few
attempts have been made to investigate the association of AGE with cardiovascular risk post-kidney
transplantation [99,131]. Through a mediating effect on up-regulation of inflammatory, oxidative
stress and endothelial dysfunction biomarkers, a relative increase of AGE may be hypothesized to
actively contribute to the intracellular signaling pathways that ultimately yield excess risk of premature
cardiovascular death in KTR. It remains unknown whether a hypothetical association with risk of
cardiovascular mortality is independent of estimates of kidney function and traditional cardiovascular
risk factors such as body mass index, diabetes, blood pressure, and smoking status.

3.1.3. Inflammation, Galectin-3, and Fibrosis

Inflammation is also referred to as a unifying mechanism of injury because—through a
cornerstone signaling link with interstitial fibrosis and tubular atrophy—it may hold observations
that connect hazards of several natures with structural damage and detrimental function of the
kidney [12–15,132,133]. Of note, the concept that chronic rejection is responsible for all progressive
long-term kidney graft failure has long ago been reformulated to a hypothesis of cumulative
damage [12–15]. Thus, repeated insults of both immune and non-immune nature damage the
graft by leading to interstitial fibrosis and tubular atrophy, which represents a final common pathway
of injury with adverse functional consequences [13]. Galectin-3 is a β-galactoside-binding lectin with a
postulated key mediating role on kidney tissue fibrosis [134–138]. In different models, it has been shown
that whether a variety of insults incur on irreversible kidney fibrosis or not depends on the expression
and secretion of galectin-3 [135–138]. In the general population, moreover, an increasing body of
prospective evidence has related plasma galectin-3 with incident CKD [139–141]. Because galectin-3 is
both a biomarker of systemic inflammation and kidney fibrosis, it may broaden our understanding
and provide data to further support a unifying link between repeated inflammatory and pro-oxidant
insults and increased risk of graft failure beyond the first-year post-kidney transplantation. Finally, it
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should be realized that the dependent role of galectin-3 on kidney fibrosis has been specifically shown
in the particular post-kidney transplant setting in a murine model [138]. Within the clinical kidney
transplantation field, however, a number of crucial questions remain unanswered. Especially with
galectin-3, targeted pharmacological therapies are increasingly becoming available, and evidence
of a hypothetical association between galectin-3 levels and risk of long-term graft survival may
point towards novel interventional avenues to potentially decrease the long-standing burden of late
graft failure.

3.2. Bone Disease and Vascular Calcification

Chronic kidney disease-mineral and bone disorders (CKD-MBD) is the clinical entity or syndrome
that KDIGO (Kidney Disease: Improving Global Outcomes) more than a decade ago has coined
to embody the disruption of the complex systems biology enclosed by the kidney, skeleton, and
cardiovascular system [142]. In line with previous evidence, the results of a recent elegant study by
Yilmaz et al. support the hypothesis that decline in cardiovascular risk post-kidney transplantation
depends on partial resolution of inflammation but also on resolution of the CKD-MBD [143,144].
The findings of the aforementioned research group support the notion that beyond restoration of
organ function post-kidney transplant, amelioration of inflammation and correction of CKD-MBD
may attenuate excess cardiovascular disease through separate biological pathways. In agreement,
Cozzolino et al. recently depicted inflammation and oxidative stress, on one hand, and CKD-MBD,
on the other hand, as major mechanisms underlying a feedback loop that exacerbates cardiovascular
disease in CKD patients (Figure 4) [145].

 

Figure 4. Cardiovascular disease in chronic kidney disease. This figure shows inflammation, oxidative
stress, and uremic toxins on one side and chronic kidney disease-mineral and bone disorders on the other
side of independent mechanisms linking chronic kidney and cardiovascular disease. Adapted from:
“Cardiovascular disease in dialysis patients” by M. Cozzolino et al., 2019, Nephrol Dial Transplant, 33:
iii28–34 [145].

Within the context of CKD-MBD, vascular calcification—a currently established cardiovascular
risk factor in KTR, as shown by previous studies of our group and others [146–151]—is linked with
bone disease through inter-related pathophysiological mechanisms that comprise the bone-vascular
axis hypothesis, which contributes to the exceedingly high cardiovascular risk in native CKD [152–156].
Post-kidney transplant bone disease is certainly a topic of epidemiological relevance due to its high
prevalence and its association with fragility fractures and reduced mobility [157–162]. Previous studies
remarked that existing research had failed to explore a hypothetical contributing role of post-kidney
transplant bone disease to increased risk of vascular calcification in KTR [154,158,163]. Recent evidence,
however, has come to support the existence of a bone-vascular axis post-kidney transplantation,
providing data to evaluate its epidemiological relevance post-kidney transplant and pointing towards
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an otherwise overlooked therapeutic opportunity to at least partially decrease the markedly high
cardiovascular burden post-kidney transplant [164].

It has also been proposed that mediators of inflammation (e.g., interleukin 6 and tumor necrosis
factor) contribute to fibroblast growth factor (FGF)-23 elevation and that, in turn, FGF-23 increases
cytokine production, thus linking systemic inflammation with dysregulated phosphate metabolism in
a vicious cycle [165,166]. It has been proposed that inflammatory mediators function as drug targets to
decrease the burden of FGF23-associated injury in various tissues, thus offering a novel therapeutic
opportunity to decrease the burden of cardiovascular diseases including vascular calcification in
kidney disease patients [165,167]. Nevertheless, even in CKD patients within normal range of serum
phosphate levels, vascular calcification is often observed. Calciprotein particles are calcium-phosphate
nanoparticles that increase with CKD progression, which have been associated with inflammatory
responses, endothelial damage, vascular stiffness, and calcification [168]. Calciprotein particles may
play a pathophysiological role in the link between chronic inflammation and vascular calcification.
Further research is warranted to evaluate its contribution to overall cardiovascular burden in KTR and
to develop novel pharmacological strategies targeting calciprotein particles to encourage protection
against the risk of vascular calcification post-kidney transplantation [169].

3.3. Immunosuppressive Therapy and Traditional Risk Factors of Vascular Calcification

The contribution of several traditional risk factors of vascular calcification may be particularly
relevant in the post-kidney transplantation setting due to the effect of maintenance immunosuppressive
therapy on diabetes, dyslipidemia, and vitamin D metabolism [170]. Previous studies have shown
that low vitamin D along with low vitamin K may synergistically associate with higher risk of
hypertension [171] and thereby contribute to higher risk of vascular calcification [172]. In KTR,
particularly, we have recently shown that combined vitamin D and K deficiency is highly prevalent and
is associated with increased mortality and graft failure [173]. Further research is needed to investigate
both the direct and indirect role of immunosuppressive drugs in the progression of vascular calcification.
There may, however, be opposing effects, because it has been described that steroids and calcineurin
inhibitors inhibit inducible nitric oxide and may thereby lead to progression of vascular calcification
through endothelial dysfunction [170], while mycophenolate mofetil inhibits vascular smooth muscle
cell proliferation and may be protective against vascular calcification [174,175]. Similarly, we recently
reported that use of cyclosporine rather than tacrolimus correlated with prevalence of osteopenia, while
osteopenia was associated with higher risk of vascular calcification after kidney transplantation [164].
Future studies are warranted to assess the association between immunosuppressive agents and risk
of vascular calcification, which may provide new cardiovascular risk management opportunities
post-kidney transplantation.

4. Conclusions

Further research on lifestyle-related factors including diet and exposure to toxic contaminants, as
well as persisting mechanisms of disease post-kidney transplantation (i.e., inflammation and redox
imbalance and vascular calcification) is needed as it may bring about powerful opportunities to improve
long-term outcomes post-kidney transplantation. Reflection on these current research opportunities is
warranted among the research and clinical kidney transplantation community. Forthcoming analyses
of the data to be generated by the long-lasting Transplant Lines Prospective Cohort Study and Biobank
of Solid Organ Transplant Recipients [176] may shed light on these questions.
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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,
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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.

249



J. Clin. Med. 2020, 9, 328

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.
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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

J. Clin. Med. 2020, 9, 1654; doi:10.3390/jcm9061654 www.mdpi.com/journal/jcm273



J. Clin. Med. 2020, 9, 1654

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).

279



J. Clin. Med. 2020, 9, 1654

 

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)
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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

298



J. Clin. Med. 2020, 9, 2955

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).

0.0 0.2 0.4 0.6 0.8 1.0

(4)*

(3)

(2)*

(1)

area under the receiver
operating characteristic

 

 

(a)  (b) 

 

 

(c)  (d) 

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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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).
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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.
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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
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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.
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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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