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Over the past decade, the number of organ transplants performed worldwide has
significantly increased for patients with advanced organ failure [1–5]. In the United States,
41,354 organ transplants were performed in 2021, increasing by 5.9% compared to 2020 [6].
While there have been significant improvements in the short-term survival of solid or-
gan transplant recipients due to advances in immunosuppression and transplant tech-
niques [1,2,7], long-term graft and patient outcomes still lag behind and remain areas for
improvement in solid organ transplantation [2].

In this Special Issue, “Progress and Recent Advances in Solid Organ Transplantation”,
researchers from different disciplines with different expertise and resources highlighted
the novelty of their recent investigations in the field of organ transplantation, including
issues related to donors, allografts, and patient survival [8–20]. While there have been
significant advances in regional and national kidney paired-donation programs in matching
incompatible pairs, data suggest that there may be a role for desensitization in select cases
to facilitate organ transplantation [21]. In this Special Issue, Weinhard et al. summarized the
roles of tocilizumab and desensitization in kidney transplant candidates [18]. In addition
to progress in desensitization and preoperative monitoring of donor-specific antibodies,
this Special Issue also provided insights into the monitoring and management of chronic
active antibody-mediated rejection [17]. Furthermore, investigators also shed light on
post-transplant complication research, including osteoporotic fractures [9], diarrhea [15],
psychological changes [19], and recurrent primary disease [17].

Immunosuppression management is essential for patient and graft survival in transplant
recipients [22–24], and studies have demonstrated the impacts of tacrolimus metabolism rates
on outcomes after transplantation [25–27]. In this Special Issue, Kolonko et al. found the
novel findings of influences of body composition parameters assessed by bioimpedance
analysis on the tacrolimus metabolism, which may potentially be useful in optimizing initial
tacrolimus dosing [10]. Additionally, while fast tacrolimus metabolism is associated with
lower renal function after kidney transplantation [26,27], in this Special Issue, Thölking et al.
found no significant impact of fast tacrolimus metabolism on dyslipidemia parameters [13].

Better understanding of subgroups of transplant recipients, such as older transplant re-
cipients and Black transplant recipients, can help the transplant community to identify indi-
vidualized strategies to improve outcomes among these vulnerable populations [11,14,28].
In this Special Issue, Zompolas et al. conducted a retrospective study to evaluate out-
comes of 85 kidney transplant recipients aged ≥ 75 years in the Eurotransplant Senior
Program from January 2010 to July 2018 at the Charité-Universitätsmedizin Berlin in
Germany [11]. The investigators demonstrated comparable outcomes among older pa-
tients compared to their younger counterparts [11], confirming excellent outcomes, includ-
ing in patient and graft survival, in carefully selected older kidney transplant recipients
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aged ≥ 75 years [29–31]. Lastly, in this Special Issue, we reported outcomes of kidney trans-
plant recipients with sickle cell disease (SCD) from an analysis of the 2000–2019 United
Network for Organ Sharing (UNOS)/Organ Procurement and Transplantation Network
Database [14]. In this study, we found that SCD was significantly associated with lower
patient survival and death-censored graft survival compared to non-SCD recipients. The
findings of our study suggest that urgent future studies are required to identify strate-
gies to improve outcomes in SCD kidney recipients. Additionally, the assignment of risk
adjustment for SCD patients should be considered.

In summary, the findings published in this Special Issue provide novelty and ad-
ditional knowledge and may help the transplant community to ultimately improve the
management and outcomes of patients with solid organ transplantation.
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and C.T. drafted the manuscript. All authors gave comments on the earlier versions of the manuscript.
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between Initial Tacrolimus Metabolism Rate and Recipients Body Composition in Kidney Transplantation. J. Clin. Med. 2021, 10, 5793.
[CrossRef]

11. Zompolas, I.; Peters, R.; Liefeldt, L.; Lehner, L.J.; Budde, K.; Ralla, B.; Goranova, I.; Maxeiner, A.; Lerchbaumer, M.H.;
Marticorena Garcia, S.R.; et al. Outcomes of Deceased Donor Kidney Transplantation in the Eurotransplant Senior Program
with A Focus on Recipients ≥75 Years. J. Clin. Med. 2021, 10, 5633. [CrossRef]

12. Chang, K.C.; Hsieh, Y.P.; Chao, H.N.; Lin, C.M.; Lin, K.H.; Tsai, C.C.; Heish, C.E.; Lin, P.R.; Kor, C.T.; Chen, Y.L.; et al. Association
of Hematuria with Renal Progression and Survival in Patients Who Underwent Living Donor Liver Transplant. J. Clin. Med. 2021,
10, 4345. [CrossRef] [PubMed]

13. Thölking, G.; Schulte, C.; Jehn, U.; Schütte-Nütgen, K.; Pavenstädt, H.; Suwelack, B.; Reuter, S. The Tacrolimus Metabolism Rate
and Dyslipidemia after Kidney Transplantation. J. Clin. Med. 2021, 10, 3066. [CrossRef]

14. Leeaphorn, N.; Thongprayoon, C.; Vaitla, P.; Hansrivijit, P.; Jadlowiec, C.C.; Mao, S.A.; Chewcharat, A.; Katari, S.;
Pattharanitima, P.; Boonpheng, B.; et al. Outcomes of Kidney Transplant Recipients with Sickle Cell Disease: An Analy-
sis of the 2000-2019 UNOS/OPTN Database. J. Clin. Med. 2021, 10, 3063. [CrossRef]

2



J. Clin. Med. 2022, 11, 2112

15. Rodrigues, F.G.; Swarte, J.C.; Douwes, R.M.; Knobbe, T.J.; Sotomayor, C.G.; Blokzijl, H.; Weersma, R.K.; Heilberg, I.P.; Bakker, S.J.L.;
de Borst, M.H.; et al. Exhaled Hydrogen as a Marker of Intestinal Fermentation Is Associated with Diarrhea in Kidney Transplant
Recipients. J. Clin. Med. 2021, 10, 2854. [CrossRef] [PubMed]

16. Hau, H.M.; Jahn, N.; Rademacher, S.; Sucher, E.; Babel, J.; Mehdorn, M.; Lederer, A.; Seehofer, D.; Scheuermann, U.; Sucher, R.
The Value of Graft Implantation Sequence in Simultaneous Pancreas-Kidney Transplantation on the Outcome and Graft Survival.
J. Clin. Med. 2021, 10, 1632. [CrossRef] [PubMed]

17. Nakamura, T.; Shirouzu, T. Antibody-Mediated Rejection and Recurrent Primary Disease: Two Main Obstacles in Abdominal
Kidney, Liver, and Pancreas Transplants. J. Clin. Med. 2021, 10, 5417. [CrossRef]

18. Weinhard, J.; Noble, J.; Jouve, T.; Malvezzi, P.; Rostaing, L. Tocilizumab and Desensitization in Kidney Transplant Candidates:
Personal Experience and Literature Review. J. Clin. Med. 2021, 10, 4359. [CrossRef]

19. Battaglia, Y.; Zerbinati, L.; Belvederi Murri, M.; Provenzano, M.; Esposito, P.; Andreucci, M.; Storari, A.; Grassi, L. Exploring the
Level of Post Traumatic Growth in Kidney Transplant Recipients via Network Analysis. J. Clin. Med. 2021, 10, 4747. [CrossRef]

20. Westenberg, L.B.; van Londen, M.; Sotomayor, C.G.; Moers, C.; Minnee, R.C.; Bakker, S.J.L.; Pol, R.A. The Association between
Body Composition Measurements and Surgical Complications after Living Kidney Donation. J. Clin. Med. 2021, 10, 155.
[CrossRef]

21. Kuppachi, S.; Axelrod, D.A. Desensitization strategies: Is it worth it? Transpl. Int. 2020, 33, 251–259. [CrossRef]
22. Cheungpasitporn, W.; Lentine, K.L.; Tan, J.C.; Kaufmann, M.; Caliskan, Y.; Bunnapradist, S.; Lam, N.N.; Schnitzler, M.;

Axelrod, D.A. Immunosuppression Considerations for Older Kidney Transplant Recipients. Curr. Transplant. Rep. 2021, 8,
100–110. [CrossRef] [PubMed]

23. Axelrod, D.A.; Cheungpasitporn, W.; Bunnapradist, S.; Schnitzler, M.A.; Xiao, H.; McAdams-DeMarco, M.; Caliskan, Y.; Bae, S.;
Ahn, J.B.; Segev, D.L.; et al. Posttransplant Diabetes Mellitus and Immunosuppression Selection in Older and Obese Kidney
Recipients. Kidney Med. 2022, 4, 100377. [CrossRef] [PubMed]

24. Lentine, K.L.; Cheungpasitporn, W.; Xiao, H.; McAdams-DeMarco, M.; Lam, N.N.; Segev, D.L.; Bae, S.; Ahn, J.B.; Hess, G.P.;
Caliskan, Y.; et al. Immunosuppression Regimen Use and Outcomes in Older and Younger Adult Kidney Transplant Recipients:
A National Registry Analysis. Transplantation 2021, 105, 1840–1849. [CrossRef]

25. Thongprayoon, C.; Hansrivijit, P.; Kovvuru, K.; Kanduri, S.R.; Bathini, T.; Pivovarova, A.; Smith, J.R.; Cheungpasitporn, W.
Impacts of High Intra- and Inter-Individual Variability in Tacrolimus Pharmacokinetics and Fast Tacrolimus Metabolism on
Outcomes of Solid Organ Transplant Recipients. J. Clin. Med. 2020, 9, 2193. [CrossRef] [PubMed]

26. Thölking, G.; Schütte-Nütgen, K.; Schmitz, J.; Rovas, A.; Dahmen, M.; Bautz, J.; Jehn, U.; Pavenstädt, H.; Heitplatz, B.; Van
Marck, V.; et al. A Low Tacrolimus Concentration/Dose Ratio Increases the Risk for the Development of Acute Calcineurin
Inhibitor-Induced Nephrotoxicity. J. Clin. Med. 2019, 8, 1586. [CrossRef]

27. Thölking, G.; Siats, L.; Fortmann, C.; Koch, R.; Hüsing, A.; Cicinnati, V.R.; Gerth, H.U.; Wolters, H.H.; Anthoni, C.;
Pavenstädt, H.; et al. Tacrolimus Concentration/Dose Ratio is Associated with Renal Function After Liver Transplantation. Ann.
Transplant. 2016, 21, 167–179. [CrossRef]

28. Thongprayoon, C.; Jadlowiec, C.C.; Leeaphorn, N.; Bruminhent, J.; Acharya, P.C.; Acharya, C.; Pattharanitima, P.; Kaewput, W.;
Boonpheng, B.; Cheungpasitporn, W. Feature Importance of Acute Rejection among Black Kidney Transplant Recipients by
Utilizing Random Forest Analysis: An Analysis of the UNOS Database. Medicines 2021, 8, 66. [CrossRef]

29. Lønning, K.; Midtvedt, K.; Leivestad, T.; Reisæter, A.V.; Line, P.D.; Hartmann, A.; Heldal, K. Are Octogenarians With End-Stage
Renal Disease Candidates for Renal Transplantation? Transplantation 2016, 100, 2705–2709. [CrossRef]

30. Huang, E.; Poommipanit, N.; Sampaio, M.S.; Kuo, H.T.; Reddy, P.; Gritsch, H.A.; Pham, P.T.; Wilkinson, A.; Danovitch, G.;
Bunnapradist, S. Intermediate-term outcomes associated with kidney transplantation in recipients 80 years and older: An analysis
of the OPTN/UNOS database. Transplantation 2010, 90, 974–979. [CrossRef]

31. Ravichandran, B.R.; Sparkes, T.M.; Masters, B.M.; Thomas, B.; Demehin, M.; Bromberg, J.S.; Haririan, A. Survival benefit of renal
transplantation in octogenarians. Clin. Transplant. 2020, 34, e14074. [CrossRef]

3





Journal of

Clinical Medicine

Article

The Association between Body Composition Measurements
and Surgical Complications after Living Kidney Donation

Lisa B. Westenberg 1,2, Marco van Londen 2, Camilo G. Sotomayor 2, Cyril Moers 1, Robert C. Minnee 3, Stephan J.

L. Bakker 2 and Robert A. Pol 1,*

Citation: Westenberg, L.B.; van

Londen, M.; Sotomayor, C.G.; Moers,

C.; Minnee, R.C.; Bakker, S.J.L.; Pol,

R.A. The Association between Body

Composition Measurements and

Surgical Complications after Living

Kidney Donation. J. Clin. Med. 2021,

10, 155. https://doi.org/10.3390/

jcm10010155

Received: 6 December 2020

Accepted: 31 December 2020

Published: 5 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Surgery, University Medical Center Groningen, University of Groningen,
9713 GZ Groningen, The Netherlands; l.b.westenberg@umcg.nl (L.B.W.); c.moers@umcg.nl (C.M.)

2 Division of Nephrology, Department of Internal Medicine, University Medical Center Groningen,
University of Groningen, 9713 GZ Groningen, The Netherlands; m.van.londen@umcg.nl (M.v.L.);
c.g.sotomayor.campos@umcg.nl (C.G.S.); s.j.l.bakker@umcg.nl (S.J.L.B.)

3 Department of Surgery, Erasmus University Medical Center, Erasmus University Rotterdam,
3015 CN Rotterdam, The Netherlands; r.minnee@erasmusmc.nl

* Correspondence: r.pol@umcg.nl; Tel.: +31-503613382

Abstract: Obesity is considered a risk factor for peri- and postoperative complications. Little is
known about this risk in overweight living kidney donors. The aim of this study was to assess
if anthropometric body measures and/or surgical determinants are associated with an increased
incidence of peri- and postoperative complications after nephrectomy. We included 776 living
kidney donors who donated between 2008 and 2018 at the University Medical Center Groningen.
Prenephrectomy measures of body composition were body mass index (BMI), body surface area (BSA),
waist circumference, weight, and waist–hip ratio. Incidence and severity of peri- and postoperative
complications were assessed using the Comprehensive Complication Index. Mean donor age was
53 ± 11 years; 382 (49%) were male, and mean BMI at donor screening was 26.2 ± 3.41 kg/m2. In total,
77 donors (10%) experienced peri- and postoperative complications following donor nephrectomy.
Male sex was significantly associated with fewer surgical complications (OR 0.59, 0.37–0.96 95%CI,
p = 0.03) in binomial logistic regression analyses. Older age (OR: 1.03, 1.01–1.05 95%CI, p = 0.02)
and a longer duration of surgery (OR: 1.01, 1.00–1.01 95%CI, p = 0.02) were significantly associated
with more surgical complications in binomial logistic regression analyses. Multinomial logistic
regression analyses did not identify any prenephrectomy measure of body composition associated
with a higher risk of surgical complications. This study shows that higher prenephrectomy BMI and
other anthropometric measures of body composition are not significantly associated with peri- and
postoperative complications following living donor nephrectomy.

Keywords: living donation; nephrectomy; hand-assisted laparoscopic nephrectomy; body composi-
tion; complications

1. Introduction

Transplantation of kidneys from living donors has many advantages in comparison
with transplantation of deceased donor grafts. For patients with end-stage renal disease
that undergo transplantation, patient and graft survival is better when transplanted with
a graft from a living donor [1]. Although these findings support a need for more living
kidney donors, the total number of living donor transplantations in the United States has
remained constant since 2011 [2].

During screening for living kidney donation, body mass index (BMI) plays an impor-
tant role in the assessment of a potential donor. A BMI ≥ 35 kg/m2 has been associated with
an increased risk of peri- and postoperative complications such as surgical site infection,
deep venous thrombosis development, and incisional hernia [3–5]. This risk of surgical
complications was not significant in individuals with a BMI < 30 kg/m2 [6]. Therefore,
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many transplantation centres have decided that donors with a BMI ≥ 35 kg/m2 are not
accepted for donation, and those who are obese with a BMI between 30 and 35 kg/m2 are
advised to make lifestyle changes to reduce their weight [7,8]. Interestingly, studies on
the effect of BMI as a risk factor for surgical complications in living donor nephrectomies
report contradictory results [9,10], and especially, little is known about this risk in donors
with a BMI between 30 and 35 kg/m2, who constitute a relatively large part of the living
kidney donor population. Confronted with a changing living kidney donor pool due to
the increasing prevalence of obesity worldwide [11] and the lack of a consensus on the
threshold of BMI for living kidney donation acceptance criteria, the aim of this study is to
assess whether BMI and other anthropometric body measures that are easily obtained in
clinics are associated with an increased incidence of peri- and postoperative complications
after nephrectomy.

2. Materials and Methods

2.1. Study Design

A total of 776 living kidney donors were included in this longitudinal prospective
cohort study. Donor nephrectomies took place between 2008 and 2018 in the University
Medical Center Groningen (The Netherlands). Potential donors were screened by a team
of medical experts consisting of nephrologists, surgeons, radiologists, psychologists, and
social workers. The main inclusion criterion was age >18 years of age at the time of
donation. The exclusion criteria for donation were in accordance with the Dutch Guide-
lines for Evaluation of Potential Donors for Living Donor Kidney Transplantation from
2008 (i.e., BMI > 35 kg/m2, unable to provide informed consent, manifested Diabetes
Mellitus, major cardiovascular risk factors, prior kidney disease or glomerular filtration
rate (GFR) of <60 mL/min × 1.73 m2, monokidney, pregnancy, recent or active malignan-
cies, chronic/active infection (e.g., HIV, HCV, HTLV, HBV), hypertension with end organ
damage, inadequately regulated hypertension, proteinuria (>0.5 g/24 h), microscopical
haematuria, and bilateral nephrolithiasis on CT scan) [9]. Informed consent was obtained
from all participants.

Every donor underwent hand-assisted endoscopic donor nephrectomy, either la-
paroscopic (hand-assisted laparoscopy (HALN)) or retroperitoneoscopic (hand-assisted
retroperitoneal nephrectomy (HARN)). Our hospital’s hand-assisted donor nephrectomy
procedure has been described in detail in a previous publication [12]. All living kidney
donors donated to recipients >18 years of age. The study was approved by the institutional
ethical review board (METc 2014/077). All procedures were conducted in accordance with
the Declarations of Helsinki.

2.2. Data Collection

Data were collected as part of the TransplantLines research project conducted at the
UMCG [13]. During all visits, donors’ weight and height were measured by trained nurses.
These measurements were used to calculate BMI (kg/m2) and body surface area (BSA); the
latter was calculated using the Du Bois and Du Bois equation [14], a method most widely
used in clinical practice. Waist and hip circumference were also measured at each visit
of the donor as part of the TransplantLines study. Waist–hip ratio was calculated as the
quotient of waist circumference and hip circumference.

Additional anthropometric, clinical, and laboratory measurements were extracted
from the digital hospital registration system. Surgical complications were assessed us-
ing the Comprehensive Complication Index (CCI) [15], a continuous scale that measures
surgical morbidity, considering all complications according to the Clavien–Dindo clas-
sification [16]. The CCI considers the incidence of each complication, using a specific
calculation that results in a score between 0 and 100. Complications were prospectively
recorded, and for this study, a full description of the reported complication was retrieved
from the complication registry of the surgical department or otherwise extracted from the
digital hospital registration system at our university hospital. As part of our follow-up
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protocol, donors regularly visit the hospital (i.e., 3 months, 1 year, 5 years, and 10 years
after donation).

2.3. Statistical Analysis

Data were analysed using SPSS version 23.0 (IBM, Armonk, NY, USA). Categorical
variables are presented as numbers with percentages and were analysed using the χ2 test
or Fisher’s exact test. Normally distributed variables are presented as mean (standard
deviation) and skewed variables are displayed as median [IQR], with analysis by means of
Student’s t-test and the Mann–Whitney U test, respectively. We have performed these anal-
yses for the total study population, complication vs. no complication, and BMI < 30 kg/m2

vs. BMI ≥ 30 kg/m2.
Since the Comprehensive Complication Index, a continuous score, was not distributed

as a continuous variable in our study population, we performed logistic regression analyses.
To determine which factors are associated with surgical complications, binomial and
multinomial logistic regression analyses were performed. Each variable with a value of
p < 0.05 with our outcome (i.e., a CCI score > 0) and variables known from the literature
to be risk factors for perioperative complications were included in multinomial logistic
regression models. Since living kidney donors need to be healthy individuals, most risk
factors for perioperative complications (e.g., major comorbidities) do not apply. We have
included the most important risk factors for perioperative complications pertaining to
living kidney donors [17] in our analyses: longer duration of surgery has been associated
with an increased risk of surgical complications such as surgical site infections, venous
thromboembolism, and bleeding [18]. In addition, prior abdominal surgery shows strong
evidence of association with an increased risk of intra-abdominal adhesions, complicating
the procedure possibly leading to surgical complications [19]. Surgical technique could
also affect the complication rate, since hand-assistance is associated with fewer surgical
complications than an open laparoscopic procedure, and a retroperitoneoscopic approach
might be associated with even fewer surgical complications [20].

Since BMI, the duration of surgery, and the occurrence of complications are inter-
connected, we have performed mediation analyses to investigate whether the duration
of surgery might act as a mediator (Figures S1 and S2, Supplementary Materials). This
analysis shows that there is an association between BMI and the duration of surgery, and
between the duration of surgery and perioperative complications. However, since media-
tion requires the presence of a direct effect (in this case, an association between BMI and
CCI > 0), which was not the case in our analyses, potential mediation of an association
between BMI and CCI > 0 by the duration of surgery could not be assessed. Therefore, the
duration of surgery could be included in our multinomial logistic regression models.

Independent variables in the multinomial logistic regression models were the body
measures, age, sex, previous abdominal surgery, donor nephrectomy technique, and the
duration of surgery. The dependent outcome variable was the category of CCI score.
In all analyses, two-tailed values of p < 0.05 were seen as evidence for the presence of
an association.

3. Results

We included 776 living kidney donors. Mean age at screening was 53 (SD: 11) years,
and 49% were male. Mean BMI at donor screening was 26.2 (SD: 3.41) kg/m2 (Table 1).
Mean waiting time between screening and donation was 9.7 months (SD: 12.8). The majority
of donors donated their left kidney (n = 551, 72%), and the preferred surgical technique
was hand-assisted laparoscopic donor nephrectomy in 679 (92%) donors. Conversion to
another procedure was necessary in 17 (2%) cases (i.e., HARN to HALN in 13, HALN to
open in 3, and HALN to HARN in 1). Mean duration of surgery was 215 (SD: 50) min,
median blood loss was 50 [IQR: 50–150] mL, and median hospital length of stay was 4 [IQR:
4–5] days (Table 1).
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Table 1. Characteristics of the study population.

Study Population
Donors without

Complication
Donors with
Complication p

n = 776 n = 699 n = 77

Gender, n (%)
0.04Male 382 (49.2%) 353 (50.5%) 29 (37.7%)

Age at nephrectomy, years 54 ± 11 53.7 ± 11 56.8 ± 11 0.02
Weight, kg 80.5 ± 13.2 80.8 ± 13.3 78.2 ± 12.6 0.11
Length, cm 175.1 ± 9.6 175.3 ± 9.5 173.7 ± 10.6 0.15
BMI, kg/m2 26.2 ± 3.41 26.2 ± 3.4 25.9 ± 3.4 0.43

BSA, m2 1.96 ± 0.20 1.96 ± 0.19 1.92 ± 0.20 0.1
Hip size, cm 98.9 ± 7.6 98.9 ± 7.6 98.8 ± 7.4 0.93

Waist size, cm 91.1 ± 10.5 91.2 ± 10.6 91.0 ± 10.2 0.87
Waist–hip ratio 0.92 ± 0.11 0.92 ± 0.11 0.92 ± 0.09 0.84
Blood pressure
Systolic, mmHg 126.4 ± 12.8 126.4 ± 12.9 126.6 ± 12.3 0.91
Diastolic, mmHg 75.7 ± 8.99 75.7 ± 9.0 75.9 ± 9.2 0.89

mGFR, mL/min × 1.73 m2 112.8 ± 22.4 113.1 ± 22.7 109.6 ± 19.4 0.19
Side nephrectomy

0.99Left, n (%) 551 (72%) 495 (71.9%) 56 (72.7%)
Right, n (%) 214 (28%) 193 (28.1%) 21 (27.3%)

Previous abdominal surgery, n (%) 26 (3.4%) 25 (3.6%) 1 (1.3%) 0.47
Surgical technique

HALN, n (%) 679 (92.3%) 605 (91.8%) 74 (96.1%) 0.27
HARN, n (%) 55 (7.5%) 54 (8.2%) 1 (1.3%) 0.05
Open, n (%) 2 (0.3%) 0 (0%) 2 (2.6%) 0.003

Duration of surgery, min 215 ± 50 213 ± 51 228 ± 47 0.02
Blood loss, mL 50.0 (50.0–150.0) 50.0 (50.0–100.0) 125.0 (50.0–462.5) <0.001

HLOS, days 4.0 (4.0–5.0) 4.0 (4.0–5.0) 5.0 (5.0–8.0) <0.001
Conversion rate, n (%)

No, primary HALN 666 (90.5%) 593 (90.0%) 73 (94.8%) 0.25
No, primary 53 (7.2%) 52 (7.9%) 1 (1.3%) 0.06

HARN
No, primary open 0 (0%) 0 (0%) 0 (0%)

Conversion HARN 13 (1.8%) 12 (1.8%) 1 (1.3%) 1
to HALN

Conversion HARN 0 (0%) 0 (0%) 0 (0%)
to open

Conversion HALN 3 (0.4%) 1 (0.2%) 2 (2.6%) 0.03
to open

Conversion HALN 1 (0.1%) 1 (0.2%) 0 (0%) 1
to HARN

Values of variables are given as mean ± standard deviation, median [interquartile range], or n (%); BMI, body mass index (kg/m2); BSA,
body surface area (m2); mGFR, measured glomerular filtration rate (mL/min × 1.73 m2); HALN, hand-assisted laparoscopy; HARN,
hand-assisted retroperitoneal nephrectomy; HLOS, hospital length of stay.

The results of our subanalysis with a BMI < 30 kg/m2 vs. BMI ≥ 30 kg/m2 (Table S1,
Supplement) show that donors with a BMI ≥ 30 kg/m2 had a higher measured GFR
before donation (120.0 (SD: 24.0) vs. 111.5 (SD: 21.9) mL/min × 1.73 m2). Donors with
a BMI ≥ 30 kg/m2 also had a longer duration of surgery (224.9 (SD: 50.1) vs. 213.0 (SD:
50.4) min) a and longer hospital length of stay (five [IQR: 4–5] vs. four [IQR: 4–5] days).

3.1. Surgical Determinants and Complications after Donor Nephrectomy

A total of 77 donors (10%) experienced peri- or postoperative complications follow-
ing donor nephrectomy (Table 1). The most frequent complications were perioperative
bleeding (19 donors, 22%), iatrogenic spleen lesion (13 donors, 15%), urinary retention
(7 donors, 8%), or iatrogenic colon lesion (5 donors, 6%). The distribution of CCI scores
for all complications is shown in Table 2. An overview of all complications is displayed in
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Supplementary Table S2. Forty-three donors experienced complications that required sec-
ondary surgical interventions. More female donors experienced complications compared to
male donors (48 (12%) versus 29 (8%) male donors; p = 0.04). Donors that were older (mean:
57 (SD: 11) versus 54 (SD: 11) years; p = 0.02), those with a longer duration of surgery
(228 (SD: 47) versus 213 (SD: 51) min; p = 0.02), those experiencing more intraoperative
blood loss (125 [IQR: 50–463] versus 50 [IQR: 50–100] mL; p < 0.001), and those who had
a longer hospital length of stay (five [IQR: 5–8] versus four [IQR: 4–5] days; p < 0.001)
more frequently experienced a complication. All donors who underwent open donor
nephrectomy experienced conversion from HALN to open due to a complication.

Table 2. Distribution of Comprehensive Complication Index scores within the study population.

CCI Score Number of Donors n (%)

0 699 (90)
8.7 20 (3)
12.2 1 (0.1)
20.9 11(1.4)
22.6 1 (0.1)
29.6 1 (0.1)
33.7 41 (5)
35.9 1 (0.1)
44.9 1 (0.1)

3.2. Determinants of Surgical Complications Following the Comprehensive Complication Index

Binomial logistic regression analyses with different body measures showed no signifi-
cant association between BMI and surgical complications (OR for CCI > 0 vs. CCI = 0; 0.97,
0.91–1.04 95%CI, p = 0.43) (Table 3). Male gender was significantly associated with fewer
surgical complications in binomial logistic regression analysis (OR: 0.59, 0.37–0.96 95%CI,
p = 0.03). Older age (OR: 1.03, 1.01–1.05 95%CI, p = 0.02) and a longer duration of surgery
(OR: 1.01, 1.00–1.01 95%CI, p = 0.02) were also associated with more surgical complications
in binomial logistic regression analysis. In subanalyses among donors with a BMI between
30 and 35 kg/m2, we found no significant association with peri- and postoperative com-
plications following nephrectomy (Table 3). Following multinomial logistic regression
analysis with correction for possible confounders, no measure for body composition was a
significant determinant of surgical complications (Table 4).
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Table 3. Binomial logistic regression analysis of the association of anthropometrics with surgical
complications (Comprehensive Complication Index score).

Odds Ratio for CCI > 0 vs. CCI = 0

OR 95% CI p-Value

Gender
Female 1 - -
Male 0.59 0.37–0.96 0.03

Age, years 1.03 1.01–1.05 0.02
Previous abdominal surgery

No 1 - -
Yes 2.82 0.38–21.1 0.31

Surgical technique
HALN 1 - -
HARN 6.61 0.90–48.4 0.06

Duration surgery, min 1.01 1.00–1.01 0.02
Weight, kg 0.99 0.97–1.00 0.11

BMI, kg/m2 0.97 0.91–1.04 0.43
BMI 30–34.99 kg/m2 a 1.32 0.64–2.73 0.45

BSA, m2 0.35 0.10–1.21 0.1
Waist circumference, cm 1 0.97–1.02 0.87

Waist–hip ratio 0.78 0.07–8.91 0.84

The reference category is CCI = 0 (i.e., no complication). BMI, body mass index (kg/m2); BSA, body surface
area (m2); HALN, hand-assisted laparoscopy; HARN, hand-assisted retroperitoneal nephrectomy. a. A total of
nine (8%) of donors with a BMI of 30–34.99 kg/m2 experienced one or more surgical complications.
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Table 4. Multinomial logistic regression analysis of the association of anthropometrics with surgical complications (with
Comprehensive Complication Index score classified into categories).

CCI 0.1–20.0 CCI 20.1–30.0 CCI > 30.0

n = 21 n = 13 n = 43

OR (95%CI) p-Value OR (95%CI) p-Value OR (95%CI) p-Value

Weight, kg
Model 1 0.99 (0.95–1.03) 0.59 1.01 (0.97–1.06) 0.61 0.99 (0.96–1.02) 0.56
Model 2 0.99 (0.95–1.03) 0.51 1.02 (0.97–1.07) 0.46 0.98 (0.95–1.01) 0.27

BMI, kg/m2

Model 1 0.92 (0.81–1.06) 0.24 0.93 (0.79–1.10) 0.42 1.00 (0.92–1.10) 0.92
Model 2 0.91 (0.79–1.04) 0.18 0.96 (0.82–1.14) 0.66 0.96 (0.86–1.06) 0.39
BSA, m2

Model 1 0.77 (0.04–15.4) 0.87 13.4 (0.36–490.0) 0.16 0.40 (0.05–3.44) 0.4
Model 2 0.71 (0.04–14.2) 0.82 14.2 (0.35–566.9) 0.16 0.31 (0.03–3.46) 0.34

Waist circumference, cm
Model 1 1.00 (0.95–1.05) 0.89 0.99 (0.94–1.06) 0.82 1.01 (0.98–1.04) 0.57
Model 2 0.99 (0.95–1.04) 0.74 1.01 (0.95–1.07) 0.69 0.99 (0.96–1.03) 0.72

Waist–hip ratio
Model 1 1.38 (0.01–188.6) 0.9 0.03 (0.00–58.5) 0.37 3.73 (0.18–76.3) 0.39
Model 2 0.88 (0.01–119.9) 0.96 0.36 (0.00–324.1) 0.77 1.98 (0.05–75.5) 0.71

The Comprehensive Complication Index (CCI) [15] score is classified into categories (CCI 0.1–20.0; CCI 20.1–30.0; CCI > 30.0) and compared
to the reference category of CCI = 0 (e.g., no complication). BMI, body mass index (kg/m2); BSA, body surface area (m2). Model 1 is age-
and sex-adjusted. Model 2 is adjusted for age, sex, previous abdominal surgery, donor nephrectomy technique, and duration of surgery.

4. Discussion

This study showed that in our cohort of living donors, there was no significant associ-
ation between BMI or other anthropometric body measures and peri- and postoperative
complications.

Higher BMI has previously been associated with an increased risk of peri- and postop-
erative complications in different study populations. Incidence of surgical site infection
increases with increasing BMI in general surgery patients [3], possibly due to low regional
perfusion and oxygen tension resulting from excessive subcutaneous fat tissue impairing
wound healing. Duration of surgery is also often prolonged in obese individuals [21],
adding to the risk of surgical site infection [22]. Obese individuals were at increased risk
of major postoperative complications following surgery for gastrointestinal malignancy
and renal cancer [23,24]. Due to a larger BSA and more complex fluid management, risk
of intraoperative hypothermia is increased in obese individuals, predisposing them to
surgical and thromboembolic complications [5,23]. In overweight and obese donors, a
larger extraction incision is usually necessary due to the thicker layer of adipose tissue,
leading to a higher risk for abdominal wall complications (e.g., incisional hernia and wound
infections) [6,25].

Different from the aforementioned studies, our results, from one of the largest prospec-
tive cohorts, suggest no significant deleterious effect of high fat mass on peri- and post-
operative complications following donation. A possible explanation might be that living
kidney donors differ significantly from other surgical populations in which they have little
to no comorbidities at the time of surgery [18]. Although the donor population in our study
did not allow an analysis of donors with a BMI ≥ 35 kg/m2, we found no evidence of an
association between BMI and surgical complications following donation in subanalyses of
obese donors with a BMI between 30 and 35 kg/m2.

Whether BMI is the best way to measure obesity remains unclear. Various other
anthropometric measures, such as BSA, waist circumference, and waist–hip ratio, are also
frequently used in clinical settings but with varying results with respect to each other.
Cross-sectional surveys evaluating the predictive power of BMI and waist circumference
have shown waist circumference to be a better predictor for obesity-related comorbidities
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than solely BMI [26,27]. In assessing obesity-related renal effects, waist–hip ratio appears
to be superior to both BMI and waist circumference [28].

We detected strong evidence of an association between longer duration of surgery
and peri- and postoperative complications following donor nephrectomy, which are, of
course, interconnected. Although the occurrence of a surgical complication might result in
a prolonged duration of surgery, the likelihood of surgical complications such as surgical
site infections, venous thromboembolism, bleeding, hematoma formation, and necrosis
also increases with prolonged duration of surgery [29]. A recent systematic review and
meta-analysis demonstrated that the risk of complications approximately doubled with
prolonged operative duration and the risk of surgical complications increased by 14% for
every 30 min of additional operating time [29]. Although the underlying mechanisms are
not yet fully understood, a prolonged microbial exposure [30] and a diminishing efficacy
of antimicrobial prophylaxis over time [31] appear to be contributing factors. Venous
thromboembolism formation is more likely to occur with prolonged surgical procedures
due to an increased risk of blood stasis, coagulation activation, and endothelial damage,
also known as Virchow’s triad [32]. Obesity prolongs the duration of surgery and can
therefore also lead to a higher risk of aforementioned complications [22].

Living kidney donors are a unique group of surgical patients, given that a low comor-
bidity burden is required to be eligible for donation. In current donor screening guidelines,
BMI is a widely applied measure for assessing obesity [9]. It is, however, a poor estimate of
fat mass distribution. Muscular individuals or those with more subcutaneous fat can have
a similar BMI to individuals with more visceral fat, but these different types of high BMI
are associated with different disease risks [33]. Contradictory to what is generally known
about obesity and its effect on disease and mortality risk, some studies show a protective
effect of high BMI in patients [34]. This apparent protective effect is often referred to as
the “obesity paradox” and also underlines that BMI poorly reflects the actual balance or
imbalance in fat mass distribution and muscle volume. Therefore, we need to incorporate
more reliable tools to measure body composition when defining obesity and determining
its effect on postsurgical outcome. Bioelectrical impedance analysis (BIA) is a tool for
assessing body composition by measuring the resistance of the body as a conductor to a
very small alternating electrical current. This technique might provide a more detailed and
reliable analysis of fat and muscle mass, enabling assessment of the association between
these two determinants of body composition and peri- and postoperative complications
after surgery. This method, however, is not yet sufficiently validated among living kidney
donors. Another promising technique to assess the risk of surgical complications following
donor nephrectomy is a volumetric measurement of perirenal fat mass based on CT-scans,
which shows a stronger correlation with outcome measures of laparoscopic donor nephrec-
tomy than BMI alone [35]. Future studies, also by our group, should investigate other
parameters defining the outcome of donation based on body composition and BMI, such as
slow or delayed graft function, long-term renal function, and development of comorbidity.
There is also a call for more studies assessing obesity in living kidney donors with a variety
of ethnicities, especially since donors with an African background seem to more commonly
be obese and develop conditions such as chronic kidney disease, proteinuria, and nephrotic
syndrome [36,37]. In addition, data on lifetime risk of chronic kidney disease and mortality
in young living kidney donors are sparse and should be a focus of future studies.

Our study has a few limitations that need to be addressed. Although our study consists
of a large cohort of living kidney donors and missing data for predonation body measures
was limited in this study, the exclusion criteria that were applied in donor screening [9]
(e.g., BMI > 35 kg/m2, manifested Diabetes Mellitus, major cardiovascular risk factors,
proteinuria > 0.5 g/24 h) affected our results. Especially the exclusion of potential donors
with a BMI > 35 kg/m2 resulted in a narrow range of BMI, making our study population
a selection of the total group of living kidney donors, which might not be representative
to other kidney donor populations where this criterion is not applied in donor screening
guidelines. The incidence of complications in the subgroup with a BMI of 30–34.99 was low.
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Future studies with the inclusion of a larger number of donors with a BMI in this range
are required to further investigate the effect of living kidney donation on the development
of complications in this group. Although our study shows a similar complication rate
to observations in the United States [22], complications might have been underreported,
especially following procedures performed in the early years of our data collection, which
might have influenced the results. Furthermore, living kidney donors are part of a highly
selected population. Therefore, our results cannot automatically be extrapolated to other
kinds of surgery and to other populations. We have used literature on living kidney donors
when available but referred to other kinds of surgery or other study populations when this
was lacking.

In conclusion, this study shows no strong evidence of an association between BMI and
other anthropometric body measures and peri- and postoperative complications following
donor nephrectomy and should therefore be no reason to refrain from surgery.
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Abstract: Background/Objectives: The sequence of graft implantation in simultaneous pancreas-
kidney transplantation (SPKT) warrants additional study and more targeted focus, since little is
known about the short- and long-term effects on the outcome and graft survival after transplantation.
Material and methods: 103 patients receiving SPKT in our department between 1999 and 2015 were
included in the study. Patients were divided according to the sequence of graft implantation into
pancreas-first (PF, n = 61) and kidney-first (KF, n = 42) groups. Clinicopathological characteristics,
outcome and survival were reviewed retrospectively. Results: Donor and recipient characteristics
were similar. Rates of post-operative complications and graft dysfunction were significantly higher in
the PF group compared with the KF group (episodes of acute rejection within the first year after SPKT:
11 (18%) versus 2 (4.8%); graft pancreatitis: 18 (18%) versus 2 (4.8%), p = 0.04; vascular thrombosis of
the pancreas: 9 (14.8%) versus 1 (2.4%), p = 0.03; and delayed graft function of the kidney: 12 (19.6%)
versus 2 (4.8%), p = 0.019). The three-month pancreas graft survival was significantly higher in the KF
group (PF: 77% versus KF: 92.1%; p = 0.037). No significant difference was observed in pancreas graft
survival five years after transplantation (PF: 71.6% versus KF: 84.8%; p = 0.104). Kidney graft survival
was similar between the two groups. Multivariate analysis revealed order of graft implantation as an
independent prognostic factor for graft survival three months after SPKT (HR 2.6, 1.3–17.1, p = 0.026)
and five years (HR 3.7, 2.1–23.4, p = 0.040). Conclusion: Our data indicates that implantation of the
pancreas prior to the kidney during SPKT has an influence especially on the early-post-operative
outcome and survival rate of pancreas grafts.

Keywords: simultaneous pancreas-kidney transplantation; immunosuppression; graft order; se-
quence; outcome; survival

J. Clin. Med. 2021, 10, 1632. https://doi.org/10.3390/jcm10081632 https://www.mdpi.com/journal/jcm
17



J. Clin. Med. 2021, 10, 1632

1. Introduction

Simultaneous pancreas-kidney transplantation (SPKT) is an established therapy for
patients with insulin-dependent diabetes mellitus, complicated by end-stage renal disease.
Successful SPKT leads to euglycemia, which could slow the progression of diabetic mi-
crovascular and macrovascular complications and it improves survival rates and recipients’
quality of life compared with patients on dialysis or patients after kidney transplantation
alone [1–9].

However, its success depends on several factors such as the profiles of donors and
recipients, methods of implantation techniques, and graft harvesting such as effects of
ischemia-reperfusion injuries (IRI) on graft damages [6,9–11].

In this context, pancreas transplantation is associated with a high incidence of post-
operative complications and up to 15% graft losses within the first year after SPKT [6,9–11].

Implantation of the pancreas before the kidney seems reasonable to avoid prolonged
cold ischemic time and subsequent ischemic reperfusion injury of the pancreas graft,
especially since kidney grafts can tolerate cold ischemia better than pancreas grafts [12].
However, there is currently no consensus on the best sequence of graft implantation during
SPKT and in most cases the choice of the order is only made by the surgeon.

Therefore, the aim of this study was to determine the impact of graft implantation
order on the outcome and survival after SPKT. We analyzed post-transplant outcome
characteristics, survival rates, and risk factors for graft failures in SPKT depending on graft
implantation order.

2. Material and Methods

2.1. Data Collection and Study Population

After approval by the local ethics committee [AZ-Nr: 111-16-14032016] medical data
from all patients undergoing SPKT at the University Hospital of Leipzig between 1999 and
2015 were retrospectively analyzed from a prospectively collected electronic data base.

Patients were divided into two groups according to the order of graft implantation:
(1) pancreas first (PF) and (2) kidney first (KF). The transplantation order was determined
based on the ischemia times and implantation time points from the transplantation proto-
cols.

2.2. Outcome Measures

Special emphasis was placed on patient and graft characteristics, postoperative com-
plications, metabolic outcomes, renal function, and causes of graft failure depending on
graft implantation order.

Characteristics included donor and recipient age, gender, and body mass index (BMI,
weight in kg/height in m2), cytomegalovirus (CMV)-status, donor cause of death, duration
of insulin dependent diabetes mellitus, duration of dialysis, and time on the waiting list.
Peri- and post-transplant data included information on cold ischemia time (CIT) and warm
ischemia time (WIT) of the grafts, immunosuppressive therapy as well as organ graft
function: Duration of operation, rates of re-operation, infectious complications, number
of rejection episodes, and delayed graft function (DGF). CIT is defined as time the organ
spent in cold preservation solution after removal from the donor. WIT is the time from
cross-clamping until cold perfusion, plus the time of implantation (organ out of ice until
reperfusion). Surgical complications were defined as the need for relaparotomy within the
first three months after transplantation.

Acute rejection episodes were suspected if there was an abrupt increase in serum
amylase/lipase and/or serum glucose levels, together with a significant drop in serum
C-peptide level and/or increased serum creatinine levels and missing diuresis as well
as abdominal pain associated with sonographic swelling of the graft. If possible, the di-
agnosis was confirmed from endoscopic biopsies of the duodenal segment of the graft.
Biopsies of the kidney graft were performed to confirm rejection. Pancreatic biopsies
were not performed. Treatment of acute cellular rejection consisted of pulsed steroids

18



J. Clin. Med. 2021, 10, 1632

(500 mg methylprednisolone on three consecutive days) or administration of 8 mg per kg
bodyweight anti-thymocyte globulin (ATG) in parallel with increased baseline immuno-
suppression.

DGF of the kidney was defined as the requirement of dialysis in the first week follow-
ing transplantation [13].

Pancreas graft failure was defined as resumed insulin therapy, removed pancreas,
re-transplantation, or patient death.

Kidney graft failure was defined as the need for dialysis, removed kidney, re-
transplantation, or patient death.

Postoperative mortality was considered as in-hospital mortality in all cases.
Laboratory parameters of ischemia-reperfusion-injury: Peak of C-reactive protein

(CRP, mg/L) and serum lipase (mmol/L) within the first three days; endocrine function:
low-density lipoprotein (LDL)-cholesterol/high density lipoprotein (HDL)-cholesterol
ratio, HbA1C (%), C-peptide (ng/mL), and renal function: Creatinine (mmol/L) and urea
(mmol/L) were analyzed up to five years after transplantation.

2.3. Organ Procurement and Transplantation

The procurement and transplantation of pancreas and kidney allografts were per-
formed according to international standards and guidelines as described
previously [6,10,14–18].

In short, the pancreas was transplanted into the right iliac fossa using a standard tech-
nique with an intraperitoneal location in the right iliac fossa. The Y-graft was anastomosed
to the recipient’s common iliac artery, the portal vein was connected to the inferior vena
cava of the recipient. Exocrine drainage was carried out with a hand-sutured side-to-side
duodenojejunostomy 40 cm beyond the flexure of Treitz [10,18]. The exocrine drainage
was always accomplished immediately after reperfusion, to decrease the risk of donor
duodenum distension and trigger of consecutive graft pancreatitis. The main reason why
the kidney transplant was performed before the pancreas transplant was the possibility
of working in two teams. One was responsible for the back-table preparation, one team
was responsible for the recipient operation and transplant procedure. Since the back-table
preparation of the kidney is less time consuming, the preparation of the kidney was always
performed first. Once completed the kidney was immediately handed over to the implant
surgeons for transplant.

2.4. Immunosuppression

Immunosuppressive therapy comprised an induction therapy with the interleukin-2
receptor antagonist basiliximab or antithymocyte globulin, followed by a triple mainte-
nance immunosuppression consisting of calcineurin inhibitors (tacrolimus or cyclosporine),
and/or antimetabolites (mycofenolate mofetil or sirolimus) and tapered steroids (pred-
nisolone).

2.5. Statistical Analysis

Baseline data are presented as mean values with the standard deviation (SD) such as
the proportion percentage (%). For comparison between the two groups, the appropriate
statistical significance test including the Student’s t-test, χ2, analysis of variance (ANOVA),
Kruskal–Wallis, and Wilcoxon–Mann–Whitney test was used. Survival rates were calcu-
lated using the Kaplan–Meier analysis and the log-rank test was applied to test statistical
significance. Graft survival was calculated as the time from initial transplant to graft failure,
censoring for death with a functioning graft, and grafts still functioning at time of analysis.
Patient survival is defined as time from transplant to patient death, censoring for patients
still alive at time of analysis. If a recipient was alive or lost to follow-up at time of last
contact, then survival time was censored at time of last contact. Multivariate analysis
was performed with logistic regression analysis. Variables to be entered into the multiple
logistic regression analysis were chosen on the basis of the results of univariate analysis.
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p values < 0.05 were regarded as significant. All statistical analyses were performed by
using IBM SPSS Statistics 24.0 (IBM Corporation, Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics

The overall study population included 103 patients receiving SPKT in our department
between 1999 and 2015. In 61 patients (59.2%), the pancreas was implanted before the
kidney (PF), and in 42 patients (40.8%) the kidney was implanted first (KF). The mean
follow-up period was 9.1 ± 1.2 years (PF: 9.1 ± 1.6 years versus KF: 9.2 ± 0.8 years,
p = 0.949). Donor, recipient, and graft characteristics according to the different implantation
order are summarized in Table 1. The two groups were similar in most of their transplant
characteristics.

Table 1. Donor, recipient, and transplant characteristics.

Variables PF (n = 61) KF (n = 42) p-Value

Donor
Age, years 22 ± 1.7 23 ± 1.5 0.928
Gender, male/female 33/28 28/14 0.202
BMI, kg/m2 22.2 ± 0.5 23.1 ± 0.4 0.416
Cause of death (head trauma, SAH, stroke, anoxia,
infection, other, unknown) 28, 14, 4, 8, 1, 2, 4 17, 11, 3, 5, 2, 2, 2 0.964

Recipient
Age, years 43 ± 1.1 42 ± 1.5 0.787
Gender, male/female 33/28 24/18 0.76
BMI, kg/m2 24.7 ± 0.5 25.0 ± 0.7 0.842
Duration of Diabetes, years 27 ± 1.2 26.5 ± 1.2 0.589
Previous Dialysis 46 34 0.518
Duration of dialysis, months 34.9 ± 5.9 30.1 ± 3.8 0.521
Waiting time, months 8.7 ± 1.5 8.8 ± 1.1 0.970

Transplant
Era, 1998–2006/2007–2015 34/29 28/14 0.309
CMV D+/R− 16 7 0.252
Cold ischemia time, hours

Pancreas 10.5 ± 0.3 11.5 ± 0.4 0.08
Kidney 12.8 ± 0.4 10.1 ± 0.3 0.001

Warm ischemia time, minutes
Pancreas 39.1 ± 1.6 36.5 ± 2.2 0.348
Kidney 33.2 ± 2.3 31.0 ± 1.9 0.785

Operating time, hours 5.1 ± 0.9 5.2 ± 0.8 0.789
Immunosuppression

Induction therapy
(ATG/ IL-2 RA/ none) 38/16/7 29/9/4 0.779

CNI
(Tacrolimus/CsA) 56/5 39/3 0.843

AP drug
(MMF/SRL/none) 51/9/1 36/5/1 0.890

Data are shown as mean ± SD. BMI, body mass index; AP drug, antimetabolite; ATG, anti-thymocyte globulin; CNI, calcineurin
inhibitor; CMV, cytomegalovirus; CSA, cyclosporin; D+, donor positive; IL-2 RA, Interleukin-2 receptor antagonist; KF, kidney first; MMF,
mycofenolate mofetil; PF, pancreas first; R+ recipient positive; SAH, subarachnoid hemorrhage; and SRL, sirolimus.

3.2. Outcome

The analysis of post-operative outcome parameters is shown in Table 2. In the overall
study population, the most frequent complications were episodes of acute rejection and
delayed kidney graft function. In a comparison of the two groups, delayed graft function
of the kidney (p = 0.030), episodes of acute rejection (p = 0.034), rates of graft pancreatitis
(p = 0.04), and total rate of vascular thrombosis of the pancreas (p = 0.03) were significantly
higher in the PF group.
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Table 2. Postoperative complications after simultaneous pancreas-kidney transplantation.

Variables PF (n = 61) KF (n = 42) p-Value

Delayed graft function (%)
Pancreas 3 (4.9) 2 (4.8) 0.978
Kidney 13 (21.3) 2 (4.8) 0.019

Acute rejection episodes, combinded (%)
1st year 11 (18.0) 2 (4.8) 0.040
Total 20 (32.8) 6 (14.3) 0.034

Pancreatitis (%) 11 (18.0) 2 (4.8) 0.040
Vascular thrombosis (%)

Pancreas, total 9 (14.8) 1 (2.4) 0.030
Artery 2 (3.3) 0 (0) 0.234
Vein 7 (14.5) 1 (2.4) 0.09

Anastomosic leakage (%) 1 (1.6) 0 (0) 0.400
Bleeding (%) 7 (11.5) 3 (7.1) 0.466
Re-operation (%) 25 (41.0) 13 (31.0) 0.300
CMV-infection (%) 19 (31.1) 14 (33.3) 0.815

In total, 1.9% (n = 2) of the patients developed arterial thrombosis and 7.8% (n = 8) of
the patients developed venous thrombosis. The majority of thrombosis (n = 8) occurred
within four weeks after SPKT. All arterial thrombosis occurred in the PF group (n = 2).
Thereby, in one patient the graft could be preserved with re-laparotomy and thrombectomy.

During the first year after SPKT acute rejection occurred in eleven patients (10.7%) in
the PF group and in two patients (1.9%) in the KF group (p = 0.04). In total, acute rejection
occurred in 26 patients (25%) during the complete follow-up period (PF: n = 20 versus KF:
N = 6, p = 0.034). In 13 patients (50%) acute rejection could be confirmed histologically with
renal biopsies. In one case (3.8%) the diagnosis was confirmed with endoscopic biopsies of
the duodenal segment of the graft.

Within the first three days after transplantation, CRP peak—as an indicator of ischemia-
reperfusion injury, such as peak of lipase—was also significantly higher in the PF group in
comparison with the KF group (CRP, PF: 133.4 ± 7.9 mg/L versus KF: 104.1 ± 6.8 mg/L,
p = 0.001; lipase, PF: 8.1 ± 4.1 mmol/L versus KF: 3.2 ± 3.5 mmol/L, p = 0.022).

Overall, in-hospital mortality was higher in the PF group (n = 5, 8.2%) compared with
the KF group (n = 2, 4.8%) (p = 0.496). The causes of death included multiple organ failure
(n = 2), septic shock (n = 2) and fatal heart attack (n = 1) in the PF group and septic shock
(n = 1), and heart failure (n = 1) in the KF group, respectively.

3.3. Metabolic and Renal Function

With regard to renal function and LDL/HDL ratio, there were no significant differences
between the two groups three months, one year, and five years after SPKT. Regarding the
endocrine function of the pancreas, HbA1c levels tended lower for KF group by one and
five years after SPKT but did not reach significance (p = 0.075 and p = 0.08, respectively)
(Supplementary Table S1).

3.4. Short- and Long-Term Survival

Pancreas graft survival was significantly higher when the kidney was implanted first.
During the first three months after SPKT, the percentage of pancreas graft loss was 23%
in the PF group and 7.9% in the KF group (p = 0.034). The one-, three-, and five-year
pancreas graft survival rates in patients after SPKT were 75.3%, 71.6%, and 71.6% in the PF
group, respectively, and 90.4%, 87.7%, and 84.8% in the KF groups, respectively (p = 0.104)
(Figure 1A). The one-, three-, and five-year kidney graft survival rates in patients after
SPKT were 90.0%, 90%, and 84% in the PF group, respectively, and 92.8%, 90.2%, and 87.3%
in the KF group, respectively (p = 0.499) (Figure 1B). Overall patient survival after one,
three, and five years was 88.5%, 86.8%, and 84.9%, respectively, in the PF group, and 92.9%,
92.9%, and 90.2%, respectively, in the KF group (p = 0.419).
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Figure 1. Graft and patient survival according to the graft implantation order. (A) pancreas graft survival, and (B) kidney
graft survival three months and five years after simultaneous pancreas-kidney transplantation.

Multivariate Cox regression analysis of the total study population revealed that donor
cause of death, donor recipient age and recipient BMI, duration of pancreas cold ischemia
time and order of graft implantation are independent predictors of pancreas graft loss
within three months and five years after SPKT. Era of transplantation and recipient gender
showed a significant impact on pancreas graft survival at three months only, while they
had no significant effect on 5-year graft survival (Table 3).
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4. Discussion

The current study showed that the implantation of the kidney graft before the pancreas
graft during SPKT is associated with reduced rates of post-operative complications and
significantly better pancreas graft survival in the early post-operative course.

The most frequent postoperative complication after SPKT and subsequent pancreas
graft loss remain pancreas graft thrombosis. In our study, the average pancreas graft throm-
bosis rate was 9.7% (1.9% arterial and 7.8% venous, respectively), which is comparable to
published data [19,20]. There are a number of well-described donor and recipient risk fac-
tors associated with thrombosis in pancreas transplantation, such as donor age and obesity,
cause of death [19]. However, none of these risk factors were different between the two
groups (Table 1). Furthermore, in our cohort rates of acute rejection, delayed graft kidney
function as well as overall graft survival are comparable with previous publications [6,21].

To our knowledge, only two other studies have previously examined the effect of graft
implantation order on short- and long-term outcomes in SPKT. In a retrospective single-
center analysis of 151 patients after SPKT, Salzedas–Netto et al. showed a significantly
higher three-month pancreas graft survival when the kidney was implanted first (pancreas
graft survival in three months, PF: 74.1 versus KF: 89.4%, p = 0.022) [22]. In accordance
with our data, post-operative complications primarily occurred in the PF group and had a
particular influence on the early post-operative outcome. However, a further comparison
to our study is virtually impossible due to lack of detailed data.

In contrast, in a 2016 published register (Scientific Registry of Transplant Recipients)
data analysis of 12,700 patients by Niclauss et al., the rate of pancreas graft loss within three
months after SPKT was significantly lower in the PF group (PF: 9.4% versus KF: 10.8%,
p = 0.011). Additionally, the frequency of technical graft failures was significantly lower in
this group (PF: 5.6% versus KF: 6.9%, p = 0.005) [23]. Beyond three months, no significant
differences were observed in graft survival between the two groups.

The reasons for an increased rate of complications and early graft loss in the PF
group of our study remains speculative. One reason could be the mechanical stress after
graft positioning and surgical retractor adjustment for the consecutive kidney transplant
procedure. Salzedas–Netto et al. assumed that implantation of the kidney before the
pancreas graft could reduce the risk of intra-operative damage from retractors to the
pancreas and pancreatic edema. Unfortunately, no details on intraoperative findings
and rector problems are available to us, that could support this thesis. Furthermore,
different surgical access routes and procedures were used in the studies. In the study
by Salzedas–Netto et al., organs were implanted intra-peritoneally (pancreas), as well
as extra-peritoneally (kidney) by two surgical teams. In our analysis and the study by
Salzedas–Netto et al., all patients underwent systemic drainage with side-to-side enteric
anastomoses [22]. In contrast, in the study by Niclauss et al., exocrine pancreas secretion
drainage was realized either enterically or into the bladder. However, influence of bladder
drainage (44.7% of PF and 37.1% of KF) on graft survival and association with complication
rates (especially vascular thrombosis) were not examined [23]. We recently introduced
an intraoperative no touch real time monitoring technique for kidney and pancreas graft
parenchyma evaluation using hyperspectral imaging (HSI) [24,25]. We believe that this
novel procedure might be a useful tool to investigate on our hypothesis that mechanical
stress to the organ implanted first during transplantation of the second organ might affect
graft performance. In this context, HSI is well suited to detect venous congestion which
would predominantly be detected by decreased perfusion indices and increased organ
hemoglobin indices of the affected organ.

Prolonged CIT has a negative impact on pancreas graft survival and frequency of
post-operative complications [23,26–29]. Therefore, transplanting pancreas grafts first
seems to be reasonable as pancreas grafts tolerate cold ischemia worse than kidneys [12,30].
The study by Niclauss et al. revealed total pancreas preservation times of 12.2 ± 0.1 in the
pancreas first and 14.3 ± 0.1 in the kidney first group, which were significantly longer when
compared to pancreas preservation times in our patient groups [23]. In our analysis, Cox
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regression analysis showed that prolonged pancreas CIT (above 12 h) is an independent
risk factor for pancreas graft survival at three months and at five years after SPKT, while
cold ischemia time of the kidney graft had no significant impact on pancreas graft survival
(Table 3). In our analysis, total pancreas CIT was relatively short and did not show a
significant difference between the two groups (CIT pancreas KF: 11.5 h versus PF: 10.5 h,
p = 0.08). Moreover, the time difference between the implantation of both organs was
lower in the KF group (PF: 2.3 h versus KF: 1.4 h, Table 1). The study by Niclauss et al.
could demonstrate that when kidney grafts are implanted first, prolonged surgery time
between kidney and pancreas graft implantation mainly above two hours is associated
with reduced pancreas graft survival in comparison with patients in the PF group [23].
Both time factors (relatively short pancreas CIT and time gap between organ implantation)
may have contributed to the good outcome in the KF group in our cohort.

4.1. Remote Ischemic Preconditioning—Potential Pathophysiology Linked to Implantation
Sequence

Remote ischemic preconditioning (RIP) is the phenomenon whereby brief episodes of
ischemia and reperfusion applied in distant tissues like the lower extremity render organs
subject to transplantation, more resistant to ischemia. The underlying mechanism of RIP
are not fully understood, however, experimental studies suggest that a combination of
circulating mediators and neuronal signaling might be responsible for conditioning of the
targeted organ [31,32]. Further clinical studies in kidney and lung transplant recipients
suggest that RIP prior transplantation may be beneficial or at least not harmful to the
transplanted organ [33].

In the event of simultaneous pancreas-kidney transplantation the successive implanta-
tion of both organs requires a sequential (two-step) temporary clamping of external iliac
vessels and by nature, imitate the procedure of RIP for the second organ to be transplanted.
The assumption that pancreatic allografts may benefit from RIP if transplanted second to a
kidney is highly speculative but spurs further research.

4.2. Limiting Factors

There are some limiting factors of this study. First, the low number of patients in
each group and the retrospective non-randomized design should be mentioned. Second,
the long investigation period and different surgical teams restricted data evaluation, thus
making further controlled and prospective studies necessary.

5. Conclusions

In conclusion, our results suggest that the sequence of graft implantation during SPKT
influences the early post-operative course. In our analysis, KF patients seem to have a
slight advantage compared with patients receiving PF during SPKT. We would recommend
a kidney first transplant if two parallel working teams are available, one doing the back-
table preparation, one doing the transplant procedure. If one team is responsible for both
back-table and the transplant procedure we would recommend a pancreas transplant
first, since the pancreas is more sensitive to ischemia and one or two hours might matter.
However, we also recommend a careful surgical retractor adjustment not to compromise
the pancreas allograft. Further investigation is required in larger series to determine how
the order of graft implantation correlates with post-transplant graft function. Our two main
floated hypotheses, that (1) mechanical stress may harm the first and (2) remote ischemic
preconditioning may have beneficial effects on the second organ subject to transplantation.
Both assumptions may stimulate further investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10081632/s1, Supplementary Table S1. Metabolic outcome during the first 5 years after
simultaneous pancreas-kidney transplantation.
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Abstract: Background: Diarrhea is common among kidney transplant recipients (KTR). Exhaled
hydrogen (H2) is a surrogate marker of small bowel dysbiosis, which may drive diarrhea. We
studied the relationship between exhaled H2 and diarrhea in KTR, and explored potential clinical and
dietary determinants. Methods: Clinical, laboratory, and dietary data were analyzed from 424 KTR
participating in the TransplantLines Biobank and Cohort Study (NCT03272841). Fasting exhaled
H2 concentration was measured using a model DP Quintron Gas Chromatograph. Diarrhea was
defined as fast transit time (types 6 and 7 according to the Bristol Stool Form Scale, BSFS) of 3 or more
episodes per day. We studied the association between exhaled H2 and diarrhea with multivariable
logistic regression analysis, and explored potential determinants using linear regression. Results:
KTR (55.4 ± 13.2 years, 60.8% male, mean eGFR 49.8 ± 19.1 mL/min/1.73 m2) had a median exhaled
H2 of 11 (5.0–25.0) ppm. Signs of small intestinal bacterial overgrowth (exhaled H2 ≥ 20 ppm)
were present in 31.6% of the KTR, and 33.0% had diarrhea. Exhaled H2 was associated with an
increased risk of diarrhea (odds ratio 1.51, 95% confidence interval 1.07–2.14 per log2 ppm, p = 0.02).
Polysaccharide intake was independently associated with higher H2 (std. β 0.24, p = 0.01), and a trend
for an association with proton-pump inhibitor use was observed (std. β 0.16 p = 0.05). Conclusion:
Higher exhaled H2 is associated with an increased risk of diarrhea in KTR. Our findings set the stage
for further studies investigating the relationship between dietary factors, small bowel dysbiosis, and
diarrhea after kidney transplantation.

Keywords: kidney transplantation; hydrogen; diarrhea; small intestinal bacterial overgrowth

1. Introduction

Kidney transplantation is the preferred treatment for end-stage kidney disease (ESKD) [1].
Given the advances in surgical techniques and immunosuppressive therapy in parallel
with prophylaxis and treatment of infectious complications in the past decades, patient
and graft short-term outcomes have considerably improved [2,3]. However, the quality
of life of many outpatient kidney transplant recipients (KTR) is adversely affected by late
complications, including diabetes, malignancies, risk of opportunistic infections due to
maintenance immunosuppressive therapy, and gastrointestinal (GI) complaints [4,5]. GI
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complaints affect 30 to 40% of these patients, with chronic diarrhea impacting the quality
of life of 20% of otherwise stable KTR during the first year after kidney transplantation [6].

It has recently been shown that KTR are commonly affected by an unbalanced gut
microbiome, i.e., gut dysbiosis, characterized by a diminished microbial diversity [7,8].
Emerging evidence indicates that changes in gut microbiota following kidney transplan-
tation may play a key role in the development of GI symptoms and diarrhea [7,9]. Small
intestinal bacterial overgrowth is a form of gut dysbiosis characterized by an excessive
number of coliform bacteria in the upper part of the small bowel, which has been impli-
cated in driving GI complaints such as diarrhea, abdominal pain, and bloating [10]. In
the presence of small bowel dysbiosis, the conversion of substrates into short-chain fatty
acids (SCFA) is shifted to a higher production of intestinal gases such as hydrogen (H2),
carbon dioxide (CO2), and methane (CH4) [11]. Exhaled hydrogen (H2) can be used as
a non-invasive surrogate marker for small intestinal bacterial overgrowth [12]. Whether
exhaled H2 is associated with the risk of diarrhea in KTR is currently unknown, and the
role of post-kidney transplant medication regimens (e.g., maintenance immunosuppressive
therapy and proton-pump inhibitors) and diet composition as potential determinants of
exhaled H2 have not been investigated.

Therefore, in the current study we assessed exhaled H2 in a large KTR cohort, to
study its relationship with diarrhea and to investigate its potential clinical and dietary
determinants.

2. Materials and Methods

This is a cross-sectional study based on data from the TransplantLines Biobank and
Cohort Study (ClinicalTrials.gov identifier: NCT03272841), conducted at the outpatient
clinic of the University Medical Centre Groningen (Groningen, The Netherlands), which
investigates all different types of solid organ transplant recipients [1]. A detailed description
of the study design, inclusion and exclusion criteria has been described previously [1].
The study protocol has been approved by the Institutional Review Board (METc 2014/077)
(METc UMCG), adheres to the local UMCG Biobank Regulations, and is in accordance with
the WMA Declaration of Helsinki and the Declaration of Istanbul [2]. KTR with available
breath test data were included in the present study and all participants signed an informed
consent prior to their TransplantLines visit. A flowchart diagram is presented in Figure 1.

Figure 1. Flowchart diagram. Abbreviations: H2, hydrogen; KTR, kidney transplant recipients; BSFS,
Bristol Stool Form Scale.

2.1. Clinical Data

Clinical data were collected according to a detailed protocol, as described elsewhere [1].
Patients were recruited between January 2017 and June 2019. Patients taking antihyper-
tensive drugs were classified as having hypertension [3]. Diabetes mellitus was defined
according to the guidelines of the American Diabetes Association [4]. Body mass index
(BMI) was calculated as weight in kilograms divided by height in meters squared (kg/m2).
Body surface area (BSA) was calculated using the formula of Du Bois and Du Bois [5].
Estimated glomerular filtration rate (eGFR) was calculated using the CKD Epidemiology
Collaboration (CKD-EPI) creatinine equation [6]. Body composition was determined using
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a multifrequency bioelectrical impedance device (BIA, Quadscan 4000, Bodystat, Douglas,
British Isles) at 5, 50, 100, and 200 Hz, which allows us to distinguish between lean mass
and fat mass (expressed as body fat percentage) taking into account differences in volume
status [7].

2.2. Breath H2 Measurement

Breath samples were collected in a 50 cc syringe with a hole of 6 mm at approximately
40 cc with a 3-way-stopcock. Patients were fasting (and therefore did not ingest any
carbohydrates) for at least eight hours and were not allowed to smoke for at least one
hour before the sample collection [12]. The study subject inhaled normally and exhaled
maximally in this syringe with the stamper set at 50 cc and the 3-way stopcock open. After
full expiration, the hole was immediately closed by the study participant, the stamper was
set to 30 cc, and the 3-way stopcock was closed. Breath samples were analyzed within
12 h after sample collection using a model DP Quintron Gas Chromatograph (Quintron
Instrument Company, Milwaukee, WI, USA). H2 results were automatically corrected for
CO2 in order to reduce the chance of dilution by environmental air. A fasting basal (i.e.,
without the ingestion of test sugar) exhaled H2 concentration above 20 parts per million
(ppm) was considered suggestively positive for small intestinal bacterial overgrowth (SIBO)
as suggested elsewhere [8–11].

2.3. Stool Water Content Measurement

One day before the study visit, participants had collected a stool sample at home
with a FaecesCatcher (TAG Hemi VOF, Zeijen, The Netherlands) [1]. The sample was
collected in a tube and immediately frozen. At arrival, the sample was immediately stored
at −80 ◦C (−112 ◦F) until further use. For analysis, samples were defrosted up to ~0 ◦C
and homogenized. Then, a minimum of 1 g and preferably 5 g of every sample was put in
a 15 mL tube for stool water content measurement. Prior to filling, two holes were pierced
in the lid to allow water sublimation during freeze-drying. Subsequently, samples were
freeze-dried for 48 h under 0.5 bar at −50 ◦C [13]. The samples were weighed before and
after freeze-drying to calculate the dry weight as shown in the equation below [14].

Equation: Percentage of dry matter stool samples.

Dry matter % =
(Dry f illed tube − empty tube)
(Wet f illed tube − empty tube)

× 100%

2.4. Diarrhea Classification

The stool form and consistency were graded using the Bristol Stool Form Scale
(BSFS) [15]. The scale is structured from 1 to 7 according to form and consistency, from the
hardest (type 1) to the most fluid kind (type 7). KTR classified as slow transit time (type-1
and -2 feces in the Bristol scale) and normal transit time (types 3, 4, and 5) were clustered as
having no diarrhea, and those with fast transit time (types 6 and 7) with 3 or more episodes
per day, as having diarrhea.

2.5. Dietary Assessment

Dietary intake was assessed using a validated self-administered food frequency ques-
tionnaire (FFQ) [16]. A trained researcher checked the FFQ for completeness on the day of
the visit to the outpatient clinic. The FFQ inquired about consumption of 177 food items
during the past month, taking seasonal variations into account, and included 7 fruit items
and 18 vegetable items. Frequency was recorded in times per day, week, or month, and
servings were expressed as natural units or household measures. The FFQ was linked to
the Dutch Food Composition Table (NEVO) in order to calculate total energy intake and
nutrients [17]. Adjustment for total energy intake according to the residual method was
performed to calculate nutrients intake [18].
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2.6. Statistical Analyses

Statistical analyses were performed using IBM SPSS version 23.0 (SPSS Inc., Chicago,
IL, USA). In all analyses, p < 0.05 was considered significant. Variable distribution was
evaluated by Kolmogorov–Smirnov test. Categorical variables are presented as n (%),
normally distributed variables as mean ± standard deviation (SD), and non-normally
distributed variables as median (interquartile range). We divided patients into three groups
according to exhaled hydrogen. The highest group was defined as >20 ppm (suggestive for
SIBO [8–11]). We divided the remaining patients (exhaled H2 < 20 ppm) into two groups
using the rank tool in SPSS software. Comparison of categorical variables was performed
using a Chi-square test. Differences in groups of exhaled H2 were tested through analysis
of variance (ANOVA) with Bonferroni post hoc tests for normally distributed variables and
the Kruskal–Wallis test for non-normal distribution. Possible determinants of exhaled H2
were studied using univariable linear regression. Since we aimed to explore the potential
relevance of any clinical or nutritional factor as potential determinant of exhaled H2, we
tested all available variables in individual univariable regression analysis. Subsequently,
all variables with a p < 0.05 were included in a multivariable linear regression model to
identify independent determinants of exhaled H2 production. Residuals were checked for
normality and variables were natural log-transformed when appropriate. Multivariable
logistic regression was performed to determine the potential relationship between exhaled
H2 and diarrhea. Variables of known clinical importance for diarrhea in KTR, such as age,
sex, eGFR, transplant vintage, immunosuppressive use [19,20], and H2 determinants, such
as use of PPI and polysaccharides intake, were used in the model.

3. Results

3.1. Clinical Parameters

A total of 424 KTR (55.4 ± 13.2 years, 258 (60.8%) male) were included in the study.
The median transplant vintage was 1.8 (1.0–7.2) years, and 16.3% had a history of allograft
rejection. With respect to comorbidities, 19.3% and 73.3% of patients had diabetes and
hypertension, respectively. The mean eGFR was 49.8 ± 19.1 mL/min/1.73 m2. According
to the BSFS, 33% of KTR had diarrhea. Further clinical and laboratory characteristics
are shown in Table 1. KTR were divided into three groups according to exhaled H2
concentration (G1, 1.0–6.9 ppm, n = 151; G2, 7.0–19.9 ppm, n = 139; G3, ≥20.0 ppm, n = 134).
One-hundred thirty-four (134) out of 424 patients (31.6%) were considered positive for
small intestinal bacterial overgrowth (H2 ≥ 20 ppm). KTR in the highest H2 group had
lower BMI (26.8 ± 3.9 kg/m2 vs. 28.2 ± 5.6 kg/m2, p = 0.02) and body fat percentage
(29.3 ± 9.0% vs. 32.3 ± 10.3%, p = 0.02) when compared to the lowest H2 group. Patients
in the highest H2 group also had lower waist circumference when compared to both the
lowest and intermediate group (96.9 ± 12.1 cm vs. 100.8 ± 13.6 cm and 100.8 ± 13.4 cm,
p = 0.03).
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Table 1. Baseline characteristics of KTR according to groups of exhaled H2.

Baseline Characteristics
Total

(n = 424)

Exhaled H2, per Group

1.0–6.9 ppm
(n = 151)

7.0–19.9 ppm
(n = 139)

≥20.0 ppm
(n = 134)

Fermentation Parameter

H2, ppm 11 (5.0–25.0) 4.0 (2.0–5.0) 11.0 (8.0–15.0) b 33.5 (26.0–49.0) ab

Demographics

Age, years 55.4 ± 13.2 55.4 ± 13.7 57.2 ± 12.1 53.7 ± 13.5
Sex (male), n (%) 258 (60.8) 86 (57.0) 84 (62.7) 88 (63.3)

Transplant vintage, years 1.8 (1.0–7.1) 2.0 (1.0–8.1) 1.0 (0.6–5.0) 1.1 (0.8–7.8)
History of allograft rejection, n (%) 69 (16.3) 27 (17.8) 19 (14.2) 23 (16.5)

Body Composition

Body mass index, kg/m2 27.7 ± 4.8 28.2 ± 5.6 28.1 ± 4.6 26.8 ± 3.9 a

Waist circumference, cm 99.5 ± 13.2 100.8 ± 13.6 100.8 ± 13.4 96.9 ± 12.1 ab

Body fat percentage, % 31.1 ± 9.8 32.3 ± 10.3 31.6 ± 9.8 29.3 ± 9.0 a

Immunosuppressive Drug Use

MMF, n (%) 311 (73.3) 113 (74.8) 100 (74.6) 98 (70.5)
Tacrolimus, n (%) 333 (78.5) 111 (73.5) 112 (83.5) 110 (79.1)

Cyclosporine, n (%) 38 (9.0) 17 (11.3) 12 (8.9) 9 (6.5)
Everolimus, n (%) 10 (2.4) 5 (3.3) 3 (2.2) 2 (1.4)

Prednisolone, n (%) 396 (93.4) 141 (93.4) 124 (92.5) 131 (94.2)
Azathioprine, n (%) 24 (5.7) 8 (5.3) 6 (4.5) 10 (7.2)

Immunosuppressive Drug Trough Levels

MMF, ug/L 2.3 ± 1.6 2.2 ± 1.7 2.2 ±1.4 2.5 ± 1.8
Tacrolimus, ug/L 6.3 ± 2.5 5.9 ± 2.3 6.1 ± 2.2 6.8 ± 2.4 a

Lifestyle

Current smoker, n (%) 13 (3.1) 7 (4.6) 4 (3.0) 2 (1.4)
Alcohol consumption, g/day 1.5 (0.0–7.9) 1.7 (0.0–7.3) 1.0 (0.2–9.2) 1.6 (0.0–7.6)

Glucose Homeostasis

Diabetes mellitus, n (%) 82 (19.3) 28 (18.5) 32 (23.0) 22 (16.4)
Plasma glucose, mmol/L 6.1 ± 1.7 6.2 ± 1.6 6.1 ± 1.8 6.0 ± 1.8

HbA1c, % 6.0 ± 1.7 6.0 ± 0.9 6.0 ± 0.8 5.9 ± 0.9

Lipids

Total cholesterol, mmol/L 4.6 ± 1.0 4.7 ± 1.0 4.7 ± 1.0 4.4 ± 1.1
HDL-cholesterol, mmol/L 1.3 ± 0.4 1.4 ± 0.4 1.4 ± 0.4 1.3 ± 0.4
LDL-cholesterol, mmol/L 2.9 ± 0.9 2.9 ± 0.9 3.0 ± 0.9 2.7 ± 0.9

Triglycerides, mmol/L 1.8 ± 0.8 1.9 ± 0.9 1.9 ± 0.8 1.8 ± 0.9

Cardiovascular

SBP, mmHg 137.4 ± 16.9 137.9 ± 16.2 137.2 ± 16.6 137.1 ± 16.6
DBP, mmHg 79.9 ± 11.1 79.8 ± 10.7 80.2 ± 11.1 79.6 ± 11.4

Kidney Function

eGFR, mL/min/1.73 m2 49.8 ± 19.1 49.3 ± 18.9 49.5 ± 18.2 50.4 ± 5.9
Creatinine, μmol/L 155.3 ± 124.3 149.9 ± 92.2 152.4 ± 110.9 163.9 ± 161.6

Urinary protein excretion, g/24 h 0.1 ± 0.2 0.2 ± 0.3 0.1 ± 0.1 0.1 ± 0.2

Medication

Proton pump inhibitors, n (%) 306 (72.2) 96 (63.5) 105 (78.4) a 105 (75.5) a

Statins, n (%) 220 (51.9) 80 (53.0) 72 (53.7) 68 (48.9)
Antihypertensive, n (%) 311 (73.3) 106 (70.2) 105 (78.4) 100 (71.9)

Diarrhea according to BSFS, n (%) * 76 (33.0) 24 (27.9) 25 (36.2) 27 (36.0)
Evacuation episodes, n/day * 2.1 ± 1.3 2.2 ± 1.3 2.2 ± 1.3 2.1 ± 1.3

Stool water content, % ** 75.4 ± 6.3 73.8 ± 6.0 75.8 ± 7.0 77.7 ± 5.5 c

a p < 0.05 vs. G1 b p < 0.05 vs. G2 c p = 0.08 vs. G1; * n = 230; ** n = 75. Data are presented as mean ± standard deviation (SD), median
with interquartile ranges (IQRs), or number with percentages (%). Abbreviations: H2, hydrogen; MMF, mycophenolate mofetil; HbA1c,
hemoglobin A1c; HDL, high density lipoprotein; LDL, Low density lipoprotein; SBP, systolic blood pressure; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; BSFS, Bristol Stool Form Scale.

The immunosuppressive regimen consisted mostly of triple therapy including pred-
nisolone (in 93.4% of all patients) and mycophenolate mofetil (MMF) (73.3%) in combina-
tion with the calcineurin inhibitor tacrolimus (78.5%) or cyclosporine (9.0%). Alternatively,
regimens could contain azathioprine (5.7%) or everolimus (2.4%). When comparing the
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groups, we did not find statistical differences regarding immunosuppressive regimens.
When comparing immunosuppressive trough blood concentrations, the highest H2 group
had significantly higher levels of tacrolimus when compared to the lowest H2 group, and a
trend when compared to the intermediate group (6.8 ± 2.4 ng/mL vs. 6.1 ± 2.2 ng/mL,
p = 0.07). KTR in the intermediate (n = 105, 78.4%) and highest (n = 105, 75.5%) H2
groups more commonly used proton-pump inhibitors when compared to the lowest group
(n = 96, 63.5%), p = 0.01, while use of statins and antihypertensive drugs were similar
among the groups. Nutritional data (Supplementary Table S1) showed no statistical differ-
ences regarding energy intake, macronutrients (protein, carbohydrates, and lipids), fiber,
and micronutrients, including calcium, iron, zinc, and vitamins D, C, and E, among the
three groups based on exhaled H2. Patients in the highest H2 group had lower intake of
mono/disaccharides (113.6 ± 47.7 g vs. 126.2 ± 45.4 g and 124.9 ± 35.5 g, p = 0.02) and
higher intake of polysaccharides (161.0 ± 36.3 g vs. 143.2 ± 38.7 g and 144.3 ± 28.3 g,
p = 0.004) when compared to the lowest and intermediate groups, respectively.

3.2. Determinants of Exhaled H2

We subsequently performed linear regression to investigate possible clinical, labora-
tory and dietary factors determinants of exhaled H2. Associations were explored for all
factors shown in Table 1; (borderline) significant results are presented in Table 2. Upon uni-
variable analysis, we observed inverse associations between H2 and mono/disaccharides
(std. β −0.27, p = 0.01) and vitamin C intake (std. β −0.17, p = 0.03), as well as a positive
association with polysaccharide intake (std. β 0.49, p < 0.001). Other possible influenc-
ing factors, such as waist circumference (WC), total cholesterol, low-density lipoprotein
(LDL)-cholesterol, tacrolimus trough blood, and use of proton-pump inhibitors were also
significant in univariable analyses. In multivariable linear regression analyses, only polysac-
charide intake remained independently associated with exhaled H2 (std. β 0.24, p = 0.01),
while a trend for an association with proton-pump inhibitor use was observed (std. β 0.16,
p = 0.05).

Table 2. Potential determinants of Log2 exhaled H2.

Potential Determinants
Univariate Multivariate *

Std. β p Std. β p

Polysaccharides intake, g 0.266 <0.001 0.243 0.01
Proton pump inhibitor use 0.160 <0.01 0.164 0.05

Mono and disaccharides intake, g −0.188 0.01
Tacrolimus trough levels, ug/L 0.133 0.02

Vitamin C intake, mg −0.162 0.02
Total cholesterol, mmol/L −0.106 0.03
LDL-cholesterol, mmol/L −0.101 0.04
Waist circumference, cm −0.098 0.05

n = 196. Linear regression analysis with exhaled H2 as dependent variable. * Run backwards. Std. β, standardized
beta; LDL, low-density lipoprotein.

3.3. H2 and Diarrhea

Table 3 summarizes the results of logistic regression, which revealed that exhaled
H2 and the use of MMF were significantly associated with diarrhea according to BSFS
(OR = 1.51, 95% CI 1.07–2.14 per log2 ppm, p = 0.02, and OR = 4.71 95% CI 1.24–17.77,
p = 0.02, respectively), while adjusting for potential confounders including age, sex, eGFR,
transplant vintage, tacrolimus use, and polysaccharides intake. Although individuals with
higher stool water content also had a higher number of evacuation episodes (r = 0.45,
p = 0.01), the number of evacuation episodes was not associated with H2 (r = −0.02,
p = 0.75).
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Table 3. Multivariable association between exhaled H2 and diarrhea.

Variable OR (95% CI) p

Log2 exhaled H2, ppm 1.51 (1.07–2.14) 0.02
Sex (male) 1.10 (0.41–2.99) 0.85

eGFR, mL/min/1.73 m2 0.95 (0.92–0.99) 0.01
Transplant vintage, years 0.99 (0.99–1.01) 0.08

MMF use 4.71 (1.24–17.77) 0.02
Tacrolimus use 0.25 (0.05–1.22) 0.09

PPI, use 1.09 (0.37–3.30) 0.86
Polysaccharides intake, g 0.99 (0.98–1.01) 0.12

n = 196. Multivariable-adjusted binary logistic regression analysis. Abbreviations: OR, Odds ratio; CI, confidence
interval; H2, hydrogen, eGFR, estimated glomerular filtration rate; MMF, mycophenolate mofetil; PPI, proton-
pump inhibitors.

Feces samples of 75 KTR were available for the analysis of water content. Patients in
the highest H2 group displayed a trend towards higher percentage of water stool content
when compared to the lowest group (77.7 ± 5.5% vs. 73.8 ± 6.0%, p = 0.08). Linear
regression analysis disclosed a trend for an association between exhaled H2 and stool water
content (std. β 0.22, p = 0.06; data not shown in tables).

4. Discussion

Diarrhea is a common complication after kidney transplantation [21,22], with its
etiology still under debate. In the current study, 33.0% of KTR had diarrhea according to the
BSFS questionnaire, and 31.6% presented exhaled H2 higher than 20 ppm. In multivariable-
adjusted analyses, exhaled H2 was associated with an increased risk of diarrhea in KTR.
We identified polysaccharide intake as an independent dietary determinant of exhaled H2.
The present data suggest a relationship between small bowel dysbiosis, diarrhea, and diet
after kidney transplantation.

As a frequent GI symptom after kidney transplantation, diarrhea may be related
to infections, antibiotics, or immunosuppressive drugs [20]. In the present study, 33.0%
of KTR had diarrhea, in line with the 35.0% described by Lee et al. [23], but lower than
the 53.0% presented by Ekberg et al. [21]. This variable prevalence could be attributed
to differences in diarrhea classification, immunosuppressive regimens, and sample size.
Nevertheless, the prevalence of diarrhea in KTR far exceeded the prevalence observed in
the general population (3.5 to 12.0%) [24,25].

We observed independent associations between both exhaled H2 and MMF use with
the presence of diarrhea. MMF use has consistently been implicated in posttransplant
diarrhea [26]. Our finding regarding the relationship between exhaled H2 and diarrhea
is in line with previous data outside the transplant population [27]. In irritable bowel
syndrome (IBS) patients with small intestinal bacterial overgrowth (SIBO), a type of gut
microbiome dysbiosis, was present more often with diarrhea, higher stool frequency, and
looser stool forms. Moreover, these symptoms were associated with higher bacterial count
in upper gut aspirate and basal exhaled H2 in both fasting state and following ingestion of
a substrate [28].

Although our study did not reveal potential mechanisms underlying the association
between exhaled H2 and diarrhea, we hypothesize that lipopolysaccharide (LPS) present
in Gram-negative bacteria, the most common microorganisms related to SIBO, may pro-
mote local inflammation, causing mucosal lesions and increasing intestinal permeability,
disabsorption syndrome, and increased nutrient fermentation [29]. Because the production
of H2 in humans only occurs through microbial anaerobic fermentation of unabsorbed
carbohydrates [30], higher exhaled H2 is generally considered a marker for alterations
in small bowel microbiota composition. Since higher levels of exhaled H2 can be caused
either by slow transit or by bacterial overgrowth with a delayed return of exhaled H2 to
baseline levels, Romagnuolo et al. [10] states that fasting exhaled H2 levels ≥20 ppm can
be representative of SIBO. In agreement, Corazza et al. [31] have demonstrated that, in
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bacterial overgrowth patients, fasting exhaled H2 values were significantly higher than in
healthy volunteers (14.7 ± 14.0 ppm vs. 5.8 ± 3.1 ppm, p < 0.001) [31]. Perman et al. [32]
observed a fasting exhaled H2 of 2.0 ± 2.5 ppm after a dinner meal in healthy subjects, with
no value exceeding 11.0 ppm, whereas exhaled H2 after an identical meal in patients with
bacterial overgrowth exceeded 48 ppm [32]. These studies support that elevated values of
fasting H2 can be considered suggestive of SIBO, potentially connecting higher exhaled H2
with the observed increased risk of diarrhea.

In addition, patients with higher exhaled H2 tended to have higher stool water content
and the percentage of stool water content was positively associated with both exhaled H2
and the number of evacuation episodes. An experimental study has disclosed that greater
gastro-intestinal H2 content shortened colonic transit time by 47% in the proximal colon,
and by 10% in the distal colon [33]. These data suggest that there might be an association
between an accelerated intestinal transit causing diarrhea and the H2 production.

A recent meta-analysis suggested that the use of proton-pump inhibitors (PPI) can
moderately increase the risk of SIBO [34]. Since gastric acid is an important barrier that
prevents bacterial colonization of the stomach and small intestine, PPI therapy may promote
small intestinal microbiota growth, through chronic acid suppression and subsequent
hypochlorhydria [35]. In the current study, we observed a significantly higher use of PPI
among individuals in the highest group of exhaled H2, with a trend for an association
with H2 in multiple linear regression, which is in line with the notion that exhaled H2 is
associated with small intestinal microbiota overgrowth.

A complex interplay exists between diet, GI transit, and gut microbiota [36]. In the
present study, we identified polysaccharide intake as an independent determinant of
exhaled H2. Polysaccharides are complex carbohydrates that can be divided into starch
and non-starch [37]. Since there was no difference in fiber intake between the H2 groups,
we assume higher starch intake as the main cause of higher polysaccharide intake. Some
starch, known as resistant starch (RS), escapes digestion in the small intestine and, upon
reaching the large intestine, acts similarly to dietary fiber, fermenting and incorporating
water [37]. Our findings are at least partly in line with a previous study suggesting that
SIBO resulted from differences in fiber intake [38]. In the current cohort, the suggestive
presence of SIBO could further promote starch malabsorption, which in turn could be
a conceivable explanation for the higher water content in stool due to osmotic activity,
subsequently causing diarrhea [39,40]. At the same time, there is limited evidence that
SIBO is the primary driver of GI symptoms or that it is influenced by dietary factors.

RS and other types of starch that escape digestion in the small intestine may be quan-
titatively more important as substrates of fermentation than non-starch polysaccharides
in the colon [41]. While the human genome does not encode adequate gastrointestinal
enzymes that metabolize some polysaccharides, RS undergoes fermentation by members of
the gut microbiota, resulting in the production of SCFAs, mainly butyrate [42,43]. Recently,
our group has been able to show that the gut microbiome of KTR contained less butyrate-
producing bacteria, more Proteobacteria, and fewer Actinobacteria [44]. Starch-utilizing
bacteria in the gut include many members of the Bacteroides and various Firmicutes [45]. A
study in KTR demonstrated that the phylum Bacteroidetes and its derivative Bacteroides,
as well as Ruminococcus, Coprococcus, and Dorea, were significantly reduced in fecal spec-
imens from patients with diarrhea [23,45]. These observations suggest that changes in
starch-degrading bacteria in KTR could decrease carbohydrate fermentation in colonic
lumen, promoting reduced nutrient absorption and watery stool.

Another important fact to be highlighted is that the elimination of the H2 produced by
bacterial fermentation depends significantly on methanogenic and sulfate-reducing bacteria
that convert H2 to methane and hydrogen sulfide [46]. We recently demonstrated that
colonic presence of the methanogen Methanobrevibacter smithii, which plays an important
role upon removing the end-product H2 from bacterial fermentation, was reduced in
KTR [47]. These findings may indicate that diminished abundance of methanogens after
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kidney transplantation could lead to less H2 metabolization, also contributing to a rise in
the gas levels in the breath test.

To the best of our knowledge, this is the first study to evaluate the relationship between
exhaled H2 and diarrhea in a large-scale cohort of KTR. The breath test we used is widely
available, safe, inexpensive, and noninvasive, advantages that make it ideal for daily clinical
practice employment. Limitations of the present study include the cross-sectional nature,
precluding conclusions on causality, the single H2 measurement, which does not necessarily
reflect the entire post-transplant period, and the lack of information regarding the course
and duration of diarrhea (acute or chronic). Since our study population consisted almost
entirely of Caucasians, our results cannot be extrapolated to different populations. The
purpose of performing the breath test was to investigate exhaled H2 in KTR under fasting
basal conditions (i.e., without using substrates like glucose, lactulose, lactose, or fructose).
Although some investigators suggest that the use of fasting hydrogen is insufficient for
SIBO diagnosis [48], fasting hydrogen overproduction has been consistently found with
bacterial overgrowth in several studies [8,10,32,33]. Finally, no direct tests such as duodenal
aspirate cultures have been performed to detect changes in the gut microbiota colonization
of small bowel.

In conclusion, a fasting exhaled H2 higher than 20 ppm was present in 31.6% of
KTR, which was associated with increased risk of diarrhea. Polysaccharide intake was
an independent determinant of exhaled H2. The present results suggest that diarrhea in
KTR may reflect an altered small bowel gut microbial composition, at least partly under
dietary control. These data encourage future studies to validate our findings; to further
investigate the associations between the diet, small bowel dysbiosis, and post-kidney
transplant diarrhea; and to explore whether lowering polysaccharide intake or correction
of SIBO may reduce diarrhea in KTR. Characterizing small intestinal bacterial overgrowth
in post-transplant patients with GI symptoms could support more focused antibacterial or
dietary therapeutic approaches.
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Abstract: Background: Lower patient survival has been observed in sickle cell disease (SCD) patients
who go on to receive a kidney transplant. This study aimed to assess the post-transplant outcomes of
SCD kidney transplant recipients in the contemporary era. Methods: We used the OPTN/UNOS
database to identify first-time kidney transplant recipients from 2010 through 2019. We compared
patient and allograft survival between recipients with SCD (n = 105) vs. all other diagnoses (non-SCD,
n = 146,325) as the reported cause of end-stage kidney disease. We examined whether post-transplant
outcomes improved among SCD in the recent era (2010–2019), compared to the early era (2000–2009).
Results: After adjusting for differences in baseline characteristics, SCD was significantly associated
with lower patient survival (HR 2.87; 95% CI 1.75–4.68) and death-censored graft survival (HR 1.98;
95% CI 1.30–3.01), compared to non-SCD recipients. The lower patient survival and death-censored
graft survival in SCD recipients were consistently observed in comparison to outcomes of recipients
with diabetes, glomerular disease, and hypertension as the cause of end-stage kidney disease. There
was no significant difference in death censored graft survival (HR 0.99; 95% CI 0.51–1.73, p = 0.98)
and patient survival (HR 0.93; 95% CI 0.50–1.74, p = 0.82) of SCD recipients in the recent versus early
era. Conclusions: Patient and allograft survival in SCD kidney recipients were worse than recipients
with other diagnoses. Overall SCD patient and allograft outcomes in the recent era did not improve
from the early era. The findings of our study should not discourage kidney transplantation for ESKD
patients with SCD due to a known survival benefit of transplantation compared with remaining on
dialysis. Urgent future studies are needed to identify strategies to improve patient and allograft
survival in SCD kidney recipients. In addition, it may be reasonable to assign risk adjustment for
SCD patients.
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1. Introduction

Sickle cell disease (SCD) is the most common inherited blood disorder in the United
States, affecting approximately 100,000 Americans [1–4]. SCD occurs in one out of every
365 African-American births and 1 out of every 16,300 Hispanic-American births [1–3].
Patients with SCD are at risk for progressive kidney disease, initially manifesting as mi-
croalbuminuria and urine-concentrating defects in childhood with subsequent progression
to overt proteinuria and progressive decline in kidney function after age 20 [1–4]. Almost
half of SCD patients with HbSS genotype develop chronic kidney disease; the prevalence
of end stage kidney disease (ESKD) ranges from 5% up to 18% with a median age of
23 years [1,5–7]. Despite the prevalence of ESKD in SCD, few of these individuals receive a
kidney transplant [8–10].

Ongoing unequal access to kidney transplantation for SCD is a reflection of the trans-
plant community’s concerns related to increased mortality risk for SCD patients compared
to ESKD patients from other causes [11,12]. Nonetheless, despite having an increased risk,
SCD ESKD patients receive a survival benefit following kidney transplantation similar
to non-SCD ESKD patients [8,9]. Despite improvement in survival after transplantation
in SCD patients [8,9], there are still concerns regarding worse outcomes among kidney
transplant recipients with SCD compared to non-SCD recipients [8,10]. Data from prior to
2000 [8,10] including data from United States Renal Data System (USRDS) and the United
Network for Organ Sharing (UNOS) databases demonstrated that kidney transplant recipi-
ents with SCD had reduced allograft and patient survival compared to non-SCD kidney
transplant recipients [8,10]. Despite these concerns, a previous study using UNOS database
demonstrated improved patient survival among SCD recipients over time (from years
1988–1999 to 2000–2011) [13].

Immunosuppression and kidney transplant care have significantly advanced in the
past decades [14–17], and overall kidney transplantation outcomes have significant im-
proved in the recent era [18,19]. In addition to emerging immunosuppressing agents,
advances in human leukocyte antigen (HLA)/epitope matching, infection prevention, pre-
transplant apolipoprotein L1 gene (APOL1), screening standardization of pre-transplant
preparation for SCD patients, use of post-transplant SCD disease modifying therapy may
impact transplant outcomes of patients with SCD [20–22]. The outcomes of kidney trans-
plant for SCD ESKD recipients in the current transplant era remain underreported. We
conducted this study using the UNOS database with the aim to (1) compare patient and
allograft survival between recipients with SCD vs. non-SCD in the recent era (2010–2019),
and to (2) examine outcomes of SCD recipients in the recent era (2010–2019), compared to
the early era (2000–2009).

2. Methods

2.1. Data Source and Study Population

This study used the Organ Procurement and Transplantation Network (OPTN) /UNOS
database. The OPTN/UNOS contains patient-level data of all United States transplant
events. Institutional review board approval was waived due to publicly available nature of
the de-identified OPTN/UNOS database.

The primary cohort includes pediatric and adult solitary first kidney transplant re-
cipients occurring from 2010 to 2019. Patient and allograft survival between recipients
with SCD ESKD were compared to recipients with all other diagnoses (non-SCD ESKD). In
addition, we compared post-transplant outcomes of SCD recipients with the three most
common causes of end-stage kidney disease: diabetes mellitus (DM), glomerular disease,
and hypertension.
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In the secondary cohort, pediatric and adult SCD ESKD patients receiving solitary
first kidney transplants from 2000 to 2019 were identified. Post-transplant outcomes were
compared between SCD recipients in two eras: an earlier era (Era 1: 2000–2009) versus
recent (Era 2: 2010–2019)

2.2. Data Collection

The following variables were extracted: recipient age, sex, race, body mass index
(BMI), transplant type, dialysis duration, causes of end-stage kidney disease, SCD status,
history of diabetes mellitus, panel reactive antibody (PRA) level, donor age, kidney donor
profile index (KDPI), induction and maintenance therapy. SCD as the cause of ESRD was
reported by individual transplant center to OPTN/UNOS database. Missing data were
not imputed.

2.3. Outcome Measures

The primary outcome was death-censored graft failure, defined as the need for dialysis
or kidney re-transplant, with patients censored for death or at last follow-up date reported
to the OPTN/UNOS database. The secondary outcome was all-cause mortality. Patients
were followed until outcomes occurred, the end of study period (27 September 2019), or
5 years after kidney transplant, whichever was earlier.

2.4. Statistical Analysis

Baseline characteristics were summarized using medians with interquartile ranges for
continuous variables or counts with percentage for categorical variables. Between-group
comparison was performed using Wilcoxon rank-sum test for continuous variables and Chi-
squared test for categorial variables. Kaplan–Meier plots were utilized to generate death-
censored graft survival and patient survival curve. The log-rank test offered statistical
comparison. Cox proportional hazard analysis was utilized to calculate hazard ratio
(HR) and 95% confidence interval (95% CI) of death-censored graft failure and mortality.
This association was adjusted for recipient, donor, and transplant-related factors that
significantly differed between groups with p < 0.05. All p-values were two-tailed; p-values
of < 0.05 were considered statistically significant. STATA version 14.1 (StataCorp, College
Station, TX, USA) was utilized for all statistical analyses.

3. Results

3.1. Clinical Characteristics between SCD vs. Non-SCD Recipients in Recent Era

The primary cohort was comprised of a total of 146,430 patients who received a first
kidney transplant from 2010 to 2019. There were 105 SCD and 146,325 non-SCD kidney
transplant recipients. Of the non-SCD recipients, 40,362 (27.6%) had DM, 33,979 (23.2%) had
glomerular disease, and 33,617 (23.0%) had hypertension as the reported cause of ESKD.

Table 1 compares baseline characteristics between SCD and non-SCD recipients. SCD
recipients were younger, more likely to be female, African American, have a lower BMI,
and less DM. They were more likely to have a higher PRA, be on dialysis at the time of
transplant, and receive thymoglobulin as induction therapy. In addition, kidney donors for
SCD recipients were younger, more African American, and more likely to have lower KDPI.

3.2. Post-Transplant Outcomes between SCD vs. Non-SCD Recipients in Recent Era

One-year death-censored graft survival in SCD was lower than in non-SCD recipients
(94% vs. 98%; p = 0.02), whereas there was no significant difference in patient survival
between SCD and non-SCD recipients (96% vs. 97%; p = 0.36). In adjusted analysis, SCD
recipients were significantly associated with lower 1-year death-censored graft survival
(HR 2.22; 95% CI 1.01–4.95). SCD recipients had lower 1-year patient survival than non-
SCD recipients with HR of 2.24 although it did not reach statistical significance (p = 0.11)
due to small number of deaths within 1 years after kidney transplant.
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Table 1. Clinical characteristics between sickle cell disease and non-sickle cell disease kidney transplant recipients.

Characteristics
Sickle Cell Disease

(n = 105)
Non-Sickle Cell Disease

(n = 146,325)
p-Value

Recipient age (year),
median (25th, 75th) 41 (33, 51) 53 (41, 63) <0.001

Male, % 47.6 61.0 0.005

African American, % 93.3 26.9 <0.001

Recipient BMI (kg/m2),
median (25th, 75th)

22.7 (20.4, 27.1) 27.9 (24.0, 32.1) <0.001

Living-donor kidney transplants, % 28.6 34.1 0.24

Dialysis duration (%)
Preemptive

<1 years
1–3 years
>3 years
Missing

7.6
13.3
20.0
57.1
1.9

19.2
14.2
23.6
42.1
0.9

0.003
0.80
0.39
0.002
0.28

Diabetes, % 1.0 33.4 <0.001

PRA (%)
<20

20–70
>70

Missing

62.9
18.1
15.2
3.8

76.7
12.4
9.3
1.6

0.001
0.08
0.035
0.07

ABO incompatible 1.0 1.2 0.84

HLA mismatches,
median (25th, 75th) 4 (3, 5) 4 (3, 5) 0.44

Donor age (year),
median (25th, 75th) 30 (24, 45) 41 (28, 52) <0.001

Donor race, %
White
Black

Hispanic
Others

54.3
28.6
14.3
2.9

68.4
12.6
14.2
4.8

0.002
<0.001

0.98
0.35

KDPI, median (25th, 75th) 39 (11, 60) 44 (23, 67) 0.008

Induction therapy, %
Thymoglobulin
Alemtuzumab

Basiliximab
Other induction

No induction

66.7
8.6
24.8
3.8
8.6

52.7
15.8
23.5
1.9
9.6

0.004
0.04
0.76
0.15
0.72

Maintenance therapy, %
Tacrolimus

Cyclosporine
Mycophenolate
Azathioprine

mTOR inhibitors
Steroids

90.5
1.9
94.3

0
0

70.5

91.6
2.0
92.9
0.4
1.1
65.8

0.68
0.96
0.57
0.50
0.29
0.31

Abbreviation: BMI, body mass index; KDPI, kidney donor profile index; mTOR inhibitors, the mammalian target of rapamycin inhibitors;
PRA, panel reactive antibody.

Five-year death-censored graft survival in SCD was lower than in non-SCD recipients
(71% vs. 89%; p < 0.001) (Figure 1), whereas five-year patient survival was comparable
between the two groups (83% vs. 87%; p = 0.12) (Figure 2). In adjusted analysis, SCD
recipients were significantly associated with lower death-censored graft survival (HR 1.98;
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95% CI 1.30–3.01, p = 0.001) (Table 2 A) and patient survival (HR 2.87; 95% CI 1.75–4.68,
p < 0.001), compared to non-SCD recipients (Table 2 B).

 
Figure 1. Death-censored graft survival of sickle cell disease compared to non-sickle cell
disease recipients.

 

Figure 2. Patient survival of sickle cell disease compared to non-sickle disease recipients.

Post-transplant outcomes were compared between SCD and other more prevalent
causes of end-stage kidney disease. Five-year death-censored graft survival was 89% for
DM, 89% for glomerular disease, and 88% for hypertension (Figure 3). Five-year patient
survival was 78% for DM, 93% for glomerular disease, and 86% for hypertension (Figure 4).
In adjusted analysis, SCD was significantly associated with lower death-censored graft
survival compared to DM (HR 2.32; 95% CI 1.52–3.56, p < 0.001), glomerular disease (HR
1.91; 95% CI 1.25–2.92), and hypertension (HR 1.91; 95% CI 1.25–2.92, p = 0.003) (Table 2A).
In addition, SCD was significantly associated with lower patient survival compared to
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DM (HR 1.96; 95% CI 1.20–3.22, p = 0.007), glomerular disease (HR 3.41; 95% CI 2.07–5.61,
p < 0.001), and hypertension (HR 3.08; 95% CI 1.88–5.04, p < 0.001) (Table 2B).

Table 2. Post-transplant outcomes of sickle cell disease compared to non-sickle cell disease.

(A) Death-Censored Graft Failure

Univariate Model Multivariate Model *

HR (95% CI) p-Value HR (95% CI) p-Value

Recent era (2010–2019)

Sickle cell versus non-sickle cell 2.92 (1.92–4.44) <0.001 1.98 (1.30–3.01) 0.001

Sickle cell versus diabetes 2.84 (1.87–4.32) <0.001 2.32 (1.52–3.56) <0.001

Sickle cell versus hypertension 2.53 (1.66–3.84) <0.001 1.91 (1.25–2.92) 0.003

Sickle cell versus glomerular disease 2.80 (1.84–4.25) <0.001 1.91 (1.25–2.92) 0.003

Sickle cell between 2000–2009 and 2010–2019 0.90 (0.54–1.50) 0.68 0.99 (0.57–1.73) 0.98

(B) Mortality

Univariate Model Multivariate Model *

HR (95% CI) p-Value HR (95% CI) p-Value

Recent era (2010–2019)

Sickle cell versus others 1.67 (1.03–2.73) 0.039 2.87 (1.75–4.68) <0.001

Sickle cell versus diabetes 0.95 (0.58–1.54) 0.82 1.96 (1.20–3.22) 0.007

Sickle cell versus hypertension 1.61 (0.99–2.64) 0.056 3.08 (1.88–5.04) <0.001

Sickle cell versus glomerular disease 3.18 (1.95–5.21) <0.001 3.41 (2.07–5.61) <0.001

Sickle cell between 2000–2009 and 2010–2019 0.89 (0.50–1.59) 0.70 0.93 (0.50–1.74) 0.82

* Adjusted for recipient age, sex, race, BMI, dialysis status, cPRA, donor age, donor race, KDPI, and induction therapy.

 

Figure 3. Death-censored graft survival according to the causes of end-stage kidney disease.
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Figure 4. Patients survival according to the causes of end-stage kidney disease.

3.3. Clinical Characteristics and Post-Transplant Outcomes between SCD Recipients in an Early
vs. Recent Era

In the secondary cohort, a total of 233 SCD ESKD kidney transplants were performed
from 2000 to 2019. There were 128 SCD ESKD kidney recipients in 2000–2009 (early era) and
105 in 2010–2019 (recent era). Table 3 compares baseline characteristics of SCD recipients
between the early and recent era.

Table 3. Clinical characteristics between sickle cell disease in 2010–2019 and 2000–2009.

Characteristics
Sickle Cell Disease in

2010–2019
(n = 105)

Sickle Cell Disease in
2000–2009
(n = 128)

p-Value

Recipient age (year), median (25th, 75th) 41 (33, 51) 35 (29, 45) <0.001

male, % 47.6 58.6 0.10

African American, % 93.3 91.4 0.58

Recipient BMI (kg/m2), median (25th, 75th) 22.7 (20.4, 27.1) 20.5 (18.1, 23.7) <0.001

Living-donor kidney transplants, % 28.6 34.4 0.34

Dialysis duration (%)
Preemptive

<1 years
1–3 years
>3 years
Missing

7.6
13.3
20.0
57.1
1.9

7.8
18.0
25.8
38.3
10.2

0.96
0.34
0.30

0.004
0.01

Diabetes, % 1.0 1.6 0.68

PRA (%)
<20

20–70
>70

Missing

62.9
18.1
15.2
3.8

57.8
15.6
11.7
14.8

0.43
0.62
0.43

0.005
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Table 3. Cont.

Characteristics
Sickle Cell Disease in

2010–2019
(n = 105)

Sickle Cell Disease in
2000–2009
(n = 128)

p-Value

ABO incompatible 1.0 0 0.27

HLA mismatches, median (25th, 75th) 4 (3, 5) 4 (3, 5) 0.33

Donor age (year), median (25th, 75th) 30 (24, 45) 39 (27, 47) 0.03

Donor race, %
White
Black

Hispanic
Others

54.3
28.6
14.3
2.9

46.9
37.5
12.5
3.1

0.26
0.15
0.69
0.90

KDPI, median (25th, 75th) 39 (11, 60) 46 (30, 66) 0.02

Induction therapy, %
Thymoglobulin
Alemtuzumab

Basiliximab
Other induction

No induction

66.7
8.6

24.8
3.8
8.6

37.5
5.5

19.5
10.2
29.7

<0.001
0.35
0.34
0.06

<0.001

Maintenance therapy, %
Tacrolimus

Cyclosporine
Mycophenolate
Azathioprine

mTOR inhibitors
Steroids

90.5
1.9
94.3

0
0

70.5

71.1
22.7
81.3
3.9
14.1
82.0

<0.001
<0.001
0.003
0.04

<0.001
0.04

Death-censored graft survival (71% vs. 66%; p = 0.68) (Figure 5) and patient survival
(83% vs. 78%; p = 0.69) (Figure 6) were comparable between SCD recipients in an early
and recent era. There was no significant difference in death censored graft survival (HR
0.99; 95% CI 0.51–1.73, p = 0.98) and patient survival (HR 0.93; 95% CI 0.50–1.74, p = 0.82)
between the two eras.

 
Figure 5. Death-censored graft survival of sickle cell disease recipients in 2010–2019 and 2000–2009.
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Figure 6. Patient survival of sickle cell disease recipients in 2010–2019 and 2000–2009.

4. Discussion

In this study utilizing the UNOS/OPTN database from 2000 to 2019, kidney transplant
recipients with SCD had lower death censored graft survival and increased mortality
compared to overall non-SCD recipients. There was no significant difference in the allograft
and patient survival between the recent era (2010–2019) versus the early era (2000–2009).

The increased risk of allograft loss in SCD kidney transplant recipients is likely multi-
factorial. SCD is characterized by vaso-occlusion, especially in the kidneys [23], resulting
in kidney infarction, papillary necrosis, hematuria, focal segmental glomerulosclerosis,
and diabetes insipidus [23,24]. Successful kidney transplantation significantly improves
kidney function among ESKD patients with SCD; however, unfortunately, the kidney
allograft can still be affected by SCD [25], evidenced by iron/heme deposition in proxi-
mal renal tubules and related acute tubular injury in the kidney allograft biopsies [26,27].
In addition, chronic allograft injury and anemia may accelerate kidney function decline
by limiting oxygen delivery [28]. Hypoxia may also lead to the formation of a reactive
oxygen species that potentiates tissue inflammation [28]. Furthermore, allograft throm-
bosis during sickle cell crisis after kidney transplantation has been reported [27,29,30].
Despite improvement of overall transplant care and immunosuppression, our evaluation
of the recent era (2010–2019) reveals persistent lower allograft survival among kidney
transplant recipients with SCD compared to those with non-SCD, which is consistent with
previously published studies before 2000 from the UNOS and USRDS databases [8,10].
Hydroxyurea and blood transfusion have been the primary methods used to treat SCD
complications [20,21]. Although data on the effects of hydroxyurea on kidney transplant
allograft are limited, the use of hydroxyurea has shown potential benefits in reduction
of proteinuria, stabilization in kidney function, and reduced mortality risk among non-
kidney transplant SCD patients [21,31–33]. While early post-transplant blood transfusion
may increase immunological risk and increased risk of rejection, especially in under-
immunosuppressed recipients [34], a recent study demonstrated that blood transfusion
while on adequate immunosuppressive regimens within 1 week post-kidney transplan-
tation is safe without significant association with de novo HLA-DSA development [35].
Among kidney transplant recipients with SCD, a well-conducted multicenter study on
34 SCD kidney transplant recipients between 1997 and 2017 across six London hospitals
ensured the safety of long-term automated exchange blood transfusions (EBT) with im-
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provement in allograft and patient outcomes and no increase in antibody formation or
allograft rejection [20]. However, data on the use of hydroxyurea and blood transfusion are
limited in the OPTN/UNOS database. Thus, future studies are needed to assess the impact
of hydroxyurea, EBT, and perioperative management on outcomes of kidney transplant
recipients with SCD. Furthermore, there are now new medications recently made available
that are expected to be of significant benefit among SCD patients [36–39], which require
future studies in kidney transplant recipients.

In our study of immunosuppression in the recent era, we also found a significantly
reduced patient survival among kidney transplant recipients with SCD compared to non-
SCD recipients. This is similar to the higher mortality found in SCD kidney recipients
from published older era studies [8,10,13]. While a previous study utilizing the UNOS
database demonstrated improved patient survival among SCD recipients from 2000–2011
compared with an earlier cohort of SCD recipients (1988–1999) [13], we did not find a
significant improvement in patient survival and death-censored graft survival of SCD
recipients in years 2010–2019 when compared to years 2000–2009. Furthermore, compared
to other causes of ESKD, including diabetes, glomerular disease, and hypertension, our
adjusted analysis showed that SCD was associated with the lower patient survival and
death-censored graft survival. While patient survival in the prior era (2000–2011) was
comparable among SCD recipients and diabetic recipients [13], our study shows better
patient survival among diabetic recipients compared with SCD recipients. Given that there
is no difference between patient survival among SCD in years 2010–2019 when compared to
years 2000–2009, this finding likely reflects a significant improvement in diabetes care post
kidney transplantation for the past decade [40–42]. Kidney transplant recipients with SCD
still have complications of SCD post-transplant [20–22]. Since SCD is a systemic disease,
it can result in extra-renal manifestations, such as pulmonary hypertension, thrombotic
events, infections, cardiomyopathy and cirrhosis [43,44]. Unfortunately, the findings from
our study suggest a lack in similar improvement in SCD care post-transplantation when
compared to other causes of ESKD including diabetes. Future studies are required to
identify effective strategies to improve care for kidney transplant recipients with SCD such
as care in a multi-center system and long-term follow-up in tertiary care centers.

Kidney transplantation improves survival in patients with SCD after kidney trans-
plant when compared to SCD patients on maintenance dialysis [9]. However, SCD patients
have lower rates of waitlisting and transplantation rate after listing despite survival benefit
with transplantation [9]. Thus, our study should not discourage kidney transplantation for
ESKD patients with SCD. Rather, our findings highlight the urgent need for strategies to
improve transplant outcomes among SCD kidney transplant recipients. Multidisciplinary
subspecialty coordination likely offers the most benefit for management of kidney trans-
plant recipients with SCD. Furthermore, SCD patients are less likely to be waitlisted or
transplanted when compared to patients of similar age with other causes of ESKD [9]. This
is potentially due to increased risk for graft loss and mortality after transplantation [8,10],
or racial disparities in kidney transplantation [45,46], representing a potential “blind spot”
regarding racial disparities in access and health outcomes [47]. Transplant centers are
monitored for outcomes and may be sanctioned if transplant outcomes do not meet ex-
pected outcomes over a period of time. Expected outcomes are calculated based on patient
population and comorbidities, which include primary diagnosis at transplant. Risk is
adjusted for recipients with diabetes mellitus, hypertension and glomerular disease [48];
however, SCD is currently not considered for risk adjustment. Based on our data and
previous reports [9,10], SCD recipients experience increased an risk of graft failure and
mortality compared to the control group. SCD patients benefit from kidney transplant,
despite increased morbidity and mortality, thus, it is reasonable to assign risk adjustment
for SCD patients. This will reduce the disincentive for transplant centers and increase
access to life-saving kidney transplantation in the SCD patient population [45,46].

Our study has some limitations. Firstly, information on non-renal SCD-related organ
injuries/complications was not available to review in the OPTN/UNOS database, thus we
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were unable to account for the effects of severity of SCD on transplant outcomes. Secondly,
data on SCD genotype, comorbidity of SCD recipients, the frequency of vaso-occlusive
crises, blood transfusion, the development of de novo HLA-DSA and RBC alloantibodies,
treatment regimen for SCD, causes of death or kidney allograft failure in SCD recipi-
ents were unavailable. Consequently, despite adjusting for available confounders, we
determined that patient survival was not significantly different between the recent era
(2010–2019) and the early era (2000–2009), but we did not have information to understand
the reason for the lack of improvement in post-transplant outcomes in SCD recipients.
With the above noted limitations on SCD severity data, we cannot conclude that there was
no difference in the advances of SCD kidney transplant recipients’ care. Physicians may
have a lower threshold to offer kidney transplantation to SCD patients with more SCD-
related organ involvements in the recent era, which could have affected patient outcomes.
Future studies evaluating the effects of SCD severity and frequency of vaso-occlusive
crises on outcomes of kidney transplant recipients with SCD are required. Finally, there
are limited data on emerging treatments for SCD in the OPTN/UNOS database. Bone
marrow transplantation has recently emerged as a novel treatment for SCD [49], and the
beneficial effects of bone marrow transplantation in improving target organ damage have
been reported [12,50,51]. Nevertheless, successful bone marrow transplant has only been
reported in a limited number of dialysis and kidney transplant patients with SCD [50,52,53].
Additional studies are needed to assess its potential effects on clinical outcomes of SCD
kidney transplant recipients [12]. In addition, while genetic approaches against SCD such
as CRISPR gene correction therapy are promising, investigation in this area is still in the
early stages [54].

5. Conclusions

In conclusion, patient and allograft survival in SCD kidney recipients were worse
than that of recipients with other diagnoses. Overall SCD patient and allograft outcomes
in the recent era did not improve from the early era. The findings of our study should
not discourage kidney transplantation for ESKD patients with SCD due to the known
survival benefits of transplantation compared with remaining on dialysis. Future studies
are urgently needed to identify strategies to improve patient and allograft survival in SCD
kidney recipients. In addition, it is reasonable to assign risk adjustment for SCD patients.
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Abstract: Fast tacrolimus (Tac) metabolism is associated with reduced survival rates after renal
transplantation (RTx), mainly due to cardiovascular events. Because dyslipidemia is a leading cause
of cardiovascular death, we hypothesized that most RTx patients do not achieve recommended
target low-density lipoprotein cholesterol (LDL-C) levels (European cardiology society guidelines)
and that fast Tac metabolizers have higher dyslipidemia rates. This study included RTx recipients
who received initial immunosuppression with immediate-release tacrolimus (IR-Tac), mycopheno-
late, and prednisolone. Patients were grouped according to their Tac concentration-to-dose ratio
(C/D ratio) 3 months after RTx. Dyslipidemia parameters were analyzed at RTx, 3 months, and
12 months after RTx. Statin use and renal function were documented in a 12-month follow-up,
and death was documented in a 60-month follow-up. Ninety-six RTx recipients were divided into
two groups: 31 fast Tac metabolizers (C/D ratio < 1.05 ng/mL·1/mg) and 65 slow metabolizers
(C/D ratio ≥ 1.05 ng/mL·1/mg). There were no differences in triglyceride or cholesterol levels
between groups at RTx, 3, and 12 months after RTx. A total of 93.5% of fast and 95.4% of slow
metabolizers did not achieve target LDL-C levels (p = 0.657). Fast metabolizers developed lower renal
function compared to slow metabolizers 12 months after RTx (p = 0.009). Fast metabolizers showed
a 60 month survival rate of 96.8% compared to 94.7% in the slow metabolizer group (p = 0.811).
As most RTx recipients do not reach recommended target LDL-C levels, individualized nutritional
counseling and lipid-lowering therapy must be intensified. Fast Tac metabolism is associated with
lower renal function after RTx, but does not play a significant role in dyslipidemia.

Keywords: kidney transplantation; tacrolimus; metabolism; C/D ratio; cholesterol; dyslipidemia;
LDL-C

1. Introduction

Renal transplantation (RTx) is the preferred renal replacement procedure compared to
dialysis [1]. Nevertheless, many RTx recipients are considered high-risk patients for cardio-
vascular (CV) events [2]. Firstly, most RTx recipients do not reach estimated glomerular
filtration rates (eGFRs) compared with healthy controls, which is important because the
eGFR has an inverse relationship with cardiovascular disease [3,4]. Secondly, immunosup-
pression with corticosteroids or calcineurin inhibitors (CNIs) is often associated with the
development of dyslipidemia. Thirdly, CV risk associated with cholesterol levels tended
to be higher in transplant recipients than in the Framingham Heart Study population
in [5]. Recently, the European Society of Cardiology (ESC) published target low-density
lipoprotein cholesterol (LDL-C) levels for different CV risk groups [2]. Individuals at mod-
erate CV risk are recommended to achieve LDL-C levels < 100 mg/dL, high-risk patients
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< 70 mg/mL, and very-high-risk patients < 55 mg/dL. Therefore, most RTx recipients
should achieve a target LDL-C level of at least < 70 mg/mL. Recently, the CKD-REIN study
collaborators showed that patients with chronic kidney disease (CKD) in stages G3a–5 who
are eligible for lipid-lowering therapy are frequently untreated, and those who receive
therapy rarely achieve LDL-C targets [6].

Several studies showed an association between fast tacrolimus (Tac) metabolism
and increased mortality [7,8]. As described for CKD patients [3], CV events were the
main reason of death in these cohorts. Therefore, we initially hypothesized that most
RTx recipients do not achieve recommended LDL-C levels as suggested by the ESC [9].
It was also shown that fast Tac metabolism is associated with an increased decline of renal
function compared with slow metabolizers [7,10,11], but there is currently no data on Tac
metabolism and dyslipidemia. Accordingly, we hypothesized that fast Tac metabolism is
related to higher triglyceride and cholesterol levels, which may promote CV disease.

2. Patients and Methods

2.1. Patients and Study Design

This retrospective, observational study was performed considering patients who had
undergone RTx at the University Hospital of Münster from 2007 to 2015. Figure 1 illustrates
the enrollment of the subjects in the study. The study included 96 patients who met
the inclusion criteria: age ≥ 18 years, intake of immediate-release Tac (IR-Tac) since RTx
and available lipid status at RTx, 3, and 12 months after. The initial immunosuppressive
regimen consisted of basiliximab, tacrolimus (target trough 6–12 ng/mL for 3 months,
thereafter 4–8 ng/mL), mycophenolate mofetil, and prednisolone that was reduced to a
maintenance dosage of 5 mg once daily (q.d.) at 3–6 months. Patient data were collected
from the hospital’s electronic health records. Blood analyses were performed using a Roche
modular platform (Cobas, Roche Diagnostics, Mannheim, Germany), and renal function
(based on enzymatic creatinine measures) was determined by calculating the eGFR using
the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation.

 
Figure 1. Study design and patient enrollment. Initially, a total of 889 renal transplant recipients
were screened, but 793 patients were excluded because they did not meet the inclusion criteria. RTx
recipients were defined as fast and slow Tac metabolizers 3 months after transplantation, and survival
was observed in a 60-month follow-up. Abbreviations: Tac, tacrolimus; RTx, renal transplantation.
C/D ratio values in ng/mL·1/mg.

The Tac concentration-to-dose ratio (C/D ratio, fast metabolizers C/D
ratio < 1.05 ng/mL·1/mg, slow metabolizers C/D ratio ≥ 1.05 ng/mL·1/mg) was calcu-
lated to determine the Tac metabolism rate 3 months after RTx, as previously published by
us and others [7,8]. The distribution of the C/D ratio in our cohort is shown in Figure 2.
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The local ethics committee (No. 2014-381-f-N) approved the study. The methods in this
study were performed in accordance with the current transplantation guidelines and the
Declarations of Istanbul and Helsinki. All participants gave written informed consent for
the collection of their clinical data at the time of transplantation. As recommended by the
KDIGO (Kidney Disease: Improving Global Outcomes) guideline [12], the lipid profile was
determined at months 3 and 12 after transplantation at our center. Depending on the result,
we advised the patient (lifestyle management) and recommended statin therapy, which
usually consisted of fluvastatin or pravastatin. Nevertheless, the suggested therapeutic
approach was usually a recommendation that the patient previously discussed with their
treating nephrologist. If the therapeutic goal was not achieved after 12 months, we usually
increased the statin dose, supplemented ezetimibe, or recommended presentation to a
lipid specialist.

Figure 2. Histogram of the distribution of the tacrolimus C/D ratio (ng/mL·1/mg). The study cohort
showed an asymmetric distribution relating to their C/D ratios and were categorized in two groups
according to previous studies [7,8]. Fast metabolizers had a C/D ratio <1.05 and slow metabolizers
≥1.05 ng/mL·1/mg. RTx, renal transplantation.

Rates of calcineurin-inhibitor-induced nephrotoxicity (CNIT), BK viral nephropathy
(BKVN), and acute rejection (AR) were assessed from indication biopsies. New-onset
diabetes after transplantation (NODAT) data were obtained from the medical records, and
the need for antidiabetic therapy or diabetes diet was assessed.

2.2. Statistical Analysis

SPSS® Statistics 27 for Windows (IBM Corporation, Somers, NY, USA) was used for
statistical analyses. Normally distributed data are presented as mean ± standard deviation
and non-normally distributed data are shown as median (minimum–maximum). The t-test
was used for normally distributed data of unrelated groups. Non-normally distributed
data were compared with the Mann–Whitney U test, and categorical variables with Fisher’s
exact test. Two-sided tests were applied in all statistical evaluations and a p-value of ≤0.05
was considered significant for all tests performed.

3. Results

The study cohort included 31 fast Tac metabolizers and 65 slow metabolizers. The fast
metabolizer group included noticeably more patients with diabetes mellitus at RTx (Table 1).
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Table 1. Patient characteristics and immunosuppression.

Fast Metabolizers
(n = 31)

Slow Metabolizers
(n = 65)

p-Value

Age (years) 51.9 ± 12.6 51.0 ± 14.8 0.770 a

Sex (m/f) 22 (71%)/9 (29%) 45 (69%)/20 (31%) 1 b

Weight (kg) 79.7 ± 19.2 74.1 ± 14.7 0.158 a

Height (cm) 176 ± 11 172 ± 9 0.108 a

BMI (kg/m2) 25.4 ± 4.4 24.7 ± 4.2 0.503 a

Living donor transplantation 10 (32%) 16 (25%) 0.467 b

ESP 4 (13%) 9 (14%) 1 b

Cold ischemic time (h) 8.1 ± 5.8 8.6 ± 4.7 0.698 a

Warm ischemic time (min) 31.6 ± 5.9 32.6 ± 7.5 0.483 a

DGF 2 (7%) 9 (14%) 0.494 b

Time on dialysis 47.5 ± 42.0 59.5 ± 44.6 0.206 a

Previous transplantation 5 5 0.284 b

One previous transplantation 3 5
0.168 b

Two previous transplantations 2 0

Combined liver transplantation 1 2 1 b

Comorbidities

Diabetes mellitus 5 (16%) 2 (3%) 0.034 b

Arterial hypertension 25 (81%) 59 (91%) 0.193 b

BMI ≥ 25 kg/m2 18 (58%) 36 (55%) 0.830 b

Donor Characteristics

Donor age 51.0 ± 15.3 53.4 ± 14.5 0.475 a

Donor sex (m/f) 10 (32%)/21 (68%) 30 (46%)/35 (54%) 0.269 b

BMI, body mass index; ESP, European Senior Program; DGF, delayed graft function. p-Values: a Welch’s t-test; b

Fisher’s exact test.

At the 3 month mark after RTx, fast Tac metabolizers showed noticeably lower Tac
trough levels (p = 0.004), had received higher Tac doses (p > 0.001) but lower prednisolone
doses (p = 0.015), and had lower C/D ratios (p < 0.001) (Table 2). One year after RTx, Tac
trough levels and prednisolone doses were comparable between groups, but Tac daily doses
were higher in fast metabolizers, resulting in lower C/D ratios (0.96 vs. 1.59 ng/mL·1/mg,
p < 0.001). Rates of CNIT, BKVN, AR, and NODAT always tended to show worse outcomes
in fast metabolizers compared to slow metabolizers.

Table 2. Immunosuppression, statins, complications, cholesterol levels, and triglycerides.

Fast Metabolizers
(n = 31)

Slow Metabolizers
(n = 65)

p-Values

Tac trough level M3 (ng/mL) 6.8 ± 2.4 8.4 ± 2.8 0.004 a

Tac daily dose M3 (mg) 9.0 (3–20) 5 (2–12) <0.001 b

Tac C/D ratio M3 (ng/mL/mg) 0.79 (0.28–1.00) 1.57 (1.05–5.15) <0.001 b

Tac daily dose M12 (mg) 7 (2–18) 3.75 (1–11) <0.001 b

Tac trough level M12 (ng/mL) 6.8 ± 2.1 6.3 ± 2.1 0.401 a

Tac C/D ratio M12 (ng/mL/mg) 0.96 (0.28–2.85) 1.59 (0.24–7.60) <0.001 b

Prednisolone M3 (mg) 7.5 (0–50) 10 (5–30) 0.015 b

Prednisolone M12 (mg) 5 (0–20) 5 (3–20) 0.594 b
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Table 2. Cont.

Fast Metabolizers (n
= 31)

Slow Metabolizers
(n = 65)

p-Values

Statin at discharge 8 (26%) 5 (8%) 0.024 c

Statin M3 10 (32%) 18 (28%) 0.640 c

Statin M12 18 (58%) 39 (60%) 1 c

Complications

CNIT until M12 4 (12.9%) 4 (6.2%) 0.268 c

BKVN until M12 3 (9.7%) 1 (1.5%) 0.097 c

AR until M12 6 (19.4%) 6 (9.2%) 0.193 c

NODAT until M3 4 (12.9%) 7 (10.8%) 0.743 c

NODAT between M3 and M12 5 (16.1%) 10 (15.4%) 1 c

TC

At RTx 195 (85–455) 200 (119–395) 0.422 b

3 months 215 (119–284) 224 (125–353) 0.285 b

12 months 209 (109–353) 202 (121–378) 0.443 b

LDL-C

At RTx 102 (11–372) 111 (39–274) 0.565 b

3 months 117 (57–194) 122 (56–229) 0.347 b

12 months 116 (43–269) 114 (47–266) 0.919 b

HDL-C

At RTx 45 (25–87) 48 (22–119) 0.464 b

3 months 49 (31–91) 52 (28–91) 0.426 b

12 months 46 (31–108) 51 (24–104) 0.148 b

TG

At RTx 158 (57–469) 159 (67–885) 0.763 b

3 months 221 (90–545) 186 (46–1326) 0.283 b

12 months 206 (68–774) 160 (77–663) 0.138 b

Tac, tacrolimus; M, month; C/D ratio, concentration/dose ratio; CNIT, calcineurin inhibitor-induced nephrotoxic-
ity; BKVN, BK virus nephropathy; AR, acute rejection; NODAT, new-onset diabetes after transplantation; RTx,
renal transplantation; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; TG, triglycerides. p-Values: a Welch’s t-test; b Mann–Whitney U test; c Fisher’s exact test.

Statin use was more frequent in fast metabolizers (p = 0.024) but—similarly to TC,
LDL-C, HDL-C, and triglyceride levels—did not differ between groups at 3 and 12 months
after RTx (Table 2). In a subgroup analysis, the lipid profiles between female and male
patients and patients <50 and ≥50 years of age in fast and slow metabolizer groups were
analyzed. There were no differences between these subgroups (data not shown).

According to current ESC guidelines, most RTx recipients in our cohort were defined
as “high-risk” or “very-high-risk” patients [2], with no differences between metabolizer
groups (p = 0.259, Table 3). Only 6.5% of fast metabolizers and 4.6% of slow metabolizers
achieved their individual guideline-compliant LDL-C target value. While 1 out of 4 fast
Tac metabolizers in the “moderate-risk” group reached their LDL-C target at all three time
points, only 18.5% of slow metabolizers did so. In “high-risk” patients, the current LDL-C
target values were rarely reached by patients (6.5% vs. 1.5%) and the “very-high-risk”
target values were not reached by any of the patients (Table 3; overall p = 0.342).
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Table 3. Cardiovascular risk and achieved LDL-C levels.

Fast Metabolizers
(n = 31)

Slow Metabolizers
(n = 65)

p-Values

CV risk level according to the ESC guidelines

Moderate-risk 4 (12.9%) 7 (10.8%)
0.259High-risk 17 (54.8%) 34 (52.3%)

Very-high-risk 10 (32.3%) 14 (21.5%)

LDL-C target level achieved *

Individual level achieved 2 (6.5%) 3 (4.6%) 0.657

Moderate-risk achieved 8 (25.8%) 12 (18.5%)
0.342High-risk level achieved 2 (6.5%) 1 (1.5%)

Very-high-risk level achieved 0 0
CV, cardiovascular risk; LDL-C, low-density lipoprotein cholesterol. p-Values: Fisher’s exact test. * According to
current European Society of Cardiology guidelines 2019.

During the follow-up (M12-60), one patient in the fast metabolizer group (3%) and three
slow metabolizers (5%) died, mainly from CV events (3 of 4). Three months after RTx, fast me-
tabolizers developed a greater decrease of eGFR by trend (51.1 ± 19.4 vs. 43.7 ± 16.5 mL/min/
1.73 m2; Figure 3; p = 0.057) and a noticeably lower eGFR at 12 months after RTx (53.6 ± 20.9
vs. 44.3 ± 12.9 mL/min/1.73 m2; p = 0.009) compared to slow metabolizers.

Figure 3. Renal function of fast and slow tacrolimus metabolizers three and twelve months after
transplantation. eGFR, estimated glomerular filtration rate; RTx, renal transplantation.

4. Discussion

Herein, we investigated whether Tac metabolism rate is associated with lipid status
because we and others had previously observed that mortality was higher in fast metab-
olizers than in slow metabolizers [7,8]. In addition, it was observed that a lower C/D
ratio (<1.8 ng/mL·1/mg) resulted in an increased rate of de novo dyslipidemia one year
after liver transplantation [13]. Because CV events are the major cause of death in fast
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metabolizers and dyslipidemia is clearly associated with mortality in a severity-dependent
manner, we conducted the present study [2,14].

The Tac metabolism rate is associated with renal function after transplantation [15].
One year after RTx, fast metabolizers showed lower eGFR values than slow metabolizers.
This is in line with recent studies and potentially related to increased rejection rates, BK
virus nephropathy, and CNI nephrotoxicity [7,10,16–18]. Rates of CNIT, BKVN, and AR
always displayed worse outcomes in fast metabolizers as was previously shown in larger
cohorts, but the differences did not reach significance in our study cohort, most likely
because of small patient numbers [10,17,19]. Renal function after RTx is strongly associated
with patient and graft survival [20]. For example, patients with lower eGFR show higher
blood pressure values and poorer blood pressure control despite the increased number of
antihypertensive medications [21]. However, in this study cohort, the diagnosis of arterial
hypertension did not differ between groups. This could be related to the fact that a very
large number of patients (>80%) in both groups required blood pressure treatment, which
is not unusual because hypertension is common in RTx patients [22].

Interestingly, the rate of diabetes before transplantation was higher in the fast metabo-
lizer group, while the rate of NODAT at three and twelve months after RTx only tended to
be higher in the fast metabolizer group (Table 2). This could be important because diabetes
influences dyslipidemia [2]. However, diabetic metabolism and dyslipidemia are not al-
ways revealed because LDL-C levels may be within the normal range. More typical results
are elevated TGs or low HDL-C. Similar findings for dyslipidemia are described in relation
to renal function, which was lower in fast metabolizers in our cohort [2]. Interestingly, three
and twelve months after RTx, higher TG levels were found more often in fast than in slow
metabolizers, whereas the other lipid parameters were relatively similar between groups.
Consistent with data from other cohorts of CKD patients who did not achieve target LDL-C
levels [6], most RTx recipients in our study also did not achieve their individual goals set
by current or previous ESC guidelines [2,23].

CNIs and steroids are known to impact lipid metabolism [24]. However, cyclosporine
A appears to be less effective than Tac, as it has been shown that switching from cy-
closporine A to Tac can improve dyslipidemia [25–27]. The reduction in serum LDL-C after
switching to Tac may be (partly) caused by removing the inhibitory effect of cyclosporin A
on LDL-C receptor production. Interestingly, LDL-C reduction was found only in patients
who were not treated with statins [25]. Furthermore, lowering Tac trough levels from 9.5 to
6.4 ng/mL (a Tac level range comparable to that of our patients) did not significantly lower
TC, LDL-C, or TG levels in renal transplant recipients, in contrast to steroid withdrawal,
which resulted in a slight improvement in lipids [28]. Others found no correlation between
Tac trough level, exposure, or Tac dosage and the lipid parameters [29,30]. Unfortunately,
we cannot comment on the influence of Tac AUC values in this regard, but we and others
have previously shown that Tac AUC is comparable in fast and slow metabolizers [16,31].
The choice of the 3 month time point for the calculation of the C/D ratio was a compromise.
We already know from previous analyses that the calculation of the C/D ratio at very
early time points (postoperative day 1–10) is not able to predict the metabolism type at
all [32]. However, we found acceptable correlations between the 3 month time point and
the calculation at 1 month or 6 months [7]. Jouve et al. analyzed the C/D ratio at 3, 6,
and 12 months using the same cut-off (1.05 ng/mL·1/mg) and observed no statistically or
clinically significant intrapatient evolution of the C/D ratio over time [8]. Rostaing et al.
observed that from the third month after transplantation, the C/D ratio was relatively
constant over time [33]. The choice of the C/D ratio cut off level can be very relevant [34].
In our first study on the C/D ratio, we assessed the outcomes of three different C/D ratio
groups (<1.05, ≥1.05 and <1.54, and ≥1.55 ng/mL·1/mg). Since kidney transplant recipi-
ents with a C/D ratio between 1.05 and 1.54 ng/mL·1/mg showed comparable results to
patients with a CD ratio ≥1.55 ng/mL·1/mg, we chose to combine both groups in later
analyses. However, others chose different C/D ratio cut-off values, which may lead to
different definitions and outcomes [18,35].
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Consistent with the literature on Tac and lipid metabolism, in the present study we
excluded relevant effects of Tac metabolic type on lipid metabolism within 12 months after RTx.

The strengths of the current study included the complete data set of each patient
and the use of real-world data that better reflected the reality of treatment. Limitations
of this study included (i) the retrospective nature of the study, (ii) the small number of
patients, (iii) the lack of adherence data, (iv) the low achievement of therapeutic lipid
targets based on current guidelines, and (v) the lack of clear differentiation between effects
of renal function, Tac, or co-medication on lipids. However, a prospective multicenter study
focusing on the C/D ratio would be desirable to prospectively validate the hypotheses
obtained from retrospective studies.

In conclusion, although dyslipidemia after RTx is common (at least at our center),
treatment according to current guidelines is suboptimal and individualized nutritional
counseling and lipid-lowering therapy must be intensified. The Tac metabolism type
does not seem to be a crucial parameter regarding dyslipidemia after RTx. This study is
intended to raise awareness of lipid management under real-life conditions and to call for
(re-)evaluation of the procedure for individual centers.
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Abstract: Background: This study aimed to determine the association between episodic or persistent
hematuria after liver transplantation and long-term renal outcomes. Methods: Patients who under-
went living donor liver transplantation between July 2005 and June 2019 were recruited and divided
into two groups based on the finding of microscopic or gross hematuria after transplantation. All
patients were followed up from the index date until the end date in May 2020. The risks of chronic
kidney disease, death, and 30% and 50% declines in estimated glomerular filtration rate (eGFR)
were compared between groups. Results: A total of 295 patients underwent urinalysis for various
reasons after undergoing transplantation. Hematuria was detected in 100 patients (group A) but
was not present in 195 patients (group B). Compared with group B, group A had a higher risk of
renal progression, including eGFR decline >50% [aHR = 3.447 (95%CI: 2.24~5.30), p < 0.001] and
worse survival. In addition, patients who took non-steroidal anti-inflammatory drugs (NSAIDs)
continuously for over seven days within six months before transplant surgery had high risks of rapid
renal progression, including a >30% decline in eGFR [aHR = 1.572 (95%CI: 1.12~2.21), p = 0.009)].
Conclusion: Development of hematuria after surgery in patients who underwent living donor liver
transplant and were exposed to NSAIDs before surgery were associated with worse long-term renal
dysfunction and survival.

Keywords: liver transplantation; hematuria; chronic kidney disease; survival

1. Introduction

Hematuria is a sign of various conditions of kidney disease and can be of glomerular
or non-glomerular origin. The common causes of glomerular hematuria include systemic
lupus erythematosus, vasculitis, IgA nephropathy, and thin basement membrane nephropa-
thy [1]. Non-glomerular hematuria can originate from the urinary system, which comprises
the renal pelvis, ureter, and bladder. In men, the prostate gland communicates with the
urinary system. Cancer, infection, and urolithiasis are common causes of non-glomerular
hematuria. Several methods help distinguish between glomerular and non-glomerular
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hematuria; these include the presence of dysmorphic red blood cells or nephrotic pro-
teinuria. However, regardless of its origin, hematuria has been reported to influence
patient outcomes and renal function in the general population. Hematuria is associated
with the incidence of acute kidney injury (AKI) [2] and chronic kidney disease (CKD) [3].
Moreover, a long-term follow-up study revealed that persistent asymptomatic hematuria
correlated with increased risk of renal progression [4]. In patients who underwent kidney
transplantation, the frequent incidence of urothelial malignancy may be attributed to an
immunocompromised status and the underlying etiology of end-stage renal disease (ESRD).
On the other hand, in adult patients who have undergone liver transplantation, no study
has focused on the effects of hematuria on renal outcomes. Accordingly, we conducted the
present study to investigate the effects of hematuria on urinalysis and renal outcomes.

2. Materials and Methods

Patients who underwent living donor liver transplant at Changhua Christian Hospital
between July 2005 and June 2019 were enrolled. These patients had either liver failure
or hepatocellular carcinoma that fulfilled the Milan criteria for liver transplantation. The
index date was defined as the date of achieving stable renal function after surgery, around
three months after transplantation. Patients who died during the hospitalization for
transplantation and those who developed AKI immediately or within a short period after
surgery and recovered with an estimated glomerular filtration rate (eGFR) of <90% were
also excluded. This study was approved by the institutional review board of Changhua
Christian Hospital, Taiwan (IRB 210131).

The enrolled patients were divided into two groups: those who had persistent or
episodic hematuria on their urinalyses after the index date (group A) and those who did
not have hematuria (group B). The diagnostic criteria for hematuria were defined as five
or more red blood cells/HPF (high-power field, X 400) in the urinary sediment sample.
The following variables were compared between the groups: age; comorbidity; previous
exposure to medications; and laboratory data, including complete blood count, albumin
level, baseline liver and renal function test results, and electrolytes. All patients were
followed up from the index date until the end of May 2020. In addition, the risks of CKD
(eGFR < 60 mL/min/1.73 m2) occurrence, death, and eGFR decline by 30% or 50% were
compared between groups. The endpoints, including 30% and 50% decline of eGFR, were
defined as surrogate outcomes, because few patients progressed to ESRD. Both surrogate
endpoints that were applied simultaneously were practical for the enrolled patients who
presented with varying renal function trajectories, especially the acute on CKD pattern [5].
In addition, the risk factors for the renal outcomes were evaluated. Sensitivity analysis was
conducted for subgroups of patients who had no CKD (eGFR ≥ 60 mL/min/1.73 m2) and
those in whom the identified causes of hematuria were urinary tract infection (UTI) and
urolithiasis.

Data are presented as mean ± standard deviation for continuous variables and as
numbers (percentages) for categorical variables. Student’s t-test and χ2 test were used to
compare the continuous and categorical variables, respectively, between the two groups.
The survival curves of one of the outcomes (i.e., decline in eGFR over time) in groups A
and B were estimated using the Simon and Makuch method, which is an alternative to the
Kaplan–Meier estimation, because the cases in group A included a time-varying exposure.
Mantel and Bayer’s tests was used to compare the survival curves between the groups.
Considering the immortal time bias for group A and the competing risk of death, we used
time-dependent Cox models to determine the association between infections and renal
function decline. The results were reported as hazard ratios (HRs) with 95% confidence
intervals (CIs). Confounders, which were the variables with p < 0.05, were selected on the
basis of crude HRs that were adjusted for in the multivariate Cox analysis to estimate the
adjusted HRs (aHRs). All statistical analyses were conducted using the statistical package
SPSS (v20; IBM Corporation, Chicago, IL, USA). Values with two-sided p < 0.05 were
considered statistically significant.
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3. Results

In total, 295 patients met the eligibility criteria and were categorized into two groups
according to the development of urinalysis-confirmed hematuria secondary to various
causes after the index date: group A (n = 100) and group B (n = 195). Table 1 presents
the following demographic characteristics of the patients in both groups: sex; age; co-
morbidities; baseline liver and renal function test results; and prescribed medications,
including nonsteroidal anti-inflammatory drugs (NSAIDs) and angiotensin-converting
enzyme inhibitors/angiotensin II receptor blockers (ACE-I/ARBs). The mean eGFR on the
index date was 75.5 ± 32.8 mL/min/1.73 m2 in group A and 75.2 ± 25.8 mL/min/1.73 m2

in group B.

Table 1. Demographic data.

Group A (Hematuria+) Group B (Hematuria-) p-Value

Patients (n) 100 195
Age 55.1 ± 7.6 55.6 ± 7.9 0.555

Gender, Male 70 (70%) 154 (79%) 0.088
Comorbidity

CCI 4.1 ± 4.2 4 ± 3.6 0.774
Diabetes mellitus 17 (17%) 31 (15.9%) 0.808

Hypertension 8 (8%) 24 (12.3%) 0.260
Hyperlipidemia 3 (3%) 10 (5.1%) 0.399

Hepatitis B 37 (37%) 71 (36.4%) 0.921
Hepatitis C 30 (30%) 44 (22.6%) 0.163
Cirrhosis 51 (51%) 98 (50.3%) 0.904

CHF 9 (9%) 14 (7.2%) 0.581
CAD 1 (1%) 3 (1.5%) 0.705

Medication before surgery
NSAID 23 (23%) 39 (20%) 0.549

ACE-I/ARB 7 (7%) 16 (8.2%) 0.715
Laboratory data at surgery

Hemoglobin (g/dL) 9.4 ± 1.6 9.8 ± 1.7 0.053
Albumin (g/dL) 2.86 ± 0.72 2.94 ± 0.69 0.326

AST (U/L) 179.0 ± 99.5 173.3 ± 106.1 0.653
ALT (U/L) 112.3 ± 59 115.3 ± 73.1 0.723
PT (second) 18.8 ± 4.9 17.9 ± 4.1 0.135

INR 1.7 ± 0.4 1.6 ± 0.4 0.231
APTT (second) 39.9 ± 11.2 37.5 ± 8.5 0.063
Platelet (103) 84.6 ± 34.3 85.8 ± 42.7 0.798

Creatinine (mg/dL) 1.24 ± 0.79 1.22 ± 0.82 0.898
Laboratory data at index date

BUN (mg/dL) 21.0 ± 16.9 17.1 ± 12 0.045
Creatinine (mg/dL) 1.10 ± 0.44 1.07 ± 0.36 0.569

eGFR (mL/min/1.732) 75.5 ± 32.8 75.2 ± 25.8 0.930
Events after index date during follow-up

Liver rejection 9(9%) 11(5.6%) 0.277
Average tacrolimus level (ng/mL) 5.3 ± 2.2 5.2 ± 1.5 0.785

1 NSAID exposure 27 (27%) 48 (24.6%) 0.656
Outcome after index date

Mortality 27 (27%) 28 (14.4%) 0.008
eGFR decline > 30% 74 (74%) 108 (55.4%) 0.002
eGFR decline > 50% 50 (50%) 49 (25.1%) <0.001

CKD (eGFR < 60) 65 (65%) 110 (56.4%) 0.155
Renal composite outcomes 88 (88%) 148 (75.9%) 0.014

Follow-up time
Time to CKD (years) 1.4 ± 1.7 1.8 ± 1.8 0.046

Time to renal composite outcomes (years) 0.7 ± 1.2 1.3 ± 1.7 <0.001
1 NSAIDs were prescribed continuously for over seven days before surgery. SI: bloodstream infection; CCI: Charlson comorbidity index;
CKD: chronic kidney disease; CHF: congestive heart failure; CAD: coronary artery disease. NSAIDs: nonsteroidal anti-inflammatory drugs;
ACE-I/ARBs: angiotensin-converting enzyme inhibitor/angiotensin receptor blockers; BUN: blood urea nitrogen; AST: aspartate amino-
transferase; ALT: alanine aminotransferase; PT: prothrombin time; aPTT: activated partial thromboplastin time; CRP: C-reactive protein.
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No significant differences between the groups were observed in terms of sex, Charlson
comorbidity index score, diabetes, cirrhosis, coronary artery disease, congestive heart
failure, and hepatitis B (Table 1). In addition, the number of patients who had continuous
exposure to NSAIDs for over seven days within six months before surgery was comparable
between the groups. The two groups exhibited similar eGFR, hemoglobin, platelet, albumin,
electrolyte levels, and coagulation test results.

On five-year follow-up, the risk of a 50% decline in eGFR was 50 (50%) in group A and
49 (25.1%) in group B (p < 0.001) and that of a 30% decline in eGFR was 74 (74%) in group
A and 108 (55.4%) in group B (p = 0.002). In addition, the interval of occurrence of renal
outcomes was shorter in group A than in group B (0.7 ± 1.2 years vs. 1.3 ± 1.7 years). The
development of hematuria was not associated with the incidence of liver allograft rejection
during follow-up (9 (9%) vs. 11 (5.6%), p = 0.277; Table 1). At the end of observation,
mortality was higher in group A than in group B (27 (27%) vs. 28 (14.4%), p = 0.008).
(Table 1, Figure 1).

Figure 1. Patients with hematuria had rapid renal disease progression. (a) renal composite outcomes, (b) eGFR decline
>30%, (c) eGFR decline >50%.

When using a Cox proportional hazard regression to determine the association be-
tween transplant procedures with or without infections and renal outcomes, after adjust-
ment for confounders (Tables 2–4, and Figure 1), group A, compared with group B, had
higher a risk of renal dysfunction (aHR: 1.939, 95% CI: 1.23–3.06, p = 0.005), >30% or >50%
decline in eGFR (aHR: 3.447, 95% CI: 2.24–5.30, p < 0.001), CKD, and composite outcomes
(aHR: 1.926; 95% CI: 1.11–3.51, p = 0.027). Moreover, women and patients with relatively
low albumin levels at baseline had a relatively high risk of renal composite outcomes
(Table 2). Patients who took NSAIDs continuously for over seven days within six months
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before surgery had a relatively high risk of rapid renal dysfunction progression, including
a >30% decline in eGFR and renal composite outcomes. Similarly, patients who took ACE-
I/ARBs continuously for over 28 days within six months before surgery had a relatively
high risk of composite outcomes. However, the number of patients with NSAID exposure
after liver transplant was comparable between both groups (27 (27%) vs. 48 (24.6%)).
NSAID intake after surgery had less influence on the final renal function at the end of the
observation period than NSAID intake before surgery (>30% or >50% decline in eGFR,
p = 0.33 and 0.76, respectively, not shown).

Table 2. Effects of hematuria on renal composite outcomes during a five-year follow-up.

cHR (95% CI) p-Value aHR (95% CI) p-Value

Hematuria 2.239 (1.30, 3.87) 0.004 1.926 (1.08, 3.44) 0.027
Age 1.021 (1.00, 1.04) 0.013 1.017 (1.00, 1.04) 0.062
Sex, Male 0.612 (0.46, 0.82) 0.001 0.681 (0.5, 0.93) 0.014
Diabetes mellitus 1.440 (1.03, 2.02) 0.035 1.193 (0.84, 1.69) 0.321
BUN 1.012 (1.00, 1.02) 0.002 1.01 (1.00, 1.02) 0.017
Albumin 0.783 (0.65, 0.95) 0.011 0.768 (0.62, 0.94) 0.012
NSAID (7 days) 1.505 (1.12, 2.03) 0.007 1.556 (1.15, 2.12) 0.005
ACE-I/ARB 1.77 (1.14, 2.75) 0.011 1.751 (1.11, 2.76) 0.016

Renal composite outcomes (30% or 50% decline in eGFR, CKD, or death). NSAIDs were prescribed continu-
ously for over seven days before surgery; ACE-I/ARBs were prescribed continuously for over 28 days before
surgery. CKD: chronic kidney disease; NSAIDs: nonsteroidal anti-inflammatory drugs; ACE-I/ARBs: angiotensin-
converting enzyme inhibitor/angiotensin receptor blockers; BUN: blood urea nitrogen.

Table 3. Effects of hematuria on a 30% decline in eGFR during a five-year follow-up.

cHR (95% CI) p-Value aHR (95% CI) p-Value

Hematuria 2.063 (1.31, 3.24) 0.002 1.939 (1.23, 3.06) 0.005
Sex, Male 0.652 (0.48, 0.89) 0.008 0.714 (0.52, 0.98) 0.038
CCI 1.042 (1.01, 1.08) 0.019 1.030 (0.99, 1.07) 0.115

Albumin 0.776 (0.63, 0.96) 0.020 0.788 (0.63, 0.99) 0.037
NSAID 1.706 (1.24, 2.35) 0.001 1.572 (1.12, 2.21) 0.009

Table 4. Effects of hematuria on a 50% decline in eGFR during a five-year follow-up.

cHR (95% CI) p-Value aHR (95% CI) p-Value

Hematuria 3.839 (2.55, 5.77) <0.001 3.447 (2.24, 5.30) <0.001
Platelet 1.005 (1.00, 1.01) 0.007 1.005 (1.00, 1.01) 0.010
CRP 1.052 (1.01, 1.10) 0.027 1.043 (0.997, 1.09) 0.066
NSAID 1.584 (1.07, 2.35) 0.022 1.389 (0.92, 2.10) 0.119

Further analysis of the causes of hematuria revealed that 26 patients had renal stones
and that 49 patients had episodes of UTI. Moreover, 17 patients developed both UTI and
urolithiasis. Two patients had prostate hypertrophy. Long-term antiplatelet medications
were prescribed for 17 patients with coronary artery or cerebrovascular disease, and
anticoagulants were used to treat atrial fibrillation in three patients. A total of 19 patients
with UTI or urolithiasis received antiplatelet medication; however, no patient died from
proven urinary tract malignancy. After completion of the study, we could not determine
the etiology of hematuria in 31 patients (31%).

Table 5 shows the results of the sensitivity analysis of different subgroups according to
infection, after excluding patients with eGFR of <60 mL/min/1.73 m2 (aHR: 2.913, 95% CI:
1.38–6.13; p = 0.005). In addition, we observed significant results after controlling for UTI
or urolithiasis. Hematuria was independently associated with negative outcomes (aHR:
2.596, 95% CI: 1.04–6.49, p = 0.041; aHR: 2.86, 95% CI: 1.50–5.45, p < 0.001).
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Table 5. Sensitivity analysis.

Renal Composite Outcomes eGFR Decline 30% eGFR Decline 50%

aHR (95% CI) p-Value aHR (95% CI) p-Value aHR (95% CI) p-Value

Excluding eGFR < 60 (N = 205)
Hematuria 2.913 (1.38, 6.13) 0.005 3.199 (1.58, 6.46) 0.001 2.773 (1.59, 4.83) <0.001
Excluding UTI (N = 246)
Hematuria 2.596 (1.04, 6.49) 0.041 2.330 (1.20, 4.54) 0.013 4.137 (2.26, 7.59) <0.001
Excluding stone (N = 269)
Hematuria 2.861 (1.50, 5.45) 0.001 2.930 (1.66, 5.16) <0.001 4.633 (2.77, 7.74) <0.001

Further investigation focused on the influence of proteinuria in urinalysis on renal
outcomes. Of 295 patients, 164 had proteinuria on urinalysis. Patients with incidental
proteinuria with or without hematuria had more rapid progression of renal composite
outcomes compared with that in patients who did not have proteinuria (aHR = 1.688, 95%
CI: 1.04–2.75; p = 0.036).

4. Discussion

In addition to long-term administration of calcineurin inhibitors, diabetes mellitus,
hypertension, and kidney dysfunction before liver transplant were the reported factors
associated with CKD incidence following liver transplant [6]. In addition, the risk of CKD
was reported to be significantly associated with advanced age, female sex, and hepatitis C
carrier status before transplantation [7]. Lee et al. found that the overall risk of CKD (eGFR
< 60 mL/min per 1.73 m2) correlated with low pretransplant eGFR values, pretransplant
hepatorenal syndrome, pretransplant proteinuria levels, and higher Child–Pugh and MELD
scores [8].

In a 22-year follow-up study, the presence of isolated microscopic hematuria was found
to be associated with a significantly increased risk of ESRD4 in the general population.
In addition, hematuria was associated with a significantly high risk of death in the first
two years of follow-up [9]. Hematuria had been considered an indicator of activity of
glomerular nephropathy in vasculitis, lupus nephritis, or IgA nephropathy [10–12]. In
addition, persistent hematuria was reported to be associated with an increased risk of
ESRD in IgA nephropathy [13]. The degree of proteinuria definitely correlates with the
risk of diabetic kidney; however, microscopic hematuria is also a dependent risk factor for
ESRD in diabetic nephropathy [14]. These suggest that the presence of nondiabetic renal
disease in patients with diabetic CKD carries a relatively high risk of renal progression [15].
Furthermore, glomerular hematuria can lead to AKI, with the pathogenesis primarily
involving bouts of gross hematuria, including intratubular obstruction of blood casts
with consequent acute tubular necrosis, and direct toxic tubular effects of hemoglobin. In
addition, heme may trigger oxidative stress and erythrophagocytosis through renal tubular
cells1.

Non-glomerular hematuria includes UTI, urolithiasis, and prostatic disorders. Among
liver transplant recipients, UTI in the first year was identified as an independent risk factor
for CKD stage progression [16]. Several studies have consistently observed a relationship
between a history of nephrolithiasis and a two-fold increase in the risk of both CKD and
ESRD [17]. After stone formation in patients with CKD, the specific complications include
obstructive uropathy, recurrent UTI, and struvite stones. Urolithiasis is managed through
modalities, such as extracorporeal shock wave lithotripsy and ureterolithotripsy, which
can further cause kidney injury. In part, this finding indicates that kidney stone formation
is common in patients with hypertension, gout, and diabetes mellitus. In renal transplant
patients, the incidence of renal allograft stones has been associated with reduced graft
survival [18]. Frequent urinalysis in such patients enables early and easy recognition of
obstructive uropathy. On the other hand, in patients who have undergone liver transplant,
the diagnosis of obstructive uropathy is probably delayed.
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Patients on antithrombotic agents may have increased incidence of gross hema-
turia [19]. Anticoagulants and their corresponding medical conditions are commonly
referred to as anticoagulant-related nephropathy, which was found to be correlated with
the progression of kidney dysfunction [20]. Moreover, the incidence of microscopic hema-
turia was found to be elevated in elderly patients who received regular doses of aspirin [21],
a low dose aspirin may play a role in renal progression in patients with CKD [22]. However,
contrasting results were observed in patients who were older [23] or had diabetes [24]. A
further cohort study is ongoing to clarify this issue [25].

Rare etiologies of hematuria have been reported in patients who have received organ
transplants. In a liver transplant recipient, hemorrhagic cystitis was reported to have
developed secondary to BK virus infection [26]. In our study, although hematuria has
several causes, its appearance was consistently shown to predict renal outcomes in patients
who received living donor liver transplants. Routine urinalysis and early surveillance of
the underlying disease in such patients were the essential tasks. In this study, the long-term
renal outcomes were affected by hypoalbuminemia and continuous exposure to NSAIDs
within seven days before surgery or to ACE-I/ARBs within 28 days before surgery, in
addition to the hematuria-related disorders. Development of adverse renal outcomes with
NSAID use after liver transplant is well known. However, exposure to NSAIDs or ACE-
I/ARBs before the associated poor renal outcomes was an interesting finding. Perhaps
patients with liver failure are always in a state of low effective intravascular volume.
ACE-I/ARBs and NSAIDs may cause further deterioration of the renal injury. Male sex
appeared to be a protective factor in patients who received a living donor liver transplant;
this finding may be attributed to the higher mean eGFR on the index date in men than in
women (77.3 ± 26.6 vs. 68.9 ± 32.5; p = 0.029). One review showed that asymptomatic
hematuria in adults had unknown etiology in 43%–68% [27]; for these 31 patients (31%)
without determinate etiology, regular and close follow-up every three to six months may
be considered.

The current study had several limitations. First, this was a single-center study that
enrolled a limited number of patients. Second, we were unable to further distinguish
between gross and microscopic hematuria because of patient subjectivity. Quantitative
analysis of proteinuria (proteinuria-creatinine ratio or 24 h urine sample) was not monitored
routinely. Third, we surveyed surrogate outcomes instead of definite outcomes (i.e., death,
ESRD, and renal transplant), because only few patients achieved these solid endpoints.
Fourth, the data of deceased patients who had received liver transplant were not considered
in this study because of the various conditions that may have been acquired from the
donors.

5. Conclusions

The appearance of hematuria consistently predicted the renal outcomes and survival
of patients who underwent living donor liver transplant. Routine urinalysis and early
surveillance of the underlying disease is essential for such patients.
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Abstract: Desensitization (DES) allows kidney transplantation for highly HLA-sensitized subjects.
Due to the central role of IL-6 in the immunological response, tocilizumab may improve DES efficacy.
Thus, we conducted a PubMed systematic review using the MeSH terms tocilizumab, interleukin-6,
kidney transplantation, and desensitization. Tocilizumab (TCZ) was first studied for DES as the
second-line treatment after failure of a standard DES protocol (SP) (apheresis, rituximab +/− IVIg).
Although TCZ (as a monotherapy) attenuated anti-HLA antibody rates, it did not permit transplanta-
tion. However, lymphocyte immuno-phenotyping has shown that TCZ hinders B-cell maturation
and thus could improve the long-term efficacy of DES by limiting anti-HLA rebound and so avoid
antibody-mediated rejection. This hypothesis is supported by a recent study where clazakizumab, a
monoclonal antibody directed against IL-6, was continued after kidney transplantation in association
with an SP. Nine out of ten patients were then eligible for transplantation, and there were no donor-
specific antibodies at 6 months post-transplantation. In association with an SP, tocilizumab does not
seem to significantly improve kidney-allograft access (short-term efficacy) vs. a SP only. However, it
could improve the long-term prognosis of HLA-incompatible transplantation by hindering B-cell
maturation and, thereby, avoiding donor-specific antibody rebounds post-transplantation.

Keywords: tocilizumab; clazakizumab; desensitization; kidney transplantation; anti-
HLA alloantibody

1. Introduction

Kidney transplantation is recognized as the best replacement therapy for end-stage
renal disease in terms of survival and quality of life, but also from a medical and economic
standpoint [1–3]. However, a shortage of kidney grafts increases time on a waiting list,
and human leukocyte antigen (HLA)-sensitized kidney transplant candidates (KTCs) are
the most affected. As these subjects have developed anti-HLA antibodies during previous
allogeneic exposures due to solid-organ transplantation, pregnancy, or blood transfusion,
the number of potentially compatible grafts is limited. To improve access to transplantation,
a desensitization (DES) protocol can be undertaken to eliminate anti-HLA antibodies and
to block their production.

Initially developed in the context of HLA- and ABO-incompatible living donations,
DES is now considered to increase the chances of obtaining a graft from a deceased donor.
The current standard protocol (SP) for DES has been empirically developed and validated
by studies [4–6] that describe combining apheresis (plasma exchange, double-filtration
plasmapheresis, semispecific immunoadsorption), rituximab (anti-CD20 monoclonal anti-
body), conventional triple immunosuppression (anti-calcineurin, mycophenolic acid, and
steroids), and possibly intravenous polyvalent immunoglobulin (IVIg).

The results of these DES protocols are primarily supported in the living donor trans-
plant setting, and much less so in the deceased donor setting. Montgomery et al. have
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shown that HLA-incompatible recipients who underwent a DES protocol and received a
graft from a living donor had better survival than highly sensitized patients who remained
on dialysis or eventually obtained a compatible graft from a deceased donor [7]. The results
from this single-center study were supported by a larger multicenter study confirming a
survival benefit at 8 years [8]. Both studies used a US-based population. In contrast, in a
UK-based study, Manook et al. showed no survival benefit in highly sensitized patients
who received an HLA-incompatible living donor transplant compared with patients re-
maining on dialysis while waiting for a compatible graft from a deceased donor [9]. This
difference between the US and UK studies may be explained by the decreased survival
rates of dialysis subjects in the US compared to those in the UK. Nevertheless, the results
of Manook et al. can be seen from two different angles: the absence of improved survival
by the practice of HLA-incompatible transplantation and the absence of excess mortality in
DES protocols, which allow improved access to transplantation for highly HLA-sensitized
patients and therefore improved quality of life.

In some patients, these DES protocols do not succeed in decreasing the level of
anti-HLA antibodies sufficiently to allow the transplantation of grafts carrying the corre-
sponding HLA specificities. One of the hypotheses explaining this is the absence (with the
current protocols) of action on plasma cells, particularly on memory plasma cells. With
rituximab, this may seem obvious since it is an anti-CD20 monoclonal antibody, and this
CD20 marker is no longer expressed by plasma cells. Perry et al. have shown in vitro that
rituximab as well as IVIg and anti-thymocyte globulin (ATG; used as a transplant induction
therapy) were not able to induce plasma cell apoptosis or block antibody production [10].
Vo et al. showed that in their cohort of 600 highly sensitized patients who received an
IVIg + rituximab desensitization protocol, DES failure was more frequent in patients with
a high level of memory plasma cells with anti-HLA specificities [11]. Therefore, the idea
arose to use treatments that could better target plasma cells.

First, bortezomib was studied, as an analogy to the treatment of myeloma (precisely
due to the monoclonal proliferation of plasma cells). In vivo, in highly sensitized primates,
bortezomib decreased the level of antibody-producing cells and CD38 + CD19 + CD20
plasma cells in the bone marrow. However, it did not decrease the level of donor-specific
antibodies (DSAs) [12]. In vivo, bortezomib has been shown to decrease DSA levels in
highly sensitized patients, but without achieving cross-match negativity through microlym-
phocytotoxicity, and therefore without improving access to transplantation [13,14]. Due to
a lack of evidence of major efficacy and a poor safety profile, bortezomib has not found its
place in the field of DES.

In the challenge of finding a molecule that could better target all facets of the immune
response responsible for the production of anti-HLA antibodies, the study of the IL-6
blockade is relevant because this cytokine plays a central role in the regulation of the
humoral and cellular immune responses. Therefore, we carried out a literature review of
studies that specify the place of the anti-IL-6R monoclonal antibody tocilizumab (TCZ) in
DES protocols. We first present the studies that justify a pathophysiological rationale for
the use of TCZ, and then detail the recent clinical studies that assess TCZ’s efficacy and
safety as a DES treatment.

2. Materials and Methods

We performed a systematic review of the literature using PubMed with the following
MeSH terms: tocilizumab, interleukin-6, kidney transplantation, desensitization.

3. Results and Discussion

3.1. Pathophysiological Rationale: IL-6 and the Immune Response

Interleukin-6 (IL-6) is a pleiotropic cytokine whose sites of action are as numerous as
the possible therapeutic effects of tocilizumab: impact on hematopoiesis (anemia caused by
inflammatory syndrome), osteoclast differentiation (osteoporosis), keratocyte proliferation
(psoriasis and skin disorders of the scleroderma), and regulation of the hypothalamo–
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hypophyseal axis [15]. IL-6’s role in the immune response is also decisive. It is interesting
to note that it was the ability of IL-6 to induce antibody production by B cells that led to
its discovery in 1985 [16]. It was then called B-cell stimulating factor 2 (BSF-2) or B cell
differentiation factor (BCDF). IL-6’s central role in both the innate and adaptive immune
response is now well documented.

3.1.1. IL-6 and the Innate Immune Response

In the early phases of the innate immune system response, IL-6 is released by mono-
cytes, macrophages, lymphocytes, endothelial cells, and dendritic cells after recognition of
the danger signals sent out by the toll-like receptors(TLRs). These signals can be induced by
an aggressive infection (pathogen-associated molecular patterns) or not (danger-associated
molecular patterns). IL-6 also stimulates the hepatocyte production of inflammation pro-
teins such as C-reactive protein, serum amyloid A protein, haptoglobin, and fibrinogen.

3.1.2. IL-6 and the Humoral Adaptive Immune Response: B-Cell Response

IL-6 plays a role in the differentiation of a mature B cell into a cell capable of secreting
antibodies. It promotes the differentiation of CD4+ T cells into the T follicular helper
(Tfh) cells, which release the IL-21 necessary for the differentiation of mature B cells into
plasma cells [17,18]. It has been shown that plasmablasts have the capacity to produce
IL-6 and thus to generate numerous T follicular helper cells. Moreover, circulating levels
of these two cell populations are not only higher in patients with rheumatoid arthritis
than in the general population, but they are also lower after initiation of tocilizumab [19].
Furthermore, a study in mutated mice that do not express the IL-6 gene showed a clear
decline in the immune B-cell response with decreases of blood IgG1, IgG2a, and IgG3
rates [20]. Thus, it is clear that IL-6 is essential for antibody production through inducing
plasma cell differentiation, and it plays a role in the generation and regulation of memory
B cells. Indeed, the IL-6 blockade by TCZ in rheumatoid arthritis is associated with a
significant decrease in pre-switch (IgM+) and post-switch (IgG+) memory B cells [21,22].
IL-6 has also been shown in vivo in mice to participate in the survival of the long-lived
plasma cells nested in the bone marrow [23].

3.1.3. IL-6 and the Cellular Adaptive Immune Response: T-Cell Response

Naive CD4+ T cells differentiate into one or another of these effectors (Th1, Th2, Th17,
or Treg), each of which will have a different role, depending on the cytokine environment:
IL-12 shifts towards a Th1 profile; IL-4 shifts towards a Th2 profile; TGF-β shifts towards a
Treg profile (regulatory T cells) profile; and the association of TGF-β and IL-6 shifts towards
a Th17 profile [24]. It has also been shown that the orientation towards Th17 or Treg is
‘mutually exclusive.’ Whereas Treg generation requires the exclusive presence of TGF-β,
the presence of IL-6 in association with TGF-β will orient towards a Th17 profile while
preventing differentiation into Treg [25]. Yet, while Tregs induce immune-tolerance and
decrease autoimmune and alloimmune responses, Th17 is associated with the development
of autoimmune and chronic inflammatory diseases. It also seems to be involved in the
pathophysiology of acute T-cell-mediated rejection after kidney transplantation and in
chronic rejection after cardiac transplantation [24,26,27].

The differentiation of CD8+ T cells into cytotoxic T cells is also promoted by IL-
6 [28,29]. In addition, the importance of IL-6 in the differentiation and survival of long-term
memory T cells has also been demonstrated [30]. Thus, the use of TCZ as a treatment for
desensitization could be relevant because of the centrality of IL-6 in the adaptive immune
response on both the humoral and cellular levels.

3.2. Tocilizumab and Kidney Transplantation
3.2.1. Tocilizumab

Tocilizumab (TCZ) is a monoclonal antibody that is specifically directed against the
IL-6 receptor, either the membrane-bound or the soluble form. It was initially approved
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for the treatment of rheumatoid arthritis and systemic juvenile idiopathic arthritis. Due
to the multiple sites of action of IL-6 and a favorable safety profile in early rheumatology
cohorts, tocilizumab has been studied for many other indications over the past 15 years,
including refractory Takayasu disease [31], systemic lupus erythematosus [32], giant cell
arteritis [33], highly relapsing neuromyelitis optica spectrum disorder [34], acute graft-
versus-host disease after hematopoietic stem-cell transplantation [35], and even more
recently in severe acute respiratory syndrome coronavirus 2 pneumonia [36].

3.2.2. Tocilizumab and Antibody-Mediated Rejection

In the field of kidney transplantation, TCZ was first studied in antibody-mediated
rejection (AMR). Chronic active antibody-mediated rejection (cAMR) is a major therapeutic
issue in kidney transplantation, as it is one of the main causes of graft loss. However,
no treatment has been proven to be superior. Choi et al. used tocilizumab in 36 patients
with cAMR who failed the SOC and obtained encouraging results: there was 91% patient
survival (overall survival) and 80% graft survival at 6 years, associated with a decrease
in DSAs and stable kidney function at 2 years post-transplantation [37]. The researchers
observed four instances of cAMR-related graft loss. These occurred in four patients for
whom TCZ had been stopped prematurely (one for medical reasons and three for financial
reasons), suggesting a rebound effect related to the accumulation of IL-6 under treatment
by blocking its receptor with TCZ [38]. To avoid this, clazakizumab, a monoclonal antibody
that directly inhibits IL-6, was tested in a randomized controlled trial in 20 patients with
late active or chronic active antibody-mediated rejection [39]. After 12 weeks of treatment,
the clazakizumab group had a significant decrease in DSA mean fluorescence intensity and
a smaller decline in graft function compared to the placebo group. However, the safety
analysis (primary endpoint) showed severe infectious complications in five patients (25%)
and complicated colonic diverticulitis in two patients (10%). The encouraging efficacy data
must be contrasted with the results from a series of nine patients with SOC-resistant cAMR
treated with tocilizumab: compared with a historical cohort on SOC alone, tocilizumab did
not significantly improve graft function or reduce histological damage [40].

To determine whether the potentially beneficial effect of tocilizumab described by
Choi et al. requires prior exposure to other immunosuppressive therapies, Lavacca et al.
used tocilizumab as a first-line therapy in 15 kidney transplant patients with severe cAMR
(60% with transplant glomerulopathy classified as cg3 according to Banff classification)
with satisfactory results. Over a follow-up period of 20.7 months, there was a stabilization
of renal function, increased proteinuria, a significant decrease in DSAs, improvement of
microvascular inflammation lesions on systematic biopsy at 6 months, and stabilization of
other histological lesions [41]. However, data on the use of tocilizumab to treat acute active
humoral rejection are limited [42].

Chandran et al. performed a randomized controlled trial that included 30 patients
with stable graft function, with subclinical inflammation defined on routine biopsy as
moderate interstitial inflammation (Banff classification i or ti 1–2 and t0) [43]. Subjects were
randomized between a treatment group (tocilizumab 8 mg/kg monthly, 6 injections) and
a placebo group. The authors showed a significant decrease in interstitial inflammation
associated with an increased level of Tregs in 62.5% of the subjects treated with tocilizumab
versus 21.4% in the control group (p = 0.03). Given this study’s results, tocilizumab
could be of interest for use in the early stages of graft inflammation and even before the
rejection stage.

3.2.3. Tocilizumab and Desensitization

Few studies have focused on the use of TCZ in DES protocols in highly sensitized KTCs.
An in vivo study in HLA-incompatible (HLA-A2) skin graft sensitized mice suggested that
TCZ not only decreases the level of anti-HLA-A2 antibodies, but also the number of plasma
cells producing these antibodies in the bone marrow and spleen [44,45]. In humans, Vo
et al. tested TCZ as a second-line DES therapy in 10 highly sensitized KTCs who had failed
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in the standard desensitization protocol (IVIg + rituximab +/− plasma exchange) [11]. The
safety profile (primary endpoint) of the treatment was favorable, and 5 of 10 patients were
able to receive a transplant after a mean time of 8.1 months, compared to a mean time of
25 months since the first desensitization attempt. There was no AMR on a routine biopsy
conducted at 6 months and no development of DSAs. There was AMR at 12 months in
one patient, who nonetheless responded well to treatment. Thus, this small study suggests
the value of adding TCZ to the standard DES protocol in the patients who are the most
difficult to desensitize (see Table 1).

Table 1. Key safety and efficacy studies using tocilizumab as a desensitization therapy.

Study Design/Population Intervention Outcomes Main Results

Kim et al. [44]

Transplantation
2014

Pre-clinical study,
in vivo

HLA-incompatible
(HLA-A2) skin graft

sensitized mice

TCZ intraperitoneal
(10–30 mg/kg

×3/week, during
4 weeks)

vs. placebo

MFI anti-HLA-A2 Ab

Rates of
- T fh

- T fh 17
- T reg

- long-term PC

↘ MFI anti-HLA-A2 Ab
(p = 0.0076)

↘ rates:
- T fh

- T fh 17
- long-term PC

↗ T reg

Vo et al. [11]

Transplantation
2015

Phase I/II monocentric,
uncontrolled study

10 HS patients

After failure of DES
with RTX +

IVIg +/− PE

TCZ IV 8 mg/kg at J15
then 1/month during

6 months
+

IVIg at J0 and J15
(2 g/kg)

Efficacy:
- % of patients receiving

a transplant
- Rejection at M6 biopsy

- DSA at M6

Safety

5/10 patients received a
transplant (mean delay of
8.1 months post-1st TCZ)

At M6: no DSA, no AMR

At M12: 1 AMR (good
response to treatment); no

graft loss

2 serious AEs:
- Acute pulmonary edema
(dialysis insufficiency) with

epilepsy (not related
to TCZ)

- Colonic diverticulitis with
perforation (possibly

related to TCZ)

Daligault et al. [46]

Transplantation
Direct
2021

Phase II monocentric,
uncontrolled study

HS patients;
First DES attempt

TCZ IV 8 mg/kg
(1/month; during

≥6 months)

No other prior or
concurrent DES

procedures

Efficacy:
- MFI of anti-HLA

immunodominant Ab
- Number of anti-HLA
Ab with MFI > 10,000

- % of patients received
a transplant

Safety

↘:
- MFI of anti-HLA

immunodominant Ab
(p < 0.05)

- Number of anti-HLA Ab
with MFI > 10 000 (p < 0.05)

Not clinically relevant:
only 1 patient received a

transplant

1 serious AE:
spondylodiscitis
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Table 1. Cont.

Study Design/Population Intervention Outcomes Main Results

Jouve et al. [47]

AJT
2021

Monocentric,
controlled,

non-randomized study

HS patients (first DES
attempt)

Control groups:
- HS patients remaining

on dialysis without
DES attempt

- Healthy subjects

TCZ IV 8 mg/kg
(1/month; during

≥6 months)

No other prior or
concurrent DES

procedures

Rates evolution of:
- T fh 1 ; T fh 2 ; T fh 17 ;

T reg
- Plasmablasts,

plasma-cells, B memory
cells

Evolution of anti-HLA
Ab MFI

T population:
No significant change: T fh

1; T fh 2; T fh 17; T reg

B population
Blocking of maturation

↘:
- Post-germinative B-cells

- Plasma-blasts
- Plasma-cells

Anti-HLA Ab MFI:
Same observation as

Daligault et al.
(same cohort)

Abbreviations: Ab: antibody; AE: adverse event; AMR: antibody-mediated rejection; DES: desensitization; IV: intravenous; IVIG:
intravenous polyvalent immunoglobulin; HS: highly sensitized; MFI: mean fluorescence intensity; PE: plasma exchange; PC: plasma cells;
RTX: rituximab; T fh: T follicular helper cells; T reg: T regulatory cells; ↘ : decrease ; ↗ : increase.

In order to assess the efficacy and safety of a DES protocol based exclusively on
tocilizumab Daligault and our team conducted a single-center, non-randomized study in
14 highly sensitized candidates awaiting kidney transplantation who had not previously
received any other DES treatment [46]. While having a favorable safety profile (only one
serious adverse event of an infectious nature), there was also a significant decrease in the
MFI of the immunodominant anti-HLA antibody and in the number of antibodies with
MFI > 10,000. However, this decrease was not clinically significant as the MFIs remained at
levels incompatible with transplantation, and only one patient could receive a transplant. In
contrast, when 11 out of the 14 patients were started on a standard DES protocol (apheresis,
rituximab, triple immunosuppression (tacrolimus, mycophenolic acid, steroids)) following
tocilizumab therapy, 8 subsequently became eligible for a transplant. Transplantation was
performed, on average, 9.6 months after the start of TCZ, whereas waiting times from the
date of last enrollment to the start of TCZ averaged 90.2 months.

In comparison, Noble and our team recently published the results of the standard
DES protocol used at the University Hospital of Grenoble (apheresis; rituximab; immuno-
suppression with tacrolimus, mycophenolate mofetil, and steroids) between 2016 and
2020. Forty-five subjects were treated (18 with a living donor, 27 from a deceased donor),
including the 13 patients in the Daligault et al. study who had previously benefited from
tocilizumab [48]. With the removal of those patients from the sample, 32 patients were
treated, 29 of whom were able to undergo transplantation (91%). These studies (Daligault
et al. and Noble et al.) therefore suggest that, in terms of improving transplantation access
(which could be seen as the ‘short-term efficacy’ of DES), TCZ alone is not sufficient, and
the addition of TCZ upstream of a standard DES protocol does not seem to do any better
than the standard protocol alone.

However, TCZ may be of interest due to its longer-term effects. Using a cohort of
patients in Grenoble treated with TCZ alone, Jouve and our team used flow cytometry to
characterize the lymphocyte profiles of these subjects in comparison with highly sensitized
patients on dialysis and with healthy subjects [47]. The research showed that TCZ could
inhibit B-cell maturation, as evidenced by the significant decrease in post-germinative
B cells, plasma cells, and plasmablasts. By hindering B-cell maturation, it is possible
that TCZ in association with the standard DES protocol limits the rebound of anti-HLA
antibodies after transplantation and thus improves the long-term outcome of DES protocols.
Rather than improving access to transplantation (‘short-term efficacy’), tocilizumab would
therefore mainly improve long-term graft survival by limiting the risk of post-transplant
anti-HLA rebound and, therefore, AMR.
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Therefore, the question could arise as to the value of continuing tocilizumab after
HLA-incompatible transplantation. To investigate this, a study was conducted using claza-
kizumab, a monoclonal antibody directed directly against IL-6 and studied in rheumatoid
arthritis (not yet marketed) [49]. Vo et al. used clazakizumab as a DES therapy in 10 highly
sensitized KTCs receiving IVIg and plasma exchange in parallel. While having a favorable
safety profile, a significant decrease in anti-HLA antibodies was observed between the begin-
ning and end of the treatment in 9 out of 10 patients, all of whom could then undergo trans-
plantation. Clazakizumab was continued after transplantation and none of the patients had
a DSA at 6 months post-transplantation. In addition, these patients had a significant increase
of FoxP3-expressing Tregs at 6 months post-transplantation, suggesting that clazakizumab
could orient the T-cell response towards a tolerogenic profile [50]. Moreover, Jouve et al.
noted no significant increase in this lymphocyte population with tocilizumab [47].

4. Conclusions

Continued research into new treatments and DES procedures is a major challenge
towards improving access to transplantation for highly sensitized subjects while guarantee-
ing not only safety, but also efficacy. The efficacy of DES has to be judged at the individual
level (access to transplantation, long-term graft function) and at the collective level (respect
for the principle of utility) Desensitization is sufficiently effective such that offering a graft
to a highly sensitized subject does not shorten the graft’s lifespan compared to that expected
in a non-sensitized subject. Tocilizumab is a relevant candidate because of the centrality
of IL-6 in the regulation of a cellular and humoral immune response. When used as a
single agent without any other DES treatment, tocilizumab reduces anti-HLA antibodies,
but this is not sufficient to allow transplantation. However, the TCZ-induced blockage of
B-cell maturation suggests that its addition to the standard DES protocol could improve
the long-term outcome of HLA-incompatible transplants by decreasing post-transplant
antibody rebound. The continuation of TCZ after transplantation could then be justified to
decrease the risk of humoral rejection. The efficacy and safety of such a procedure remain
to be demonstrated in a study that compares this strategy to the standard DES protocol.
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Abstract: Although kidney transplant can lead to psychiatric disorders, psychosocial syndromes and
demoralization, a positive post-traumatic growth (PTG) can occur in kidney transplant recipients
(KTRs). However, the PTG-Inventory (PTGI), a reliable tool to measure PTG is scarcely used to
explore the effect of this stressful event in KTRs. Thus, the purpose of our study was to assess
the level of PTG and its correlation with demoralization, physical and emotional symptoms or
problems via network analysis in KTRs. Additionally, we aimed at exploring the association of
PTG with psychiatric diagnoses, Diagnostic Criteria for Psychosomatic Research (DCPR) conditions,
and medical variables. A total of 134 KTRs were tested using MINI International Neuropsychiatric
Interview 6.0 (MINI 6.0), DCPR interview, PTGI, Edmonton Symptom Assessment System (ESAS),
Canadian Problem Checklist (CPC) and Demoralization scale (DS-IT). PTGI was used to investigate
the positive psychological experience of patients after KT. It consists of 21 items divided in five
factors. Routine biochemistry, immunosuppressive agents, socio-demographic and clinical data were
collected. A symptom network analysis was conducted among PTGI, ESAS and DS-IT. Mean score of
PTGI total of sample was 52.81 ± 19.81 with higher scores in women (58.53 ± 21.57) than in men
(50.04 ± 18.39) (p < 0.05). PTGI-Relating to Others (16.50 ± 7.99) sub-score was markedly higher
than other PTGI factor sub-scores. KTRs with DCPR-alexithymia or International Classification
of Diseases, tenth revision (ICD-10) anxiety disorders diagnosis had lower PTGI total score and
higher PTGI-Personal Strength sub-score, respectively (p < 0.05). The network analysis identified
two communities: PTGI and ESAS with DS-IT. DS-IT Disheartenment, DS-IT Hopelessness and PTGI
Relating to Others were the most central items in the network. After 1000 bootstrap procedures, the
Exploratory graph analysis revealed the presence of a median of two communities in the network in
97.5% of the bootstrap iterations. A more extensive use of PTGI should be encouraged to identify
and enhance the positive psychological changes after KT.

Keywords: post traumatic growth; psychiatric morbidity; kidney transplantation; network analysis;
ESAS; MINI; CPC; DCPR; distress; demoralization; alexithymia; anxiety

1. Introduction

Kidney transplantation (KT) is the best treatment option for people affected by end
stage chronic kidney disease (ESRD) [1]. However, KT can be considered a “traumatic
event” for kidney transplant recipients (KTRs), leading to the development of intra-
psychological conflicts and existential crisis [2]. Indeed, psychiatric disorders, especially
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anxiety and depression, are presented in KTRs with a prevalence from 10% to 40%, de-
pending on the measures used, such as the International Classification of Diseases (ICD)
or the Diagnostic and Statistical manual for Mental disorders (DSM) and cut-off points
adopted [3–5].

Furthermore, other clinically significant psychosocial syndromes, not diagnosable
with traditional psychiatric tools, were found in about 65% of KTRs. More specifically,
abnormal illness behavior, irritability, alexithymia and somatization were the most frequent
syndromes assessed by Diagnostic Criteria for Psychosomatic Research (DCPR), a useful
interview for identifying sub-threshold or undetected syndromes [6].

Recently, demoralization, a psychological syndrome distinct from depression [7],
has been diagnosed in a high percentage of medically ill patients [8], particularly with
a high prevalence of up to 86% in KTRs [9]. That is a condition described as a state of
existential distress, characterized by loss of meaning and purpose in life, hopelessness and
helplessness and feelings of “being trapped” because of persistently being unable to cope
with a particular stressful situation [10].

On the other hand, the stressful event of KT can promote positive psychological
changes, which are at the basis of concept of post-traumatic growth (PTG). According to
Tedeschi and Calhun [11], PTG is defined as a positive cognitive effect due to an extreme
crisis, and not merely a coping mechanism in ordinary stress condition. Basically, PTG,
induced by the activation of latent intrapersonal resources of the subject, might increase
the level of mental functioning after a serious experience. In order to assess and screen
the PTG, a specific psychometric tool, PTG Inventory (PTGI) has been developed [12].
It is able to capture five psychological dimensions: relating to others, new possibilities,
personal strength, spiritual change and appreciation of life. Notably, although PTGI has
been extensively used in traumatized healthy people [13], it has been also validated in
several settings of medicine, such as psycho-oncology [14], neurology [15], hematopoietic
stem cell [16] or liver transplantation [17] and dialysis [18]. Demoralization and PTG can
be conceptualized as opposite reactions to a stressful event and, to date, little is known
about the relationship between these two dimensions [9]. Thus, a network approach to
psychopathology represents an intriguing option to investigate the associations between
these two dimensions [19,20]. Rather than seeing mental disorders as the cause of different
symptoms, this theory conceptualizes them as systems arising from the complex and
mutual interaction of different symptoms [21,22]. This approach can be furtherly expanded
with the use of Exploratory Graph Analysis (EGA) [23], allowing the identification of
clusters of symptoms (“communities”) that are more related to each other.

To date, only few studies [24,25] have been focused on the use of PTGI in KTRs;
thus, the primary aim of our study was to evaluate the levels of PTG and to examine the
relationship of PTG dimensions with demoralization, physical and emotional symptoms or
problems via network analysis in KTRs. The secondary aim was to assess any association
of the PTGI with psychiatric diagnoses, DCPR conditions and medical variables.

2. Materials and Methods

Ongoing KTRs, followed by the Nephrology Unit of the Ferrara University-Hospital,
were enrolled in the study, during one of their routine follow up nephrological visits.
Inclusion criteria were: (1) being a recipient of kidney from cadaveric or living donor and
(2) age ≥ 18 years. Exclusion criteria were: (1) Karnofsky Performance Status Scale (KPS),
indicating an insufficient level of autonomy (score < 50), and (2) presence of cognitive
disorders (Mini Mental State Examination < 24). All patients gave their written informed
consent, and the research protocol obtained the ethical approval from the Hospital Ethics
Committee for Human Research (Code: 151297, on 17 March 2016). The procedures agreed
with the Declaration of Helsinki. The same psychiatrist of the Consultation-Liaison Psy-
chiatric Service, University Psychiatry Unit of the same Hospital tested each KTR. Two
individual interviews, such as Mini-International Neuropsychiatric Interview (MINI6.0)
and Diagnostic Criteria for Psychosomatic Research Interview (DCPR), as well as four
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self-report tools, including Post-Traumatic Growth Inventory (PTGI), Edmonton Symptom
Assessment System (ESAS-Revised) and Canadian Problem Checklist (CPC) within the
COMPASS (Comprehensive Problem and Symptom Screening) tool [26] and Italian version
of Demoralization Scale (DS-IT), were administered.

2.1. PTGI

It is a screening measurement tool used to investigate the positive changes experienced
in the aftermath of a traumatic event [27]. It consists of 21 items divided in five factors: New
Possibilities, Relating to Others, Personal Strength, Spiritual Change and Appreciation of
Life. Each item scored on 6-point Likert scale from 0 (I did not experience this change as a
result of my crisis) to 5 (I experienced this change to a very great degree as a result of my
crisis). A total score of posttraumatic growth was calculated [28].

2.2. Other Instruments

• The Mini International Neuropsychiatric Interview (MINI 6.0) [29,30] is a diagnostic
interview, expensively validated for DSM diagnoses and for ICD-10 diagnoses. In
order to formulate a psychiatric diagnosis, the ICD-10 classification was used in
this study.

• The Diagnostic Criteria for Psychosomatic Research Structured Interview (DCPR-
SI) [31,32] is a semi-structured interview used to evaluate a set of 12 syndromes
grouped in 3 different clusters: abnormal illness behavior (i.e., disease phobia, thanato-
phobia, health anxiety, illness denial); somatization and its different expressions (i.e.,
persistent somatization, functional somatic symptoms secondary to a psychiatric dis-
order, conversion symptoms, anniversary reaction); irritability (i.e., irritable mood and
type A behavior), and in two clinical constructs (i.e., demoralization and alexithymia).
It is able to identify psychological dimensions to a much greater extent than the DSM
or ICD criteria [6,33].

• The Edmonton Symptom Assessment System (ESAS-Revised) [34,35] is a reliable
assessment tool to explore the severity of six physical (i.e., pain, tiredness, nausea,
drowsiness, lack of appetite, shortness of breath), three psychological (i.e., depression,
anxiety, feeling of not being well) and one optional symptom (i.e., emotional distress
corresponding to the Distress Thermometer) [36,37]. The Global Distress score (ESAS-
TOTAL) was obtained by summing up all the scores on the single ESAS symptoms.
Analogously, a physical distress sub-score (ESAS-PHYS) and a psychological distress
sub-score (ESAS-EMOTIONAL) were computed as a sum of scores for the six phys-
ical symptoms and for the four psychological symptoms, respectively. The Italian
version shows an acceptable level of validity and good psychometric properties in
KTRs [38,39].

• The Canadian Problem Checklist (CPC) [40] is a useful instrument used to screen
a list of 21 problems the patient has to deal with. It is divided into six categories
(practical, social/family, emotional, spiritual, informational and physical problems)
and the severity of each problem is rated in a yes/no (0–1) format.

• The Italian Version of the Demoralization Scale (DS-IT) [41] is a widely valid tool for
measuring the demoralization in medical setting and also more recently in KTRs, over
the past 2 weeks [9]. It consists in 24 items which compose four subscales: loss of
meaning and purpose, dysphoria, disheartenment, and sense of failure. Each item
ranges on 6-point Likert scale (0 = never; 5 = all the time) and the sum of the single
subscales scores provides a total score.

Demographic data, clinical characteristics and routine biochemistry, determined using
standard auto analyzer techniques, were collected.

2.3. Statistical Analysis

Categorical variables were shown as frequencies (%). Continuous variables were
reported as either mean ± standard deviation (SD) or median and interquartile range
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(IQR) based on their distribution. T-test and chi-square test were employed to determine
the associations of PTGI groups with DCPR/ICD-10 diagnosis, ESAS/CPC scores and
clinical variables.

Exploratory Graph Analysis

Exploratory graph analysis (EGA) was used to estimate the number of dimensions in
multivariate data using undirected network models [23]. EGA first applied a network esti-
mation method followed by a community detection algorithm for weighted networks [42].

• Network Estimation Method.

This study applied the graphical least absolute shrinkage and selection operator [43],
which estimated a Gaussian Graphical Model [44] where nodes (circles) represented vari-
ables and edges (lines) represented the conditional dependence (or partial correlations)
between nodes given all other nodes in the network. The ratio of the minimum and
maximum λλ was set to 0.1 in order to control the sparsity of the network in the LASSO.
EBICglasso was applied using the qgraph package in R and γγ was set to 0.5 [45]

• Community Detection Algorithm.

The Walktrap algorithm was applied to detect the community and was implemented
using the igraph package in R [46].

• Data Analysis.

EGA was applied using the EGAnet package (version 0.9.8) in R (version 4.0.3) and its
associated results were visualized using the GGally (version 2.1.1), ggplot2 (version 3.3.3),
and qgraph (version 1.6.5) packages in R [47].

• Bootstrap Exploratory Graph Analysis.

Bootstrap exploratory graph analysis (bootEGA) was used to estimate and to evaluate
the dimensional structure estimated using EGA. The parametric bootstrap procedure was
implemented in this study. The procedure begun by estimating a network using EGA
and then generating new replicate data from a multivariate normal distribution (with the
same number of cases as the original data). EGA was then applied to the replicate data,
continuing iteratively until the desired number of samples was achieved (e.g., 1000). The
result was a sampling distribution of EGA networks. From this sampling distribution,
descriptive statistics, namely median number of dimensions, 95% confidence intervals
around the median and the number of times a certain number of dimensions replicates,
were obtained. In addition, a median (or typical) network structure was estimated by
computing the median value of each edge across the replicate networks, resulting in
a single network. Such a network represented the “typical” network structure of the
sampling distribution. The community detection algorithm was then applied, resulting
in dimensions that would be expected for a typical network from the EGA sampling
distribution. BootEGA was applied using the EGAnet package (version 0.9.8) in R (version
4.0.3) and its associated results were visualized using the GGally (version 2.1.1) and ggplot2
(version 3.3.3) packages in R [48].

3. Results

3.1. Characteristics of the Sample

In total, 134 consecutive KTRs were included in this study; nine patients declined
to participate (six for work or family reasons and three because of health reasons) and
none was excluded. Ninety patients were men, and the average age was 56.1 (SD = 12)
years. The median time since transplantation was 85 months (ranged from 34 months to
178 months). Almost all patients (94%) received kidney from cadaveric donor and a short
time in dialysis before KT (median = 22; IQR = 3–166 months) was found. More than half
of KTRs (83) were on triple antirejection agents, including steroids (84.3%), calcineurin
inhibitors (90.3%), mycophenolate (67.7%), mTOR inhibitors (8.3%), azathioprine (10.4%).
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Further detailed socio-demographic and clinical characteristics of the cohort are presented
in Table 1.

Table 1. Socio-demographic characteristics, clinical variables and ranking order of DCPR and ICD diagnoses of the sample.

Variables Variables

Age, years 56.1 ± 12 Occupation
Females, n (%) 44 (32.8) Employed, n (%) 65 (48.5)

Race-Caucasian, n (%) 126 (94) Retired, n (%) 59 (44.1)
Education, years 11.5 ± 4.52 Unemployed, n (%) 8 (6.0)
Smokers, n (%) 14 (10.4) Unemployable, n (%) 2 (1.4)

Second Transplant, n (%) 10 (7.4)
Acute Rejection, n (%) 12 (8.9) Marital Status

Single, n (%) 29 (21.5)
Cause of CKD Married, n (%) 89 (66)

Glomerulonephritis, n (%) 55 (41) Divorced, n (%) 10 (7.5)
ADPKD, n (%) 25 (18.7)

Diabetes Mellitus, n (%) 6 (4.5) DCPR Diagnosis
Hypertension, n (%) 4 (3) Cluster AIB, n (%) 43 (31.3)

Other, n (%) 44 (32.8) Cluster Irritability, n (%) 42 (31.3)
Cluster Somatization, n (%) 26 (19.3)

Living Situation Alexithymia, n (%) 31 (23.1)
Family, n (%) 93 (69.4) Demoralization, n (%) 23 (17.2)
Parents, n (%) 22 (16.4)
Alone, n (%) 11 (8.2) ICD-10 Diagnosis
Others, n (%) 8 (5.9) No diagnosis, n (%) 88 (65.7)

Anxiety disorders, n (%) 14 (10.4)
Blood Test Values Mood [affective] disorders, n (%) 11 (8.2)

Creatinine serum, mg/dL 1.4 ± 0.54 Reaction to severe stress and
adjustment disorders, n (%) 21 (15.7)

GFR-MDRD, mL/min 53.2 ± 17.5

ADPKD: Autosomal Dominant Polycystic Kidney Disease; AIB: Abnormal Illness Behavior; BMI: Body Mass Index; CKD: Chronic Kidney
Disease; DCPR: Diagnostic Criteria for Psychosomatic Research; ICD: International Classification of Diseases; GFR-MDRD: Glomerular
Filtration Rate according to the equation from the Modification of Diet in Renal Disease Study.

3.2. Level of Post Traumatic Growth Inventory and Its Relationship with ICD Diagnoses and
DCPR Diagnoses

The mean score of PTGI total was 52.81 (SD = 19.81). PTGI-Relating to Others
(M = 16.50; SD = 7.99) sub-score was markedly higher than other PTGI factor sub-scores,
including PTGI-New Possibilities (M = 11.42, SD = 5.43), PTGI-Personal Strength (M11.08,
SD = 5.19), PTGI-Appreciation of Live (M = 9.92, SD = 3.55) and PTGI-Spiritual Changes
(M = 4.33, SD = 2.91).

No significant differences of PTG total scores and sub-scores were found with socio-
demographic (marital status, housing, occupation, kidney graft months, age), clinical char-
acteristics (pre-emptive transplant, second transplant, immunosuppressive therapy, previ-
ous psychiatric ICD diagnosis and cause of nephropathy) and blood chemistry (hemoglobin,
eGFR and creatinine), expect for sex and schooling. Women (M = 58.53, SD 21.57) had
higher scores of PTGI than men (M = 50.04, SD 18.39) (t = 2.34, df = 130, p < 0.05) and a pos-
itive correlation was found between PTGI-New Possibilities and schooling (Pearson = 0.27,
p < 0.05).

The specific characteristic of the DCPR and ICD diagnoses are extensively reported
elsewhere [6], and briefly summarized in the Table 1.

Regarding ICD-10 psychiatric diagnosis (as assessed through the MINI6.0 interview),
KTRs with anxiety ICD diagnosis had higher PTGI-Personal Strength sub-score (M 13.07
with SD 2.30) than ones without anxiety ICD diagnosis (M 10.84 with SD 5.39) (t = −2.81,
df = 33.87, p < 0.05).

Regarding DCPR-diagnosis compared to the whole sample, both PTGI total score and
all PTGI factors sub-scores was significantly lower in patients with alexithymia (M = 44.93,
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SD = 18.21, t = 2.53, df = 130, p < 0.05) and higher in nosophobic patients (M = 69.75,
SD = 14.08, t = −1.99, p < 0.05).

3.3. Relationship of the PTG Level with DS-IT and COMPASS

The network of PTGI with DS-IT and ESAS is reported graphically in Figure 1, depict-
ing the connection between physical and phycological symptoms [49].

Figure 1. The network represents the relationships of PTGI factors with ESAS symptoms and DS-IT
dimensions. Lines between symptoms (edges) are colored in green when they represent positive
correlations and in red when they represent negative correlations. The magnitude of color represents
the degree of the relationship between symptoms. ESAS: Edmonton Symptom Assessment System;
ESAS-PHYS: physical distress sub-score; ESAS-Emotional: psychological distress sub-score.

In a first analysis, practical, social/family and informational problems from the CPC
were included (emotional and physical problems were considered redundant in the model),
but resulted in no connections and thus were not included in a second analysis. The
most central items in the network were DS-IT Dishartenment, DS-IT Hopelessness and
PTGI Relating to Others. The strength of each node as a measure of centrality is shown in
Figure 2.

The values of edge weights in the network are reported in Table 2. After 1000 bootstrap
procedures, the EGA revealed the presence of two communities in the network in 97.5% of
the bootstrap iterations (95% CI 1.69–2.3).
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Figure 2. The centrality measure: the raw values of node strength are represented on horizontal axis, while the physical and
phycological symptoms are represented on vertical axis.

Table 2. Edge weights, reflecting the connection strength of PTGI factors with ESAS Scores and DS-IT dimensions, in
the network.
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ESAS-PHYS 0.21 0.16 0.07 0.03
ESAS-Emotional 0.21 0.14 0.09 0.17 0.18 0.17

Relating to Others * 0.29 0.40 0.08 0.22
New Possibilities * 0.29 0.21 0.13 0.16
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Table 2. Cont.
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Personal Strength * 0.40 0.21 0.15 0.09
Spiritual Change * 0.08 0.13 0.15 0.01

Appreciation of Life * 0.14 0.22 0.16 0.09 0.01 −0.03 −0.08
Loss of Meaning
and Purpose ** 0.09 −0.03 0.26 0.34

Dysphoria ** 0.16 0.17 0.28 0.13 0.04
Disheartenment ** 0.18 0.26 0.28 0.30 0.19

Hopelessness ** 0.07 0.17 −0.08 0.34 0.13 0.30 0.08
Sense of Failure ** 0.03 0.04 0.19 0.08

* PTGI factors; ** DS-IT dimensions. The connections are highlighted in dark grey (strong) and light grey (moderate) for ease of visual
comparison. ESAS: Edmonton Symptom Assessment System; ESAS-PHYS: physical distress sub-score; ESAS-EMOTIONAL: psychological
distress sub-score; PTGI: Post Traumatic Growth Inventory.

4. Discussion

In this study, we report the level of Post Traumatic Growth by assessing PTG Inventory
among KTRs and characterized, for the first time, the relationship of PTG with DS-IT,
physical/emotional symptoms or problems via network analysis among patients who
were submitted to kidney transplantation. Additionally, the effect of psychiatric and
psychosocial variables on the development of PTG was identified.

A first result indicates a mean PTGI score of 52.81 (SD = 19.81). These findings are
in line with the reported mean value of PTGI total score of a 3-year longitudinal study
performed in 53 KTRs [50], supporting the evidence that posttraumatic growth often occur
in patients after kidney transplant.

A plausible explanation could be due to the fact that KTRs are directly exposed to
traumatic events, such as the transplant surgery, the relapse of previous kidney disease,
the acute rejection, the infections and the side effects of immunosuppressive drugs, which
can mobilize positive energy after kidney transplant. Besides, PTG might be also induced
by the activation of other intrapersonal resources as consequence of a sense of gratitude
towards the deceased donor and the medical team. Indeed, kidney transplantation is
considered the beginning of a new life by KTRs, after a period of physical suffering for
dialysis dependence and fear of remaining on dialysis for all life.

In depth, when investigating the different factors of PTGI, our data show PTGI-
Relating to others sub-scale had the highest score among different dimensions of PTGI,
putting in evidence another relevant aspect, the relationships of KTRs with their family. A
strong familiar support could become crucial to overcome the extreme stress of transplant
event, especially in presence of kidney living donor. These results are consistent with a
recent study in which higher PTGI score in recipients from a living donor (M = 74, SD = 16)
compared to from a cadaveric donor (M = 65, SD = 21) were reported, highlighting the
influence of family members to enhance PTG in the post-transplant period [25]. On the
other hand, we do not find correlation between the extent of post traumatic growth and
months since transplantation. This finding seems to indicate that PTG is a phenomenon
relatively stable overtime, similarly to other studies in patients with liver transplant [28],
breast cancer [51] and colon-rectal cancer [52].
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In relation to the network developed, the results reveal the presence of two distinct
communities. More specifically, ESAS physical/emotional symptoms with DS-IT dimen-
sions and PTGI factors were the first and second cluster, respectively. The symptom
associations are not equally strong in the network and the edges between symptoms within
each community were higher than edges between communities. DS-IT Appreciation of
life, DS-IT Hopelessness and ESAS-Emotional were the three symptoms which moderately
connected the two communities. These findings seem to indicate that KTRs with high
burden of physiological symptoms, including distress, in the presence of low levels of
hopelessness, are able to develop a higher level of appreciation of life after the kidney
transplant. However, the relationship of distress with PTG is still debated in literature.
Although many studies supported an inverse correlation between distress and PTG, the
presence of distress symptoms could enhance or reduce the changes in the personality-
related domains on the base of the time elapsed since traumatic event and the type of event
(acute vs. chronic disease) [53].

Furthermore, our data seem to suggest that interventions aimed to promote apprecia-
tion of life could increase PTGI and decrease demoralization: interventions with a focus on
valued-living are gaining importance, as the two dimensions might have possible common
underlying processes; also, valued living has been shown to be correlated with PTGI-
Appreciation of Life [54]. Other approaches might include those derived from positive
psychology, like well-being therapy, which has been shown to increase PTGI in traumatized
patients [55].

Other intriguing results emerged when the relationship of PTGI with ICD-10 was
assessed. Paradoxically, the diagnosis of ICD-10 anxiety was positively associated with
high PTGI-Personal Strength score. This result might be interpreted by the fact that higher
self-awareness to handle difficulties is induced by anxiety. This cognitive state could be
considered as a positive response of patients to the new organ’s integration [56]. However,
this finding is in contrast with a previous report in which a persistent state of anxiety, due
to the partial psychological integration of kidney, contributed to reduce the level of PTG.
In addition, lower PTGI score was a significant predictor of graft rejection episodes at
3 years in cadaveric kidney transplant recipients (Odds Ratio = 0.963, 95% CI = 0.929–0.999,
p < 0.05). In other words, the higher the psychological growing after KT, the lower rates of
graft rejection [49].

On the other hand, it is worth noting that the presence of DCPR alexithymia, shown
in about one-quarter of KTRs and in almost two-third of KTRs with another DCPR diag-
nosis [6], was a strong predictor of low PTGI score. Alexithymia is characterized by the
inability to recognize and express own emotions [57]. This lack of symbolizing the feelings,
a defense mechanism against a traumatic event as kidney transplant [58], could play a role
in reducing the development of positive changes after KT. These data are consistent with
the only other study, recently published, in which the levels of alexithymia, assessed by
using TAS20 questionnaire [59], were negatively and moderately associated with PTGI
total score and sub-scores, such as changes in self-perception and appreciation of life, in
cadaveric donor recipients [50].

The strength of this study is that it evaluated, in KTRs, the level of the post-traumatic
growth level as well as its correlations with DS-IT and emotional symptoms, using PTGI and
network analysis, respectively. This research helps to promote the use of PTGI after the expe-
rience of kidney transplantation, as proved in heart, lung and liver transplantation [60–62].
Furthermore, the network analysis, a consolidated approach in psychopathology, represents
an innovative technique in the kidney transplant research.

The limitations of our study are: (1) the small sample size of our population that does
not allow us to generalize our results and (2) the lack of control group of patients with
other kidney conditions. Further multicenter studies on larges cohort of KTRs could be
conducted using a short form of PTGI [8,63,64], after its validation in the kidney transplant
setting. Furthermore, (3) in our cohort the main cause of CKD was quite different from
other investigated populations, however this variable seems not to be correlated with
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PTG score [24,25]. Another limit (4) is the use of the old version of DCPR-SI, due to the
absence of the new version (DCRP-R) when the study started. In addition, although the
administration of vitamin D is associated with an improvement of mental health [65,66],
(5) we did not evaluate the effect of vitamin D on PTG. Additionally, (6) we did not
consider the intensity of physical activity, a rising variable which can modify psychosocial
and physical risks factors [67–70].

5. Conclusions

This study showed a moderate level of PTG in kidney transplant recipients, sug-
gesting that health professionals responsible for treatment of KTRs should be sensitive to
promote the awareness of these complex psychological changes after kidney transplant in
their patients.

Furthermore, the network analysis identified two communities, ESAS physical/
emotional symptoms with DS-IT dimensions and PTGI factors, which were more
strongly connected within-cluster than between-clusters. This result suggests that a psy-
chological intervention could be an appropriate means of addressing psychological distress,
reducing hopelessness and improving the appreciation of life, among kidney transplant
recipients. However, the connection between these three relevant dimensions, should be
considered for further research to better define this relationship and its consequence in
term of outcomes in KTRs.
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Abstract: The advances in acute phase care have firmly established the practice of organ transplanta-
tion in the last several decades. Then, the next issues that loom large in the field of transplantation
include antibody-mediated rejection (ABMR) and recurrent primary disease. Acute ABMR is a
daunting hurdle in the performance of organ transplantation. The recent progress in desensitization
and preoperative monitoring of donor-specific antibodies enables us to increase positive outcomes.
However, chronic active ABMR is one of the most significant problems we currently face. On the
other hand, recurrent primary disease is problematic for many recipients. Notably, some recipients,
unfortunately, lost their vital organs due to this recurrence. Although some progress has been
achieved in these two areas, many other factors remain largely obscure. In this review, these two
topics will be discussed in light of recent discoveries.

Keywords: antibody-mediated rejection; recurrent primary disease; renal transplantation;
liver transplantation; pancreas transplantation

1. Introduction

From the late 20th century to the beginning of the 21st century, significant progress
has been achieved in acute phase care for transplant patients. These advances firmly place
organ transplantation into firmly established therapeutic procedures for organ failure
patients. However, the better outcomes in the acute phase become, the more other issues
are exposed. Firstly, donor specific anti-human leukocyte antigen (HLA) antibodies (DSA),
resulting in chronic antibody-mediated rejection (ABMR), are recognized as major obstacles
that we have yet to conquer. Organ transplantation is haunted by DSA unless we change
graft sources or develop a new technology. Secondly, controlling the recurrence of the
primary disease will continue to be a major issue in many diseases as long as we continue
to use live organs and not machines.

The primary purpose of this review is to deepen the understanding of these two issues
and to improve graft survival and patient survival after the acute phase of transplants.

2. Methods

We have written this review by focusing on two major issues: ABMR due to de
novo DSA (dnDSA) and recurrence of primary disease. In preparing this review, English-
language abstracts cited in PubMed were selected. Citations were chosen based on their
relevance to each section. In Section 3, articles related with dnDSA, not preforming DSA,
were selected. As recent dnDSA studies in kidney transplantation are summarized in a
table, the most recent randomized trials or prospective cohort studies using representative
drugs were selected as much as possible. Since the number of related studies is scarce in
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liver and pancreas transplants, we selected studies that included therapeutic approaches
regardless of study design. In Section 4, we sought studies of a relatively large scale in
order to show reliable recurrence data and also basic mechanisms as to why the primary
disease recurs, if available.

3. An Overview of Antibody-Mediated Rejection

Rejection after organ transplantation is roughly divided into cell-mediated and
antibody-related (humoral) immune mechanisms. Originally, T cell-mediated rejections
(TCMRs) and ABMR against the ABO blood group were recognized as major barriers.
In the 1970s, the introduction of cyclosporin, followed by tacrolimus, mycophenolate
mofetil, anti-CD25 antibodies (Abs), and thymoglobulin, etc., dramatically reduced the
incidence of severe acute TCMR. Furthermore, plasmapheresis and anti-CD20 Abs, which
are recognized as desensitization, also brought better outcomes in ABO incompatible organ
transplantation. Conversely, the issues regarding DSA are still disputable and seem not
to be reasonably addressed. Therefore, discussions regarding ABMR and DSA are more
frequently observed recently. This possibly reflects that the direction of researcher’s in-
terests is shifting to ABMR due to DSA, especially for chronic types as our interests shift
to long-term outcomes [1]. Nevertheless, it is also true that close correlations between
TCMR and the onset of DSA inducing ABMR are becoming apparent. Thus, the effects of
TCMR are being reassessed from perspective of long-range consequences. Therefore, the
discussion only between DSA and ABMR seems to be simplistic and could be enriched by
a broader view, which adds TCMR. In this section, we will review chronic ABMR, TCMR,
and related topics in kidney, liver, and pancreas transplants.

3.1. Kidney Transplantation

Kidney transplantation was the first successful organ transplantation and is the most
frequently performed. Therefore, a large amount of knowledge about rejection has been
gained, and this has improved outcomes so far in this field. However, ABMR due to DSA
remains a major barrier to achieving a good prognosis in kidney transplants. In recent
years, the impact of preformed DSA on ABMR has become smaller, but the impact of newly
produced DSA (de novo DSA (dnDSA)) on ABMR is still significant. dnDSA could be
detected at the stage of performing a biopsy by observing mild renal dysfunction or at the
stage of protocol biopsy performed for an asymptomatic recipient. Patients who produced
dnDSA have been reported to demonstrate worse graft survival rates than recipients
without dnDSA [1].

Given the fact that the consequences of dnDSA production are significant, it is reason-
able to believe that prevention and early detection are crucial for adequate management.
Monitoring tests for anti-HLA Abs with an immobilized single allele of purified HLA
are available for the detection of dnDSA [2]. Recently, it has been reported that the graft
immunocomplex capture fluorescent analysis (ICFA) method using transplanted tissue
pieces obtained by allograft biopsies is also effective for the early detection of DSA pro-
duction [3]. Pathological diagnosis is widely used as a gold standard in diagnosing ABMR
based on the Banff Classification, which was initially reported in 1993 with the aim of
creating an internationally unified standard for kidney transplant pathology [4]. The Banff
classification has been updated every two years and is a standard that reflects the current
situation and helps clinicians in making diagnoses. In addition to introducing chronic
active ABMR in 2001 [5], the concept of chronic TCMR was partially introduced in the 2005
Banff Classification update, and the 2017 Banff classification update recently introduced
the features of chronic active TCMR. Chronic active TCMR can be considered as a major
factor resulting in interstitial fibrosis and tubular atrophy (IFTA). IFTA is also associated
with poor long-term outcomes. Moreover, considering inflammation in IFTA areas may
supply better outcomes [6].

It must be admitted that the development of dnDSA is closely related to T cell activ-
ities. Activated B-lymphocytes linage cells start to produce dnDSA as a consequence of
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the interaction between B cells and CD4 T cells through direct, indirect, and semidirect
pathways [2]. Thus, TCMR theoretically appears to have an important role in subsequent
ABMR, although limited evidence exists. In a recent prospective study, the reported inci-
dence of TCMR in the first year after transplant was around twice as high as in recipients
who developed dnDSA compared with patients without dnDSA. The presence of dnDSA
was associated with the severity of TCMR and subsequent graft loss. Furthermore, patients
with dnDSA, accompanied by more severe tubulointerstitial inflammation, were more
prone to recurrent TCMR [7]. Another study demonstrated that recipients with dnDSA ac-
companied by a prior history of TCMR showed inferior graft outcomes [8]. Taken together,
these studies suggest that dnDSA-related ABMR is preceded by T cell involvement and
also that TCMR affects graft outcomes through ABMR.

The risks of dnDSA development may vary according to an individual’s immunologi-
cal background. The rates of dnDSA development have been reported as being around
10% at 12 months after transplant under standard immunosuppressants [9,10]. However,
recipients with high immunological risks (highly sensitized patients with high-titer of
preformed DSA) are more susceptible to this particular development than those with
low-risk, although preformed DSA became undetectable at 12 months after surgery with
appropriate preparations [11]. In terms of immunosuppression, it is true, theoretically,
that the levels of calcineurin inhibitors (CNI), mTOR inhibitors [12], antimetabolites [13],
steroid, and several other monoclonal and polyclonal antibodies are related to the occur-
rence of dnDSA. Among them, CNI is one of the main immunosuppressants used to control
dnDSA. High tacrolimus variability (instability) may well result in dnDSA production in
pediatric recipients [14]. It can be admitted that this study has highlighted the importance
of medication adherence. Furthermore, complete withdrawal from CNI by using mTOR
inhibitors seems to favor dnDSA development [12,15]. Regarding steroid administration,
this still plays an important role in controlling ABMR due to dnDSA [16]. On the other
hand, there was a study that examined the effects of steroid withdrawal at 7 days post-
transplant, and no negative effects on dnDSA were observed [17]. However, the latter
study applied thymoglobulin induction for all recipients, which might alter immunological
reactions. Therefore, the CNI and steroid-free strategies could involve immunological risks,
although these approaches are attractive from the persepctive of medication side effects. It
can be argued that the minimization of CNI by using mTOR inhibitors does prevent CNI
toxicity. However, mTOR inhibitors without CNI or complete withdrawal from steroid
administration pose a higher risk of DSA for recipients with standard induction therapy.

A variety of therapeutic approaches have been implemented, owing to the recent de-
velopment of synthetic antibodies, in addition to orthodox therapeutic modalities. Several
institutions applied steroid pulse, plasmapheresis, and intravenous immunoglobulin ther-
apy (IVIG), combined with anti-CD 20 Abs administration for dnDSA mediated ABMR [18].
Other than these conventional therapies, several monoclonal Abs including eculizumab
(anti-C5), tocilizumab, and clazakizumab (anti-interleukin 6) have recently been introduced
in this field, although a proteasome inhibitor (bortezomib) failed to show therapeutic ef-
fects [19]. A pilot study to investigate the role of complement by using eculizumab showed
a slight stabilization of renal function due to a terminal complement inhibitor, albeit with an
underpowered design (treatment group n = 10) [20]. Choi et al. reported 80% graft survival
at 6-year post-introduction in tocilizumab-treated patients for whom IVIG and rituximab,
with or without plasma exchange, did not succeed [21]. Several other investigations of
tocilizumab and clazakizumab followed and showed a significant reduction in dnDSA [22]
and a suppression of eGFR decline, respectively [23]. However, these studies indicate
that a certain population of patients did not show the efficacy of these treatments. Thus,
patient selection for dnDSA treatment would be another key issue in this field. On the other
hand, belatacept-based immunosuppression clearly prevented the development of dnDSA,
compared with an ordinal cyclosporin-based treatment regimen [24]. These results remind
us of the importance of suppressing dnDSA development. Furthermore, in addition to the
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introduction of novel medications, it is also pivotal to seek optimal regimens with existing
therapeutic modalities for dnDSA mediated ABMR.

3.2. Liver Transplantation

Despite the significant effects on graft survival of ABO blood type-related ABMR, the
role of dnDSA in liver transplant remains largely unknown. There are many studies that
demonstrate serum dnDSA (s-DSA) and graft outcomes. These studies demonstrated that
the existence of s-DSA is not necessarily related with poor outcomes [25], which is contrary
to the facts in kidney transplant. In other words, it is not wise to assess ABMR of liver
allografts only by s-DSA. In fact, clinically, the Banff working group advocates diagnostic
criteria that consist of (1) pathological findings, (2) positivity of DSA, (3) C4d positivity, and
(4) excluding other causative factors [26]. These studies, regarding dnDSA, possibly include
s-DSA positive but intra-graft DSA (g-DSA) negative cases (i.e., the circumstance where
allografts are free from damages due to s-DSA). It is important to distinguish these cases
clinically, although limited availability of DSA examination hinders routine investigations
of g-DSA. In fact, our recent study showed that g-DSA was closely associated with graft
rejection and could be a more reliable indicator for the graft outcomes [27]. On the other
hand, other research studies suggest that DSA clearance by Kupffer cells [28], release of
HLA from liver in soluble form [29], allografts size [30], and liver regenerative abilities
prevent harming liver allografts [31]. Thus, believing the information regarding s-DSA
only without questioning may misconstrue the truth of what happens in liver allografts.

With the minimization of immunosuppressants, it is often observed that liver trans-
plant recipients also developed dnDSA in serum, with the tendency of this belonging to
class II rather than class I [25,32]. In terms of the relation between dnDSA and TCMR,
the prevalence of dnDSA was clearly higher in recipients who experienced TCMR, al-
beit without a correlation with frequency and severity [33]. With regard to the effects
of dnDSA development, the correlation between dnDSA and more severe fibrosis was
observed [34,35]. These studies also demonstrated that rejection signs existed more fre-
quently in the dnDSA positive group. Interestingly, s-DSA positivity in subclinical TCMR
tended to be associated with more severe inflammation and fibrosis, while s-DSA negative
subclinical TCMR resulted in no histological rejection, supported by gene transcriptional
evidence [36]. In a relatively large study, the relation between dnDSA and fibrosis can also
be observed by looking at 61 dnDSA positive patients among a total of 749 liver transplant
recipients, albeit without pathological insights and HLA–C/DP information [37]. In this
retrospective study, the most frequent target of HLA was the DQ locus (85%, 52 out of
61 patients). Cyclosporin usage rather than tacrolimus and low CNI levels (tacrolimus
< 3 ng/mL, cyclosporin < 75 ng/mL in the first year) were detected as risk factors of
developing dnDSA. On the other hand, high model for end-stage liver disease (MELD)
scores and advanced recipient age (>60) functioned as protective factors. These findings
appear to be consistent with immunological theories, i.e., deteriorating or elderly patients
may exhibit milder immunological reactions.

Given the fact that the existence of dnDSA does not necessarily indicate the onset
of ABMR, it is still unclear whether we should make interventions against the status of
positive dnDSA. Conversely, it is better to seek remedies if ABMR is confirmed based on the
Banff criteria. To address ABMR due to dnDSA, several therapeutic strategies have been
applied so far. Simple reinforcement of immunosuppressants appears to be the first choice.
Several cases showed a reduction in s-DSA MFI [32]. In addition, several institutions seem
to apply other therapies for ABMR just as in renal transplant: anti-CD 20 Abs, IVIG, and
plasmapheresis [38,39]. However, it seems to be rare to reverse the severe fibrotic changes
after the onset of chronic ABMR. Thus, at present, it is of vital importance to prevent the
development of dnDSA and subsequent ABMR.

102



J. Clin. Med. 2021, 10, 5417

3.3. Pancreas Transplantation

Due to improvements in surgical techniques and immunosuppression protocols, the
graft survival of pancreas transplant has greatly improved. Similarly to other organs, with
the pancreas, it is true that our attention has been shifting from these acute issues to ABMR.
However, the association between dnDSA and graft outcomes is not well understood.
Several studies have demonstrated the negative impact of ABMR on pancreas graft survival.
However, many of these studies were limited by retrospective styles, small sample size,
or lack of histological assessment. Among them, de Kort et al. initially investigated
27 pancreas transplant patients according to their s-DSA and biopsy findings. Graft
survival largely depended on s-DSA positivity accompanied by complement activation
(C4d positivity) [40]. Furthermore, they revealed that ABMR played a significant role in
early graft loss < 1 year after transplant, especially in the setting of thrombotic cases [41].
Without histological assessment, a larger study consisting of 167 pancreas transplant
recipients showed that about 15% (26/167) recipients developed s-DSA during a nine-year
follow-up and resulted in significantly inferior outcomes: graft survival dropped around
30% and 20% from recipients without anti HLA Abs and DSA, respectively [42].

Regarding the class of DSA, a large part of dnDSA belonged to class II [43], especially
DQ [44]. These results are also consistent with findings of kidney and liver transplants.
Considering the recent developments in HLA matching, a more sophisticated approach
should also become possible in the field of pancreas transplant. This approach demon-
strated that the development of dnDSA after pancreas transplant was associated with the
number of predicted indirectly recognizable HLA epitopes (PIRCHE) II [45]. Practically,
it seems to be difficult to consider all information regarding HLA prior to deceased or-
gan transplant. Nonetheless, it would be plausible to cater tailored immunosuppression
based on their immunological status, provided that details of donors’ HLA information are
supplied.

Although there is no research focusing on the optimal treatment for ABMR in pan-
creas transplant, the ABMR of pancreas grafts seems also to be managed by additional
anti-humoral therapies with reinforcement of standard immunosuppressants [40,42,43].
However, it is controversial to initiate preemptive treatments for dnDSA positive cases with-
out ABMR signs. Uva et al. added Belatacept to the maintenance of immunosuppressants
for selected patients, although they denied universal preemptive interventions [46].

Overall, ABMR in pancreas transplant remains relatively unclear compared to other
fields. Given the fact that many pancreas transplants have been conducted together
with kidney transplants, research on ABMR in pancreas transplant would progress with
the knowledge of kidney transplants. Indeed, there are criteria for ABMR of pancreas
grafts [47]. Due to the hesitancy regarding pancreas graft biopsies, it must be admitted
that an accurate assessment of rejection in pancreas graft is limited on several occasions.
In addition to pancreas biopsies, there is a different approach: Duodenal graft biopsies
have been taken [48]. This procedure may additionally shed light on pancreas graft ABMR
according to intestinal transplantation and could improve outcomes. Limited knowledge
of pancreas ABMR demands large prospective cohorts in the future.

Recent studies regarding chronic ABMR due to dnDSA in each field are summarized
in Table 1.
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4. An Overview of Recurrent Primary Disease

Recurrent primary disease plays an important role in determining graft outcomes in
almost all fields of organ transplantation. Discussing the recurrence of primary disease
always requires a clear definition of the recurrence. Described here are several reports
regarding recurrences of primary diseases in the different fields. It is important, however,
to keep in mind that misleading reports can exist due to an unclear definition of recurrence.
Thus, in this review, the forms of recurrences are determined as follows for the sake of
clarity: pathological recurrence (PR), mild-to-moderate clinical recurrence (mCR), and
severe clinical recurrence (sCR) that results in end-stage organ failure.

4.1. Kidney Transplantation

There are many renal transplant recipients whose primary diseases are uncertain. In
these cases, nephritis after transplantation cannot be recognized as recurrent or de novo
nephritis precisely. However, recurrences of primary diseases certainly cause negative
effects on graft survival rates. The management of recurrences should be considered
seriously.

4.1.1. IgA nephropathy

Recurrent IgA nephropathy (IgAN) is a crucial topic in renal transplant recipients
with primary IgA nephropathy because a reported recurrence rate seems to be around
30% [52,53] at 10 years after transplant and as high as 50% in biopsied patients [54,55].
Although many of these recurrent incidents are characterized by only PR with a benign
clinical course, around 10% of these cases over the course of 10 years were associated
with the aggressive deterioration of renal function: sCR, resulting in graft loss. Thus, the
control of IgAN recurrence remains an unmet need in the field of renal transplantation.
Several factors may affect the pathogenesis of IgAN recurrence, such as low levels of
immunosuppression, especially steroid avoidance [56] or HLA mismatch [57].

Cumulative data have suggested that circulating under-galactosylated or galactose-
deficient (Gd) IgA1 and the subsequent generation of anti-GdIgA1 IgG (αIgA) play central
roles in the pathogenesis of IgAN [58]. Suzuki et al. [59] reported that the levels of serum
αIgA were closely associated with disease activity in native IgAN. As a progression of αIgA
research, Julian and his colleagues [60] revealed glomerular deposition of αIgA in native
IgAN by means of the extraction of biopsy specimens, although not having enough tissue
prevented individual analysis. In terms of IgAN recurrence after renal transplantation,
Berthelot et al. followed 60 IgAN transplant patients, concluding that high serum GdIgA1
resulted in IgAN recurrence. Julian’s group also demonstrated a similar result that serum
normalized αIgA was an independent risk factor for IgAN recurrence [61]. In research
described above, GdIgA1 and αIgA were measured by the conventional ELISA method.
By using the ICFA method, we measured αIgA (serum/intragraft) and GdIgA1/αIgA
immunocomplexes (intragraft) to investigate whether a causal relationship exists between
αIgA and IgAN recurrence. In this report, the IgAN recurrence group demonstrated
significantly higher serum αIgA levels at the time of recurrence confirmation. The IgAN
recurrence group also exhibited higher intragraft αIgA and relatively higher ICs than
those of a non-IgAN recurrence group [62]. According to these reports, therefore, it
is reasonable to believe that GdIgA1 and αIgA are key molecules in IgAN recurrence
and important targets to prevent recurrence. Nevertheless, there is no concrete evidence
regarding therapeutics that target GdIgA1 and αIgA at this moment.

Several studies suggest strategies as a part of prophylaxis to suppress IgAN recurrence,
although no established induction therapy exists. As a prevention of IgAN recurrence, the
Jikei group adopted elective tonsillectomy 1 year after renal transplantation and examined
the relationship between tonsillectomy and serum GdIgA1 and GdIgA1 deposition in
tonsils and kidneys [63]. They revealed that elective tonsillectomy reduced the rates of
IgAN recurrence, coupled with decreased immunoreactivities of GdIgA1. This report
supports an interesting tonsil–kidney circulation based on GdIgA1.
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Since HLA mismatch was suggested as a risk factor for the recurrence, there may exist
a difference in outcomes between related or unrelated donor transplants [64]. Rodas et al.
reported that full mismatches in HLA-B mitigated the recurrence of IgAN by examining 86
transplants, which included 38 living donor transplants [57].

Next, our concern is therapeutic modalities available in IgAN recurrence. Although
there is no specific guideline for renal transplant recipients, many institutions basically
follow native IgAN treatments consisting of steroid pulse [65], rituximab, tonsillectomy [63],
and elimination of other exacerbating factors. A simple observation strategy often takes
place for many PR cases, especially in elderly recipients, combined with lifestyle guidance.
Either way, the current situation demands large prospective cohorts to establish a certain
treatment strategy for IgAN recurrence.

4.1.2. Focal Segmental Glomerulosclerosis

FSGS is one of the main indications for renal transplant in relatively younger pop-
ulations and recurs with a variety of rates from 10 to 60% within a couple of years after
transplantation [66,67]. Due to its humoral-type pathogenesis, immediate recurrence is
common and can occur within 24 h after transplant. As a typical example of clinical recur-
rence (CR), massive proteinuria occurs immediately following reperfusion. At this initial
point, fusion of the podocyte foot processes is the only finding by electron microscopic
investigation. This progresses to a typical focal segmental sclerosis within a few months,
which can be observed under an optical microscope. Under the current medical settings,
a recurrence of FSGS significantly deteriorates graft survival and demonstrates around
30–60% survival rate at 5 to 10 years after transplant [68–70].

We would like to examine a typical example that suggests that pathogenesis of FSGS
is based on a circulating factor [71]. An sCR-deteriorated allograft in a FSGS recipient can
regain its function in a different non-FSGS recipient after re-transplantation. Furthermore,
plasma obtained from FSGS patients can reproduce FSGS phenomena in rats [72]. Subse-
quently, intensive study has revealed that the soluble urokinase-type plasminogen activator
receptor (suPAR) is involved in the onset of FSGS [73]. Podocyte effacement is also closely
related to serum suPAR levels, while suPAR levels reflect the response to therapy [74].
Therefore, it is reasonable to believe that reduction in suPAR results in a low CR rate.

Considering the possibility of immediate deterioration, it is reasonable to carry out
prophylaxis measurements prior to transplant. Several approaches have been attempted as
induction therapies, and these approaches can be roughly divided into B-cell depletion and
apheresis. Although there is a report of these approaches having no preventive effects [75],
the effectiveness of plasma exchange or apheresis is advocated by many institutions. On the
other hand, B-cell depletion is often accomplished by anti-CD20 Abs. Prior to transplant,
B-cell depletion followed by a series of plasma exchange or apheresis is one of the induction
therapies that can be used to mitigate recurrence. These effects could be explained by the
reduction in circulating factors, including suPAR. As a donor selection, a living related
donor may have disadvantages in terms of recurrence. This study demonstrated a 6.6%
increase in recurrence rates at 10 years after renal transplant in a living related donor
compared to an unrelated donor [76].

Current therapeutics for CR consist of reinforcement of immunosuppressants, includ-
ing steroid pulse, rituximab, and plasma exchange [77]. Although suPAR levels rebound
relatively quickly, it has been reported that CR status was stabilized following these thera-
pies [78]. Further investigation into suPAR and other humoral factors may provide more
sophisticated therapeutic approaches for FSGS.

4.1.3. Membranoproliferative Glomerulonephritis

Membranoproliferative glomerulonephritis (MPGN) is evidenced by the thickening
of capillary walls and diffuse mesangial cell proliferation under a light microscope. This
disease can be divided into primary (unknown reason) and secondary (known reason)
MPGN. Previously, MPGN had also been split into three distinct types based on patho-
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logical findings: sub-endothelial and mesangial immune deposits (type I, most common,
mainly secondary MPGN); dense-deposit disease associated with the deposition of com-
plement C3 without immunoglobulin deposition (type II); and a mixture of sub-epithelial
and sub-endothelial immune deposits (type III, subtype of type I) [79]. Recently, this
categorization has been replaced by a pathogenesis-based classification: (1) alternative
complement pathway activation and (2) immunoglobulin-related type. C3 glomerulopathy
belongs to classification (1) and is determined where glomerulonephritis is accompanied
only by C3 deposition without C1q or C4 deposition. C3 glomerulopathy has two forms:
dense-deposit diseases and another C3-deposited glomerulopathy, which were previously
categorized in type I and III [80,81].

Recurrence rates at 11.8%, 15.6%, and 18.9% at 5, 10, and 15 years, respectively, after
renal transplantation have been reported [70]. More prominently, C3 glomerulopathy
exhibits higher than 80% recurrence rates in a small case series (19 patients) [82]. About
50 to 70% high rates of graft failure within 5 years after recurrence were observed in
MPGN recurrent cases, especially in dense-deposit disease [70,82]. Thus, it is pivotal to
explain these serious outcomes after recurrence for renal transplant candidates in advance.
Furthermore, we should seek circumstances where recurrence is less likely to occur. An
Israeli group reported that 19% recipients of MPGN type I recurred over a 118 ± 61 months
follow-up period, and HLA B49 and DR4 were considered to be risk alleles. This research
also suggests that an unrelated donor is preferred for transplant due to MPGN, based on
the finding that higher rates (25%) of living related to donor renal transplant recipients
recurred MPGN rather than to unrelated donor transplant (0%), although another study
denied the participation of donor category in recurrent MPGN [76]. In addition, recurrent
MPGN, again, clearly showed worse graft survival [83]. Although an optimal induction
therapy has not been determined, a B-cell targeted immunosuppressive approach appears
to be logical.

The strategies for recurrence of MPGN are also similar to those for the primary
disease, which consist of plasma exchange, rituximab, steroid pulse, or eculizumab [84].
Nevertheless, given the significant rates of recurrence and graft failure, it is crucial to inform
patients of the outcomes of renal transplantation and to establish effective therapeutic
strategies.

4.1.4. Membranous Nephropathy

Membranous nephropathy (MN) occurs as a pure glomerular-specific autoimmune
disease, as well as a secondary disease due to a systemic condition such as infections,
malignant disorders, autoimmune diseases, etc. This entity is induced by immunocomplex
deposition in the sub-epithelial area of the glomerular basement membrane [85]. The
primary cause seems to be a development of Abs against podocytes. The major Abs that
have been identified include anti-phospholipase A2 receptor antibodies (PLA2R) [86] and
thrombospondin type-1 domain-containing 7A antibodies (THSD7A) [87].

Recurrence rates at 10% (5-year), 16% (10-year), and 18% (15-year) were observed,
which are similar to those of MPGN discussed above. The recurrence rates could be higher
(up to 40%) when including PR found by a protocol biopsy [88]. PR is likely to occur within
1 year after transplant and has a possibility of recurring as early as 2 weeks post-transplant.
The secondary MN displayed relatively low rates of recurrence, provided that the primary
diseases were well controlled. The recurring MN could result in notable graft failure rates
of up to 60% [70]. A lack of consistency in the graft failure rates in recurring cases would
indicate that the studied population was not heterogenous.

Regarding recurrence and autoantibody levels, Kattal et al. investigated 26 MN re-
cipients according to their anti-PLA2R levels and revealed that anti-PLA2R levels were
83% and 42% of the positive and negative predictive values, respectively, for recurrent MN
after transplant [89]. In addition, anti-THSD7A also could induced a recurrence of MN, as
evidenced in a case report accompanying an investigation into a murine MN model [90].
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Therefore, autoantibody levels may enable us to stratify recipients into appropriate recur-
rent risk groups.

In order to prevent recurrence, many researchers may seek to perform treatments
with induction therapy prior to transplant. However, at present, there appears to be no
reliable induction therapy for meaningfully suppressing recurrence. Furthermore, it is still
controversial whether unrelated donors are advantageous to recurrent MN [76,91].

The management of recurring MN, again, follows primary MN treatments consisting
of treatments for nephrotic syndrome and decreased renal function.

Features of IgAN, FSGS, MPGN, and MN with overall recurrence rates are described
in Table 2.

Table 2. Overall recurrence rate, other characteristics, available prophylaxis, and treatments in glomerulonephritis after
kidney transplantation.

IgA Nephropathy
Focal Segmental

Glomerulosclerosis
Membranoproliferative

Glomerulonephritis
Membranous
Nephropathy

Recurrence Rate

About 30%/50–120 months
(28.6%/121 ± 69 months

[52], 34.9%/median 49
(range 4–213) months [53])

Differ widely between
reports

(10.4%/median 6.1 years
(follow-up) [66],

46.7%/2.2 ± 1.8 years [92],
57.6%/median 1.25 (1 day
to 30 months) months [67])

Differ widely between
reports

(11.8%, 15.6%, and 18.9%
at 5, 10, and 15 years [70],

84.2%/76 months
follow-up (C3

glomerulopathy) [82])

Differ widely between
reports

(10%, 16%, and 18% at 5,
10, and 15 years [70],

11.4%/median 3.6 (1.0–4.7)
years [93], 44%/13.6

months [88])

Graft loss due to clinical
recurrence (%)

10.8% at 10 years [53],
21.4%/130.8 ± 10.6 months
follow up periods [94], 58%

at 5 years [70]

Differ widely between
reports

(43% at 5 years [70],
39%/median 5 years [69],
9%/median 29.5 months [67])

About 50–70%/~5 years
(56.3%/median 42 months
(C3 glomerulopathy) [82],

70% at 5 years [70])

About 50–60%/~5 years
(47.4% allograft

loss/median 3.6 (1.0–4.7)
years [93],

59% at 5 years [70])

Pathogenesis
Galactose-deficient IgA1,
anti- galactose-deficient

IgA1 IgG, immunocomplex

Circulating permeability
factors, such as suPAR

Alternative complement
pathway activation or

immunoglobulin
deposition

Anti-phospholipase A2
receptor, or

thrombospondin type-1
domain-containing 7A

antibodies, etc.

Risk factors of
recurrence based on
donor type/factors

HLA match, related donor Related donor Related donor
(controversial)

Related donor
(controversial)

Prophylaxis (Induction
Therapy) Tonsilectomy Plasma exchange,

apheresis, rituximab
Plasma exchange,

rituximab N/A

Treatments Steroid pulse, rituximab,
tonsilectomy

Plasma exchange,
apheresis, rituximab

plasma exchange,
rituximab, steroid pulse,

or eculizumab
Steroid pulse, Rituximab

4.1.5. Lupus Nephritis

Generally, lupus nephritis is diagnosed in various rates up to 70% of patients with
systemic lupus erythematosus (SLE) [95]. Typically, the onset of nephritis is observed
within 3 to 5 years after SLE diagnosis [96]. Pathologically, nuclear antigens, especially
DNA and anti–nuclear/DNA complement-binding IgG, seem to play important roles in
the onset of lupus nephritis [97].

CR after renal transplantation can be less than 5% [98]. It can be argued that pathologi-
cal activity decreases at the time of renal failure and the introduction of immunosuppression
after transplant also suppresses disease activity. A large study for lupus nephritis indicated
equivalent outcomes relative to non-lupus nephritis renal transplant recipients [99]. Dee-
gens et al. reported that one patient out of 23 recipients exhibited lupus nephritis, albeit
with no biopsy evidence due to coagulopathy [100]. However, it is true that the recurrence
rate largely relies on the executing rates of biopsy procedures. In fact, PR increased by
up to 50% when less aggressive types of histological changes—class II, III, etc.—are in-
cluded [101]. Taken together, PR seems to be relatively common, but does not affect overall
outcomes. Therefore, it is reasonable to perform renal transplant for lupus-related renal
failure.
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Regarding induction therapy, there is no standard recommendation at present. How-
ever, it is recommended that renal transplant should be performed after the introduction of
dialysis therapy for several months, with the dosage of prednisolone decreased to less than
10 mg/day [102]. From this perspective, preemptive renal transplant may not be feasible,
especially in cases with rapid progression to renal failure. When considering preemptive
transplant, disease activities assessed by anti-nuclear Abs and anti-double strand DNA
Abs, CH50, C3, etc., should be carefully reviewed.

For CR cases, treatment plans consist of steroid pulse, increasing the dose of my-
cophenolate mofetil or substituting cyclophosphamide for mycophenolate mofetil, and
anti-CD20 Abs [103].

4.1.6. Anti-Neutrophil Cytoplasmic Autoantibody or Anti-Glomerular Basement
Membrane Antibody Positive Rapidly Progressive Glomerulonephritis

Both anti-neutrophil cytoplasmic autoantibodies (ANCA) and anti-glomerular base-
ment membrane (GBM) antibody-positive rapidly progressive glomerulonephritis (RPGN)
are categorized as acute progressions to renal failure accompanied with hematuria, pro-
teinuria, and anemia. Clinical RPGN comprises a variety of diseases such as part of
IgAN, thrombotic microangiopathy, acute interstitial nephritis, etc. This section features
ANCA-related nephritis and anti-GBM-Abs-related nephritis [104].

Around 10% recurrence rates have been reported for ANCA-related nephritis after
transplant, and one-third of these resulted in graft loss over the first five years [105].
Although ANCA titers are utilized to assess disease activity, several studies indicate that
the levels of ANCA could not be relied upon to assess recurrence [106,107]. Nonetheless,
the activity of primary disease is considered important for controlling recurrence. Thus, it
is sensible to wait for renal transplant at least one year after the activity becomes under
control [108].

On the other hand, the recent recurrence rates for anti-GBM-Abs-related nephritis
seem to be less than 5%, which is lower than that of ANCA-related nephritis [109,110].
Interestingly, the step for waiting for remission is similar, but a decrease in anti-GBM Abs
for at least 12 months consecutive is also required for safe renal transplant [111].

It is feasible to perform renal transplants for these two RPGN-induced renal failures
when indicated due to the relative lower rates of recurrence.

Clinically important information regarding lupus nephritis, anti-ANCA, and anti-
GBM RPGN is summarized in Table 3.

Table 3. Summary of recurrence rate and graft survival in patients with recurrence in lupus/ANCA/anti-GBM nephritis
following kidney transplantation.

Lupus Nephritis ANCA Related Nephritis
Anti-GBM Abs Related

Nephritis

Recurrence Rate

Vary between reports due to
the frequency of biopsies,

30%/6.8 ± 4.9 (range,
3 months-20 years) [101],

4.3%/74.2 ± 72.2 months [100]

2.8% per patient year,
10%/the first 5 years post-op

[105], 4.7%/median 5.5
years [106]

3.9%/median 6.4 years [109],
2.7% [110]

Graft loss due to clinical
recurrence (%)

2%/6.8–4.9 (range, 3
months-20 years) [101],

1/31(3%) graft losses among
80 lupus transplant was

caused by recurrence [112]

Four out of 11 recurrent cases
lost theirgrafts within 5 years

of transplantation [105],
2.8%/median
5.5 years [106]

3.9%/median 6.4 years [109],
0.9% [110]

Pathogenesis Type III allergy

Neutrophil activation due to
proteinase

3/myeloperoxidase-ANCA
etc. [113]

Anti-GBM Abs(type II allergy)

Recommendation

Better to perform kidney
transplant after introduction

of dialysis therapy for several
months, and being able to

reduce prednisolone
<10 mg/day

Wait for renal transplant at
least 12 months after the
disease activity becomes

under control.

Confirm a decrease in
anti-GBM Abs for at least

consecutive 12 months

Abs: antibodies; ANCA: anti-neutrophil cytoplasmic autoantibodies; GBM: glomerular basement membrane.
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4.1.7. Amyloidosis and Mimickers

Amyloidosis is a systemic disease and a relatively rare entity for renal transplantation.
Amyloid deposition is observed under the electron microscopy at around 5–12 nm fibrils,
which are β-pleated sheets [114]. In addition, a positive Congo red stain and an apple-green
birefringence with polarized light are often used for confirmation [115]. Mass spectrometry
became a useful tool for distinguishing the following subtypes [116].

AL (fibrils due to immunoglobulin light chain clonal production); AA (serum amyloid
A congregation, secondary amyloidosis); ATTR (hereditary amyloidosis, genetic mutation
of misfolding-prone protein (mainly transthyretin)); and ATTRwt (wild-type transthyretin
misfolding). Responsible proteins of ATTR include apolipoprotein A-I, A-II, lysozyme,
fibrinogen, and cystatin C, etc., in addition to transthyretin [117,118].

Although amyloidosis negatively impacted the patients’ graft survival, the overall
outcomes were equivalent with diabetes mellitus (DM) or elderly (>65 years) recipients
after renal transplantation. Around 15% recurrence rates had been reported, depending
on the subtype of amyloidosis, and significantly affected patients’ survival. Regarding
AL amyloidosis, a complete hematologic response seems to be key in achieving better
survival [119] and acceptable outcomes (median duration to graft loss: 10.4 years), whilst
patients with partial or no response demonstrated inferior outcomes (5.5 years) [120].
Apolipoprotein A-I and lysozyme amyloidosis showed better graft survival, with 13.1 years
at median [119]. These studies suggest that renal transplant outcomes largely rely on the
type of primary amyloidosis. Therefore, at least, it is reasonable to evaluate patients
carefully and manage the primary amyloidosis appropriately in order to mitigate the risk
of recurrence when considering renal transplant for amyloidosis.

On the other hand, as a mimicker, fibrillary glomerulonephritis (FGN) shares several
common characteristics both clinically and histologically: nephrotic or nephrotic syndrome,
deposits of 12–24 nm fibrils, and occasionally positive Congo red stain (4%). FGN is
characterized by DnaJ homolog subfamily B member 9 as an auto-antigen [121] and
possibly recurs after transplant with the rate at around 20% [122]. Thus, it is pivotal
to make a correct diagnosis in confusing cases by using mass spectrometry.

In addition to recipients diagnosed with amyloidosis, it is essential to keep renal amy-
loidosis in mind in cases of new-onset proteinuria or nephrotic syndrome following renal
transplantation for an unknown primary disease, since a routine pathological screening
may not identify the early signs of recurrent amyloidosis.

4.2. Liver Transplantation

After liver transplantation, a variety of medical problems might occur, such as renal
damage, new onset of DM, etc., in addition to rejection and infection. Furthermore, primary
disease recurrences are another significant issue. There are at least three major mechanisms
by which a primary disease recurs in liver grafts. The first category is a recurrence in the
same manner as the primary disease, for example, primary biliary cholangitis or primary
sclerosing cholangitis. Secondly, a recurrence of hepatitis due to a virus that is responsible
for the primary hepatitis belongs to this category. Third, this category contains recurrences
of tumors in liver graft. It can be recognized as primary tumor metastases to liver grafts.

4.2.1. Viral Hepatitis

Although viral hepatitis B and C have been the leading reasons for adult liver trans-
plants [123], a recent rapid increase in nonalcoholic steatohepatitis has rearranged this
trend [124].

Regarding hepatitis B virus (HBV) reactivation following transplant, there are two
main distinctive situations. The first instance is HBV hepatitis in HBsAg (hepatitis B
surface antigen)-positive recipients, whereas HBV transfer from a donor who is HBsAg-
negative/hepatitis B core antibodies (anti-HBc Abs)-positive is another example. From the
perspective of recurrence, former conditions will be discussed here.
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For recipients with HBV infection, inappropriate prophylaxis results in HBV reinfec-
tion of liver grafts. Following the removal of the infected liver, the reinfection is established
with HBV remaining in the recipient’s blood stream. This trend seems to be more appar-
ent in recipients with preoperative HBV-DNA positive than HBV-DNA and hepatitis B e
antigen (HBeAg) double-negative cases. Eighty-three percent of preoperative HBV-DNA
positive recipients had serums that became HBsAg-positive after surgery. Nevertheless,
HBV-DNA and HBeAg double-negative cases also showed an HBsAg resurgence in 58%
of recipients [125]. Therefore, HBV exists in recipients, albeit with negative results for
HBV-DNA. It is well known that the outcomes of HBV reinfection have significant nega-
tive effects on liver grafts: rapid progression to cirrhosis [126]. As prophylaxis strategies,
initially, hepatitis B immunoglobulin or lamivudine administration had been implemented.
However, higher than 30% reactivation was confirmed despite prophylaxis [125,127]. There-
after, it was proved that hepatitis B immunoglobulin and lamivudine coadministration was
effective enough to suppress reactivation, with a rate of 0–10% [128,129]. Consequently, it
became a standard practice to apply preoperative lamivudine treatment, intraoperative
hepatitis B immunoglobulin IV, and postoperative coadministration.

Although hepatitis C virus (HCV) has spread worldwide, the introduction of direct-
acting antivirals (DAA) has completely changed its management after liver transplan-
tation [130]. In addition, DAA provides an opportunity to expand a donor pool to the
HCV-positive population [131]. As a natural course of liver transplant for HCV, the rates of
HCV-recurrent infection are significantly high and typically occur soon after surgery, while
only 5% of recipients may escape from recurrence. In many cases, HCV RNA becomes
detectable two to four weeks after transplant. Subsequently, many recipients show histolog-
ical chronic hepatitis [132,133]. Before the introduction of DAA, it was believed that these
factors might affect the overall outcomes of liver transplants. Surprisingly, these negative
influences may be limited to slight-to-moderate inferior outcomes in 5-year patient survival
rates [134]. Conversely, several studies have reported that HCV recurrence possibly caused
serious outcomes, such as fibrosing cholestatic hepatitis [135], immediate progression to
cirrhosis [136], or deteriorated patient survival [137].

Before the emergence of DAA, several treatment strategies were reported. From
the 1990s, interferon therapy commenced [138]. Ribavirin was added in the 2000s [139]
and was later improved by Peg-interferon [140]. However, the sustained virological
response (SVR) after transplant remained only around 10–40%, which was far below
acceptable rates [141,142]. In 2011, telaprevir was approved as a first-generation proteinase
inhibitor and established as a triple-drug treatment [143]. The second generation simeprevir,
emerged in 2013, and the regimen further improved [144].

Next, in 2014, the interferon-free DAAs, asunaprevir, and daclatasvir were developed
with successfully high SVRs [145]. Conversely, it is true that candidates for liver trans-
plant may have belonged to a category where preoperative treatment was ineffective or
impossible due to refractory mutated HCV or patients’ other conditions. Thus, SVRs after
transplant were inevitably lower than those of native HCV patients [146].

Considering these serious consequences, the effective DAA introduction was signifi-
cant, especially after the emergence of sofosbuvir and ledipasvir. As the SVRs had reached
nearly 100% both in native HCV and liver transplant patients [147,148], DAA introduction
after liver transplant became a standard therapy. Furthermore, for recipients with renal
failure, cirrhosis, or prior DAA failure, the effectiveness of glecaprevir and pibrentasvir
has been reported [149].

4.2.2. Malignant Tumor

Liver transplantation is indicated for end-stage liver disease with tumors or unre-
sectable malignant liver tumors under certain conditions. Hepatocellular carcinoma (HCC)
is a representative tumor that is most frequently indicated for liver transplantation. Origi-
nally, it is well known that the outcomes of liver transplantation for HCC without staging
were inferior to those of other primary diseases without HCC [150]. This is primarily
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because HCC recurs in transplanted liver grafts in immunocompromised patients. Thus,
liver transplantation should proceed in circumstances where HCC is not disseminated
to the outside of the liver. To overcome the recurrence of HCC, the Milan criteria was
clinically introduced worldwide [151]. However, a certain patient group demonstrated the
equivalent outcomes, albeit with deviation from the Milan criteria. The criteria were then
modestly expanded to the University of California, San Francisco (UCSF) criteria, which
showed a 75% survival rate in 5 years [152]. The Kyoto group also expanded the eligibility
for liver transplantation with an excellent survival rate of 82% and a low recurrence rate
of 7% at 5-years post-transplant [153]. It is noteworthy that the Kyoto group not only
applied tumor size and numbers, but also serum des-gamma-carboxy prothrombin levels
as an assessment for tumor activities. Recently, there have been further efforts to establish
several other safer models, such as the hazard associated with liver transplantation for
hepatocellular carcinoma which incorporates a dynamic α–fetoprotein response [154].

Early stage unresectable cholangiocarcinoma is also considered as an indication for
liver transplantation. Cholangiocarcinoma is the second most common liver cancer and
pathophysiologically divided into two different groups: extrahepatic cholangiocarcinoma
and intrahepatic cholangiocarcinoma. Among extrahepatic cholangiocarcinoma, perihilar
cholangiocarcinoma may be an indication for liver transplantation, whilst liver transplanta-
tion is not indicated for distal cholangiocarcinoma given its location [155]. LT can only be
a valid treatment plan if it can promise a better survival rate compared to liver resection.
In order to achieve this, the Mayo Clinic protocol that was originally reported in 2000 has
been supported. In summary, liver transplantation is performed following neoadjuvant
chemoradiotherapy, which consists of extra-beam and transcatheter radiation therapy and
intravenous 5-FU administration [156]. Based on experience, elevated CA19-9, encased
portal vein, and non-radical resection were identified as predictors of recurrence following
liver transplantation [157]. On the other hand, several initial studies regarding intrahep-
atic cholangiocarcinoma seem to be difficult to interpret since the pathological conditions
of recipients were not sufficient. However, recent studies show that liver transplanta-
tion for very early intrahepatic cholangiocarcinoma—a single tumor measuring less than
2 cm—promises acceptable outcomes, with a 73% 5-year patient survival rate [158]. In
summary, these results were obtained from incidental pathological findings in recipients
with cirrhosis or initial misinterpretation as HCC. Thus, initial diagnosis such as very early
intrahepatic cholangiocarcinoma should first be considered for liver resection. However,
if liver resection is not an option, as with portal hypertension, etc., liver transplantation
might be the last resort.

4.2.3. Primary Biliary Cholangitis

Primary biliary cholangitis (PBC) is categorized as a cholestatic liver disease accom-
panied by autoimmune features. These features comprise anti-mitochondrial Abs (AMA)
positivity (>90% of patients), targeting anti-E2 domain of pyruvate dehydrogenase complex
Abs [159], and meaningful overlap with other autoimmune disorders, such as Sjogren’s
syndrome and thyroiditis, etc. [160]. Thus, PBC is recognized as part of a systemic au-
toimmune condition. Histologically, PBC is characterized by a chronic destructive form of
nonsuppurative granulomatous lesions with or without lymphocytes-infiltrate cholangitis
in small-sized and medium-sized biliary trees [161].

With the introduction of ursodeoxycholic acid (UDCA) in the early stages of PBC, the
resulting rates of liver transplant or death improved to 6% and 22% at 10 and 20 years, re-
spectively, after the onset of PBC [162]. The outcomes of liver transplant are generally good,
with around 80% and 70% survival rates reported at 5 and 10 years, respectively [163,164].
Interestingly, similar outcomes have been reported with deceased and living liver trans-
plant donors [165]. The rates of recurrent PBC appear to vary depending on whether
recipients received prophylactic UDCA administration and the frequency of liver biop-
sies. Recurrence rates at 10% to 20% have been reported in recipients with prophylaxis
during an approximately 10-year follow-up period [166,167], whereas patients without

113



J. Clin. Med. 2021, 10, 5417

prophylaxis have demonstrated greater than 30% recurrence rates over the same time
period [168,169]. These studies support that UDCA is effective for the majority of patients
with recurrence, but there were no significant improvements in histological changes and
patients’ survival [169].

Diagnosis of recurrent PBC is largely reliant on histological findings, since only around
10% of recurrent PBC patients demonstrate classic symptoms of PBC, i.e., pruritis, jaun-
dice, xerostomia, or keratoconjunctivitis sicca, etc. In order to standardize recurrent PBC,
pathological features combined with the existence of AMA and elevated IgM are often
adopted clinically. Pathological features include the following four findings: 1. epithe-
lioid granulomas called florid lesions, 2. lymphoplasmacytic infiltration, 3. lymphocytes
aggregation, and 4. bile duct injury. Definite recurrent PBC is defined by having all 3–4
pathological features, while conditions meeting 2/4 criteria are considered as probable
recurrent PBC [170].

Citing definite risk factors for recurrence of PBC is still controversial, although several
studies suggest that immunosuppressants, HLA alleles, HLA mismatch, recipient/donor
age, and gender play a role, which appear to be feasible from the perspective of the
behavior of autoimmune nature. Manousou et al. reported that therapy with cyclosporin
and azathioprine in combination had preventive effects on the recurrence of PBC, although
cyclosporin and tacrolimus alone had minimal influence [168]. Egawa et al. also suggest
that there is superiority in conversion to cyclosporin from tacrolimus within 1 year to
decrease the risk of recurrence, albeit with a disadvantage of cyclosporin as a primary
calcineurin inhibitor [171]. This research enumerated several other risk factors: serum IgM
554 mg/dL or higher and donor-recipient sex mismatch. Recent meta-analysis from six
retrospective studies showed tacrolimus inferiority and UDCA protective effects for the
recurrence of PBC [172].

Regarding disease activity of recurrent PBC, it basically exhibits an indolent style
that barely requires re-transplantation and tends not to affect long-term outcomes. A
Japanese multicenter study showed that PBC recurrence rarely became an indication
for re-transplantation after analyzing seven re-transplant cases from 516 liver transplant
recipients of PBC [173], while Charatcharoenwitthaya et al. reported that two out of thirty-
eight recurrent cases required re-transplantation [169]. Taken together, it can be argued
that PBC recurrence seldom results in graft loss.

4.2.4. Primary Sclerosing Cholangitis

Primary sclerosing cholangitis (PSC) is characterized by both intra-hepatic and extra-
hepatic multiple or diffuse bile duct stenoses, which result in a chronic cholestatic condi-
tions associated with cirrhosis. Pathogenesis of PSC remains unclear, but, as with other
multifactorial diseases, genetic factors along with environmental factors may play a role in
its onset. Notable findings include a strong association of up to 80% with inflammatory
bowel disease, especially ulcerative colitis [174]. In addition, PSC increases the risk of
primary liver cancer, especially cholangiocarcinoma, by up to 1500 times compared with
the general population and increases the annual morbidity rate by 0.5% [175]. At present,
liver transplantation is the only established therapy for PSC. The overall survival rates
without liver transplant in PSC patients were 78 and 60% at 10 and 20 years, respectively,
following the onset of PSC [176].

The outcomes of liver transplantation for PSC differ from relatively poor to acceptable
graft survival rates. From the European Liver Transplant Registry, 80, 69, and 57% graft
survival rates at 1, 5, and 10 years, respectively, were reported [163], while U.S. data showed
86.5, 78, and 71.5% for the same time periods [164]. Although several discrepancies exist,
the outcomes are generally worse than those for liver transplants for other cholestatic
diseases. It can be argued that recurrent PSC in transplanted livers is one of the reasons for
the worse outcomes.

Periductal concentric fibrosis (onion skin fibrosis) accompanied with lymphocyte
infiltration is a well-known histological finding. However, this typical feature is not often
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observed in PSC clinically. In order to diagnose PSC, cholangiography is considered the
most important step. A beaded or “pruned tree” appearance and band-like strictures are
characteristic features of PSC. Recurrent PSC is determined in PSC recipients who demon-
strate these cholangiography findings or pathologies, with the exception of cases of hepatic
artery thrombosis or other similar conditions [177]. Pathological features are considered
particularly important in the diagnosis. Recurrence rates of around 20% have been reported,
especially when less than a median of 5 years has passed since transplant [178–180].

The discrepancies in the reported incidences of recurrence may reveal some risk
factors, although several risk factors have been reported from various institutions. These
risk factors are considered to be possible issues for grafts, recipients–donor relations and
recipients. Regarding liver grafts, marginal or extended donor criteria grafts may exhibit a
higher incidence of recurrence [179]. Meaningful insights can also be obtained from living
donor liver transplants. Notably, related (parent/child) pairs may show higher recurrence
rates, and this tendency is clearer if recipients are followed-up longer: The hazard ratio
is 3.12 (>12 months follow-up) [181]. Another study suggested higher recurrence rates in
living donor liver transplants, compared to deceased donor transplant [182]. However,
a multi-center cohort study denied the impact of donor type, albeit without collecting
adequate HLA data [183].

In relation to recipient issues, several factors have been discussed, such as inflamma-
tory bowel disease, rejection/immunosuppressants, younger age, and high MELD scores,
etc. Of these, topics regarding inflammatory bowel disease are often discussed. Given the
“leaky gut” hypothesis, unchanged bowel bacterial flora or substances from those after
transplant may evoke the same pathological condition in transplanted liver grafts [184].
Thus, pretransplant colectomy with a remission of inflammatory bowel disease may confer
PSC pathogenesis-free circumstances. Rejection, especially a refractory one, also imposes a
higher risk of recurrence that may be explained by the fact that PSC and rejection share the
same immunological pathways [185]. Taken together, several institutions seem to apply
the following as clinically acceptable strategies: (1) avoidance of a first-degree relative as a
donor and reliance on a deceased donor, if trusting the results that showed living donor
inferiority, and (2) minimal withdrawal of immunosuppression.

Recurrent PSC tends to demonstrate CR style and demonstrates inferior outcomes
(graft loss) that require re-transplantation with high probabilities (30–70%) compared to
recurrent PBC or autoimmune hepatitis [181,183]. These results suggest that recurrent PSC
progresses vehemently to graft loss. As with native PSC, no standard therapy has yet been
established for recurrent PSC except for re-transplantation, although biliary tract drainage
can be attempted in several cases as rescue therapy.

4.2.5. Autoimmune Hepatitis

Autoimmune hepatitis (AIH) is an inflammatory, basically progressive, autoimmune
disease that mainly affects middle-aged women (but possibly all ages and both genders)
due to uncertain causes. The disease progression seems to rely on environmental triggers
and genetic factors [186]. Although no disease-specific markers have been identified,
several autoantibodies have been recognized in AIH: anti-nuclear, anti-smooth muscle,
anti-liver kidney microsome, and anti-liver cytosol antigen type I. Based on these serological
markers, AIH can be separated into type I (anti-nuclear or anti-smooth muscle Abs, or
both) and II (anti-liver kidney microsome Abs) AIH [187]. In addition, the existence of
type III AIH (anti-soluble liver antigens Abs) has been advocated [188], although the
characteristic of this entity overlaps with type I AIH [187]. AIH is also characterized by
mildly elevated serum IgG levels and interface hepatitis or plasma-lymphocytic infiltration.
In terms of treatment, the first recommendation is corticosteroids followed by azathioprine
and mycophenolate mofetil in that order [189]. If appropriate therapies are provided,
the long-term outcome of AIH generally provides sufficient life expectancy. However,
compared to other chronic liver diseases, the lack of these interventions results in relatively
rapid progression to cirrhosis and liver failure, which requires liver transplant [190].
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The recurrence of AIH after liver transplantation was initially reported with the rate
of 26%, including PR to CR, by the Pittsburgh group [191]. Several other studies reported
similar results of around 30 to 40% recurrence rates [192,193], including ambiguous cases.
According to a recent systematic review, 8–12% and 36–68% PR to CR have been reported
in one and five years, respectively, after liver transplant [194]. PR, with an indolent clinical
course, may make up a large part of the recurrence. Although there is no firm consensus
regarding recurrence, the diagnosis of recurrence largely relies on clinical manifestations:
abnormal liver function tests, positive autoantibody status, high gamma globulinemia, and
pathological findings (lymphoplasmacytic infiltration to portal area, central perivenulitis,
interface hepatitis, and foci of necrosis) without evidence of endothelialitis and ductulitis,
with the exclusion of rejection and viral infection. Notably, it is important to pay attention
to the existence of TCMR, because the frequency of TCMR is generally higher in AIH,
which may influence the diagnosis of recurrence [195].

Genetic factors may also play roles in the recurrence of AIH. Several studies over the
last two decades detected HLA-DR isotype involvement. Two initial reports suggested
that HLA-DR3 positivity in recipients has a negative impact on recurrence [192], especially
in HLA–DR3 negative allografts [191]. A recent study also described how mismatches
on both HLA-DR alleles results in a significant risk of recurrence, especially for patients
with single-agent immunosuppression. This study also showed that racial factors might
play a role in developing a recurrence [196]. It is also true that the high activity of primary
AIH before transplant influences the rates of recurrence. In a multivariate analysis, the
degree of inflammatory activity and high IgG levels were recognized as risk factors for
recurrence [197]. Information regarding recurrence rates based on the type of AIH seems
to be limited [198].

Treatment strategies for recurrence are based mainly on primary AIH and consist of
steroid, azathioprine, and mycophenolate mofetil. In recipients with risk factors, a certain
level of immunosuppression is required, although a steroid-minimization approach is often
applied in the liver transplant field. The long-term outcome of recurrence may show slight
disadvantages in graft survival rates [199], but there appears to be no significant difference
between non-recurrence and recurrence populations [196].

These three autoimmune liver diseases are summarized in Table 4 from the perspective
of liver transplantation.

Table 4. Overall graft and patient survival and other key information in autoimmune liver diseases after liver transplanta-
tion.

Primary Biliary Cholangitis Primary Sclerosing Cholangitis Autoimmune Hepatitis

Patient Survival
after liver

transplantation

About 80–90%, and 70–80% at 5
and 10 years

(86% and 76% at 5 and 10 years
[200], 90% and 79% at 5 and 10

years [169], 80% and 71% at 5 and
10 years [163], 84.4% and 79% at 5

and 10 years [164])

About 80–90%, and 70–80% at 5 and
10 years

(78% and 70% at 5 and 10 years
[163], 87.4% and 83.2% at 5 and
10 years [164], 89% and 79% at 5

and 10 years [201])

About 75% at 5 years
(76–78% at 5 years [197])

Patient Survival in
the recurrent group

About 95% and 80–90% at 5 and
10 years

(96% and 83% at 5 and 10 years
[200], 88.5%/10.1 ± 4.3 years

(follow-up period) [169])

About 80%, and 50% at 5 and
10 years

(84% and 56% at 5 and
10 years [201])

About 75% at 5 years
(76% at 5 years [197])

Recurrence Rate

About 10% and 20–30% at 5 and
10 years(9.6% and 20.6% at 5 and
10 years [171], 13% and 29% at 5

and 10 years [200])

About 10–20% and 10–30% at 5 and
10 years (13% at 5 years [202], 14.3%
at 9 years [201], 18.1% and 36% at 5

and 10 years [178], 23%/median
4.6 years [179])

About 10–20%, and 30% at 5
and 10 years

(18%, and 32% at 5 and 10 years
[197], 25%/15 ± 2 months
(follow-up period) [203])
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Table 4. Cont.

Primary Biliary Cholangitis Primary Sclerosing Cholangitis Autoimmune Hepatitis

Pathological vs.
clinical recurrence

Pathological recurrence
predominant

High clinical recurrence rates
(30–70%)

Pathological recurrence
predominant

Prophylaxis Ursodeoxycholic acid N/A N/A

Treatments Ursodeoxycholic acid N/A Steroid, Azathioprine,
mycophenolate mofetil

Risk factors based
on donor

type/factors
Gender mismatch A first degree relative donor HLA-DR locus mismatching,

recipient DR3+/donor DR3-

4.3. Pancreas Transplantation

Although the target diseases for pancreas transplantation may have a narrow range,
recurrent primary DM could have a large negative impact on graft survival. Pancreas
transplant is basically indicated for patients with type 1 insulin dependent DM or after
total pancreatectomy. However, several studies, discussed below, showed that type 2
DM patients without significant insulin resistant can also become candidates for pancreas
transplant with acceptable outcomes. In order to control primary outcomes, DM is a key
for achieving excellent outcomes. In this section, we describe type 1 DM, which may recur
after transplant.

Type 1 Diabetes Mellitus

Type 1 DM can be classified as an autoimmune disease. Pancreas-islet-related autoan-
tibodies are frequently identified. Although up to 20 or more different autoantibodies have
been reported, islet cell Abs (ICA), insulin autoantibody (IAA), glutamic acid decarboxylase
65 (GAD65) antibody, insulinoma-associated protein-2 (IA-2) antibody, and zinc transporter
8 (ZnT8) autoantibody have been considered as clinically important autoantibodies [204].
ICA was originally discovered by Bottazzo et al. in 1974 [205]. Measuring ICA is the
gold-standard method for diagnosing and predicting type 1 DM, primarily due to its high
sensitivity and specificity. However, it is unreasonable to use this in the clinical setting, as
it involves a complicated procedure. Furthermore, GAD65 and IA-2 have been identified
as the mainly corresponding antigens of ICA [206]. Therefore, alternatively, anti-GAD65
and IA-2 Abs seem to be substituted clinically for ICA.

The overall rate of developing type 1 DM after pancreas transplantation is relatively
low, provided that effective immunosuppression is introduced [207]. However, as a typical
example, recurrence occurred in twins or HLA-identical siblings who underwent living-
related pancreas transplantation with minimal effects of immunosuppression [208]. These
studies point to the importance of common HLA sharing and immunosuppression. The
existence of HLA-DR3 and HLA-DR4 in the recipient’s allele is particularly considered as a
risk factor. HLA-DR allele sharing also seems to be an unfavorable factor regarding recur-
rence [209]. Conversely, even though conventional immunosuppression was introduced
for HLA-mismatched pancreas transplantation, type 1 DM recurrence was observed. It has
been reported that autoantibody positivity is related to poor glucose tolerance, although
this study did not include histologic examination and discards the possibilities of other
causes [210].

Thus, it is reasonable to believe that a certain population is vulnerable in nature to the
recurrence of an autoimmune disease. By employing a progression of immunosuppressive
medications, the Miami group reported a reduction in the recurrence rate in type 1 DM.
This effect may be due to induction therapy, such as anti-CD25 antibody or thymoglobu-
lin, rather than maintenance immunosuppression [209]. However, the administration of
3–4 medications in combination may additionally suppress recurrence.
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5. Feature Perspective and Concluding Remarks

ABMR and a recurrence of primary disease are looming subjects that hinder the
achievement of excellent long-term graft survival. It has been considered that ABMR is
prominent in renal transplant rather than liver and pancreas transplants. Nevertheless, as
a development of immunological assessments, the identification of ABMR in liver and pan-
creas transplants has become more apparent than before. Due to the fact that there seems
to be common immunological reactions in these different organs, integrated approaches
from different fields could accelerate the understanding of ABMR. Furthermore, knowing
the nature of the primary disease would also facilitate tailoring immunosuppression to
mitigate the risk of recurrence.

Lowering immunosuppression under a certain threshold could trigger the onset of
these two distinctive conditions. Thus, it would be ideal to find more precise thresholds
for each case by monitoring the recipients’ immunological status. Regarding induction
therapies, a single induction at pre-transplant or peri-transplant may be unfeasible with
respect to maintaining the condition free from both ABMR and recurrence in the long term,
because the recovery of immunity occurs over the course of post-transplant. However,
more specific tolerance induction or complete remission from the primary disease could
alleviate the risk of both entities or realize a better condition. ABMR and recurrence of
primary diseases have their own preferences regarding donor immunological backgrounds,
which would be contrary to each other. Donor selection could be arranged by estimating
the advantages and disadvantages. Adjustment of these factors could result in improved
outcomes in organ transplantation.
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Abbreviations

ABMR antibody-mediated rejection
Abs antibodies
AIH autoimmune hepatitis
AMA anti-mitochondrial antibodies
ANCA anti-neutrophil cytoplasmic autoantibodies
anti-HBc Abs anti-hepatitis B core antibodies
CNI calcineurin inhibitors
CR clinical recurrence
DAA direct-acting antivirals
DM diabetes mellitus
dnDSA de novo donor specific anti-HLA antibodies
DSA donor specific anti-HLA antibodies
FGN fibrillary glomerulonephritis
FSGS focal segmental glomerulosclerosis
g-DSA intra-graft DSA
GAD65 glutamic acid decarboxylase 65
GBM anti-glomerular basement membrane
GdIgA1 galactose-deficient IgA1
HBeAg hepatitis B e antigen
HBsAg hepatitis B surface antigen
HBV hepatitis B virus
HCC hepatocellular carcinoma
HCV hepatitis C virus
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HLA human leukocyte antigen
IAA insulin autoantibody
IA-2 insulinoma-associated protein-2
ICA islet cell antibodies
IFTA interstitial fibrosis and tubular atrophy
IgAN IgA nephropathy
IVIG intravenous immunoglobulin therapy
mCR mild-to-moderate clinical recurrence
MELD model for end-stage liver disease
MN membranous nephropathy
MPGN membranoproliferative glomerulonephritis
mTOR mammalian target of rapamycin
PBC primary biliary cholangitis
PLA2R anti-phospholipase A2 receptor antibodies
PR pathological recurrence
PSC primary sclerosing cholangitis
RPGN rapidly progressive glomerulonephritis
s-DSA serum DSA
sCR severe clinical recurrence
SLE systemic lupus erythematosus
suPAR soluble urokinase type plasminogen activator receptor
SVR sustained virological response
TCMR T cell-mediated rejection
THSD7A thrombospondin type-1 domain-containing 7A antibodies
UDCA ursodeoxycholic acid
ZnT8 zinc transporter 8
αIgA anti-GdIgA1 IgG
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105. Göçeroğlu, A.; Rahmattulla, C.; Berden, A.E.; Reinders, M.E.; Wolterbeek, R.; Steenbergen, E.J.; Hilbrands, L.B.; Noorlander,
I.; Berger, S.P.; Peutz-Kootstra, C.J.; et al. The Dutch Transplantation in Vasculitis (DUTRAVAS) Study: Outcome of Renal
Transplantation in Antineutrophil Cytoplasmic Antibody-associated Glomerulonephritis. Transplantation 2016, 100, 916–924.
[CrossRef] [PubMed]

106. Little, M.A.; Hassan, B.; Jacques, S.; Game, D.; Salisbury, E.; Courtney, A.E.; Brown, C.; Salama, A.D.; Harper, L. Renal
transplantation in systemic vasculitis: When is it safe? Nephrol. Dial. Transplant. 2009, 24, 3219–3225. [CrossRef]

107. Nachman, P.H.; Segelmark, M.; Westman, K.; Hogan, S.L.; Satterly, K.K.; Jennette, J.C.; Falk, R. Recurrent ANCA-associated small
vessel vasculitis after transplantation: A pooled analysis. Kidney Int. 1999, 56, 1544–1550. [CrossRef] [PubMed]

108. Kluth, D.C.; Rees, A.J. Anti-glomerular basement membrane disease. J. Am. Soc. Nephrol. JASN 1999, 10, 2446–2453. [CrossRef]
109. Singh, T.; Kharadjian, T.B.; Astor, B.C.; Panzer, S.E. Long-term outcomes in kidney transplant recipients with end-stage kidney

disease due to anti-glomerular basement membrane disease. Clin. Transplant. 2021, 35, e14179. [CrossRef]
110. Tang, W.; McDonald, S.P.; Hawley, C.M.; Badve, S.V.; Boudville, N.C.; Brown, F.G.; Clayton, P.A.; Campbell, S.B.; de Zoysa, J.R.;

Johnson, D.W. Anti-glomerular basement membrane antibody disease is an uncommon cause of end-stage renal disease. Kidney
Int. 2013, 83, 503–510. [CrossRef]

111. Netzer, K.O.; Merkel, F.; Weber, M. Goodpasture syndrome and end-stage renal failure–to transplant or not to transplant? Nephrol.
Dial. Transplant. 1998, 13, 1346–1348. [CrossRef]

112. Lochhead, K.M.; Pirsch, J.D.; D’Alessandro, A.M.; Knechtle, S.J.; Kalayoglu, M.; Sollinger, H.W.; Belzer, F.O. Risk factors for renal
allograft loss in patients with systemic lupus erythematosus. Kidney Int. 1996, 49, 512–517. [CrossRef] [PubMed]

113. Jennette, J.C.; Nachman, P.H. ANCA Glomerulonephritis and Vasculitis. Clin. J. Am. Soc. Nephrol. CJASN 2017, 12, 1680–1691.
[CrossRef]

114. Ronco, P.M.; Aucouturier, P. The molecular bases of plasma cell dyscrasia-related renal diseases. Nephrol. Dial. Transplant. 1999,
14 (Suppl. S1), 4–8. [CrossRef]

115. Röcken, C.; Sletten, K. Amyloid in surgical pathology. Virchows Arch. 2003, 443, 3–16. [CrossRef]
116. Vrana, J.A.; Gamez, J.D.; Madden, B.J.; Theis, J.D.; Bergen, H.R., 3rd; Dogan, A. Classification of amyloidosis by laser microdis-

section and mass spectrometry-based proteomic analysis in clinical biopsy specimens. Blood 2009, 114, 4957–4959. [CrossRef]
[PubMed]

117. Abe, R.; Katoh, N.; Takahashi, Y.; Takasone, K.; Yoshinaga, T.; Yazaki, M.; Kametani, F.; Sekijima, Y. Distribution of amyloidosis
subtypes based on tissue biopsy site—Consecutive analysis of 729 patients at a single amyloidosis center in Japan. Pathol. Int.
2021, 71, 70–79. [CrossRef]

118. Westermark, P.; Benson, M.D.; Buxbaum, J.N.; Cohen, A.S.; Frangione, B.; Ikeda, S.; Masters, C.L.; Merlini, G.; Saraiva, M.J.;
Sipe, J.D. Amyloid: Toward terminology clarification. Report from the Nomenclature Committee of the International Society of
Amyloidosis. Amyloid 2005, 12, 1–4. [CrossRef] [PubMed]

119. Pinney, J.H.; Lachmann, H.J.; Sattianayagam, P.T.; Gibbs, S.D.; Wechalekar, A.D.; Venner, C.P.; Whelan, C.J.; Gilbertson, J.A.;
Rowczenio, D.; Hawkins, P.N.; et al. Renal transplantation in systemic amyloidosis-importance of amyloid fibril type and
precursor protein abundance. Am. J. Transplant. 2013, 13, 433–441. [CrossRef]

120. Angel-Korman, A.; Stern, L.; Sarosiek, S.; Sloan, J.M.; Doros, G.; Sanchorawala, V.; Havasi, A. Long-term outcome of kidney
transplantation in AL amyloidosis. Kidney Int. 2019, 95, 405–411. [CrossRef]

121. Andeen, N.K.; Yang, H.Y.; Dai, D.F.; MacCoss, M.J.; Smith, K.D. DnaJ Homolog Subfamily B Member 9 Is a Putative Autoantigen
in Fibrillary GN. J. Am. Soc. Nephrol. JASN 2018, 29, 231–239. [CrossRef]

122. El Ters, M.; Bobart, S.A.; Cornell, L.D.; Leung, N.; Bentall, A.; Sethi, S.; Fidler, M.; Grande, J.; Hernandez, L.H.; Cosio, F.G.; et al.
Recurrence of DNAJB9-Positive Fibrillary Glomerulonephritis After Kidney Transplantation: A Case Series. Am. J. Kidney Dis.
2020, 76, 500–510. [CrossRef] [PubMed]

123. Kim, W.R.; Terrault, N.A.; Pedersen, R.A.; Therneau, T.M.; Edwards, E.; Hindman, A.A.; Brosgart, C.L. Trends in waiting list
registration for liver transplantation for viral hepatitis in the United States. Gastroenterology 2009, 137, 1680–1686. [CrossRef]

124. Younossi, Z.M.; Stepanova, M.; Ong, J.; Trimble, G.; AlQahtani, S.; Younossi, I.; Ahmed, A.; Racila, A.; Henry, L. Nonalcoholic
Steatohepatitis Is the Most Rapidly Increasing Indication for Liver Transplantation in the United States. Clin. Gastroenterol.
Hepatol. 2021, 19, 580–589.e5. [CrossRef] [PubMed]

125. Samuel, D.; Muller, R.; Alexander, G.; Fassati, L.; Ducot, B.; Benhamou, J.P.; Bismuth, H. Liver transplantation in European
patients with the hepatitis B surface antigen. N. Engl. J. Med. 1993, 329, 1842–1847. [CrossRef]

124



J. Clin. Med. 2021, 10, 5417

126. Todo, S.; Demetris, A.J.; Van Thiel, D.; Teperman, L.; Fung, J.J.; Starzl, T.E. Orthotopic liver transplantation for patients with
hepatitis B virus-related liver disease. Hepatology 1991, 13, 619–626.

127. Mutimer, D.; Pillay, D.; Dragon, E.; Tang, H.; Ahmed, M.; O’Donnell, K.; Shaw, J.; Burroughs, N.; Rand, D.; Cane, P.; et al.
High pre-treatment serum hepatitis B virus titre predicts failure of lamivudine prophylaxis and graft re-infection after liver
transplantation. J. Hepatol. 1999, 30, 715–721. [CrossRef]

128. Markowitz, J.S.; Martin, P.; Conrad, A.J.; Markmann, J.F.; Seu, P.; Yersiz, H.; Goss, J.A.; Schmidt, P.; Pakrasi, A.; Artinian, L.; et al.
Prophylaxis against hepatitis B recurrence following liver transplantation using combination lamivudine and hepatitis B immune
globulin. Hepatology 1998, 28, 585–589. [CrossRef]

129. Degertekin, B.; Lok, A.S. What is the optimal regimen for preventing hepatitis B recurrence after liver transplantation? Nat. Clin.
Pract. Gastroenterol. Hepatol. 2009, 6, 68–69. [CrossRef] [PubMed]

130. Cotter, T.G.; Paul, S.; Sandıkçı, B.; Couri, T.; Bodzin, A.S.; Little, E.C.; Sundaram, V.; Charlton, M. Improved Graft Survival After
Liver Transplantation for Recipients With Hepatitis C Virus in the Direct-Acting Antiviral Era. Liver Transplant. 2019, 25, 598–609.
[CrossRef] [PubMed]

131. Bethea, E.; Arvind, A.; Gustafson, J.; Andersson, K.; Pratt, D.; Bhan, I.; Thiim, M.; Corey, K.; Bloom, P.; Markmann, J.; et al.
Immediate administration of antiviral therapy after transplantation of hepatitis C-infected livers into uninfected recipients:
Implications for therapeutic planning. Am. J. Transplant. 2020, 20, 1619–1628. [CrossRef]

132. Bizollon, T.; Ducerf, C.; Trepo, C.; Mutimer, D. Hepatitis C virus recurrence after liver transplantation. Gut 1999, 44, 575–578.
[CrossRef] [PubMed]

133. Teixeira, R.; Pastacaldi, S.; Papatheodoridis, G.V.; Burroughs, A.K. Recurrent hepatitis C after liver transplantation. J. Med. Virol.
2000, 61, 443–454. [CrossRef]

134. Ghobrial, R.M.; Farmer, D.G.; Baquerizo, A.; Colquhoun, S.; Rosen, H.R.; Yersiz, H.; Markmann, J.F.; Drazan, K.E.; Holt, C.;
Imagawa, D.; et al. Orthotopic liver transplantation for hepatitis C: Outcome, effect of immunosuppression, and causes of
retransplantation during an 8-year single-center experience. Ann. Surg. 1999, 229, 824–831, discussion 831–823. [CrossRef]

135. Verna, E.C.; Abdelmessih, R.; Salomao, M.A.; Lefkowitch, J.; Moreira, R.K.; Brown, R.S., Jr. Cholestatic hepatitis C following liver
transplantation: An outcome-based histological definition, clinical predictors, and prognosis. Liver Transplant. Off. Publ. Am.
Assoc. Study Liver Dis. Int. Liver Transplant. Soc. 2013, 19, 78–88. [CrossRef]

136. Neumann, U.P.; Berg, T.; Bahra, M.; Seehofer, D.; Langrehr, J.M.; Neuhaus, R.; Radke, C.; Neuhaus, P. Fibrosis progression after
liver transplantation in patients with recurrent hepatitis C. J. Hepatol. 2004, 41, 830–836. [CrossRef]

137. Mutimer, D.J.; Gunson, B.; Chen, J.; Berenguer, J.; Neuhaus, P.; Castaing, D.; Garcia-Valdecasas, J.C.; Salizzoni, M.; Moreno,
G.E.; Mirza, D. Impact of donor age and year of transplantation on graft and patient survival following liver transplantation for
hepatitis C virus. Transplantation 2006, 81, 7–14. [CrossRef]

138. Omata, M.; Yokosuka, O.; Takano, S.; Kato, N.; Hosoda, K.; Imazeki, F.; Tada, M.; Ito, Y.; Ohto, M. Resolution of acute hepatitis C
after therapy with natural beta interferon. Lancet 1991, 338, 914–915. [CrossRef]

139. Berg, T.; Hoffmann, R.M.; Teuber, G.; Leifeld, L.; Lafrenz, M.; Baumgarten, R.; Spengler, U.; Zeuzem, S.; Pape, G.R.; Hopf, U.
Efficacy of a short-term ribavirin plus interferon alpha combination therapy followed by interferon alpha alone in previously
untreated patients with chronic hepatitis C: A randomized multicenter trial. Liver 2000, 20, 427–436. [CrossRef] [PubMed]

140. Carrat, F.; Bani-Sadr, F.; Pol, S.; Rosenthal, E.; Lunel-Fabiani, F.; Benzekri, A.; Morand, P.; Goujard, C.; Pialoux, G.; Piroth, L.; et al.
Pegylated interferon alfa-2b vs standard interferon alfa-2b, plus ribavirin, for chronic hepatitis C in HIV-infected patients: A
randomized controlled trial. JAMA 2004, 292, 2839–2848. [CrossRef] [PubMed]

141. Terrault, N.A. Prophylactic and preemptive therapies for hepatitis C virus-infected patients undergoing liver transplantation.
Liver Transplant. 2003, 9, S95–S100. [CrossRef]

142. Bzowej, N.; Nelson, D.R.; Terrault, N.A.; Everson, G.T.; Teng, L.L.; Prabhakar, A.; Charlton, M.R. PHOENIX: A randomized
controlled trial of peginterferon alfa-2a plus ribavirin as a prophylactic treatment after liver transplantation for hepatitis C virus.
Liver Transplant. 2011, 17, 528–538. [CrossRef] [PubMed]

143. Kumada, H.; Toyota, J.; Okanoue, T.; Chayama, K.; Tsubouchi, H.; Hayashi, N. Telaprevir with peginterferon and ribavirin for
treatment-naive patients chronically infected with HCV of genotype 1 in Japan. J. Hepatol. 2012, 56, 78–84. [CrossRef] [PubMed]

144. Fried, M.W.; Buti, M.; Dore, G.J.; Flisiak, R.; Ferenci, P.; Jacobson, I.; Marcellin, P.; Manns, M.; Nikitin, I.; Poordad, F.; et al. Once-
daily simeprevir (TMC435) with pegylated interferon and ribavirin in treatment-naïve genotype 1 hepatitis C: The randomized
PILLAR study. Hepatology 2013, 58, 1918–1929. [CrossRef] [PubMed]

145. Manns, M.; Pol, S.; Jacobson, I.M.; Marcellin, P.; Gordon, S.C.; Peng, C.Y.; Chang, T.T.; Everson, G.T.; Heo, J.; Gerken, G.; et al.
All-oral daclatasvir plus asunaprevir for hepatitis C virus genotype 1b: A multinational, phase 3, multicohort study. Lancet 2014,
384, 1597–1605. [CrossRef]

146. Ikegami, T.; Ueda, Y.; Akamatsu, N.; Ishiyama, K.; Goto, R.; Soyama, A.; Kuramitsu, K.; Honda, M.; Shinoda, M.; Yoshizumi, T.;
et al. Asunaprevir and daclatasvir for recurrent hepatitis C after liver transplantation: A Japanese multicenter experience. Clin.
Transplant. 2017, 31, e13109. [CrossRef] [PubMed]

147. Bourlière, M.; Bronowicki, J.P.; de Ledinghen, V.; Hézode, C.; Zoulim, F.; Mathurin, P.; Tran, A.; Larrey, D.G.; Ratziu, V.; Alric, L.;
et al. Ledipasvir-sofosbuvir with or without ribavirin to treat patients with HCV genotype 1 infection and cirrhosis non-responsive
to previous protease-inhibitor therapy: A randomised, double-blind, phase 2 trial (SIRIUS). Lancet. Infect. Dis. 2015, 15, 397–404.
[CrossRef]

125



J. Clin. Med. 2021, 10, 5417

148. Elfeki, M.A.; Abou Mrad, R.; Modaresi Esfeh, J.; Zein, N.N.; Eghtesad, B.; Zervos, X.; Hanouneh, I.A.; O’Shea, R.; Carey, W.D.;
Alkhouri, N. Sofosbuvir/Ledipasvir Without Ribavirin Achieved High Sustained Virologic Response for Hepatitis C Recurrence
After Liver Transplantation: Two-Center Experience. Transplantation 2017, 101, 996–1000. [CrossRef]

149. Ueda, Y.; Kobayashi, T.; Ikegami, T.; Miuma, S.; Mizuno, S.; Akamatsu, N.; Takaki, A.; Ishigami, M.; Takatsuki, M.; Sugawara, Y.;
et al. Efficacy and safety of glecaprevir and pibrentasvir treatment for 8 or 12 weeks in patients with recurrent hepatitis C after
liver transplantation: A Japanese multicenter experience. J. Gastroenterol. 2019, 54, 660–666. [CrossRef] [PubMed]

150. Figueras, J.; Jaurrieta, E.; Valls, C.; Benasco, C.; Rafecas, A.; Xiol, X.; Fabregat, J.; Casanovas, T.; Torras, J.; Baliellas, C.; et al.
Survival after liver transplantation in cirrhotic patients with and without hepatocellular carcinoma: A comparative study.
Hepatology 1997, 25, 1485–1489. [CrossRef]

151. Mazzaferro, V.; Regalia, E.; Doci, R.; Andreola, S.; Pulvirenti, A.; Bozzetti, F.; Montalto, F.; Ammatuna, M.; Morabito, A.; Gennari,
L. Liver transplantation for the treatment of small hepatocellular carcinomas in patients with cirrhosis. N. Engl. J. Med. 1996, 334,
693–699. [CrossRef] [PubMed]

152. Yao, F.Y.; Ferrell, L.; Bass, N.M.; Watson, J.J.; Bacchetti, P.; Venook, A.; Ascher, N.L.; Roberts, J.P. Liver transplantation for
hepatocellular carcinoma: Expansion of the tumor size limits does not adversely impact survival. Hepatology 2001, 33, 1394–1403.
[CrossRef] [PubMed]

153. Kaido, T.; Ogawa, K.; Mori, A.; Fujimoto, Y.; Ito, T.; Tomiyama, K.; Takada, Y.; Uemoto, S. Usefulness of the Kyoto criteria as
expanded selection criteria for liver transplantation for hepatocellular carcinoma. Surgery 2013, 154, 1053–1060. [CrossRef]

154. Halazun, K.J.; Rosenblatt, R.E.; Mehta, N.; Lai, Q.; Hajifathalian, K.; Gorgen, A.; Brar, G.; Sasaki, K.; Doyle, M.B.M.; Tabrizian, P.;
et al. Dynamic α-Fetoprotein Response and Outcomes After Liver Transplant for Hepatocellular Carcinoma. JAMA Surg. 2021,
156, 559–567. [CrossRef] [PubMed]

155. Razumilava, N.; Gores, G.J. Cholangiocarcinoma. Lancet 2014, 383, 2168–2179. [CrossRef]
156. De Vreede, I.; Steers, J.L.; Burch, P.A.; Rosen, C.B.; Gunderson, L.L.; Haddock, M.G.; Burgart, L.; Gores, G.J. Prolonged disease-free

survival after orthotopic liver transplantation plus adjuvant chemoirradiation for cholangiocarcinoma. Liver Transplant. 2000, 6,
309–316. [CrossRef] [PubMed]

157. Darwish Murad, S.; Kim, W.R.; Therneau, T.; Gores, G.J.; Rosen, C.B.; Martenson, J.A.; Alberts, S.R.; Heimbach, J.K. Predictors of
pretransplant dropout and posttransplant recurrence in patients with perihilar cholangiocarcinoma. Hepatology 2012, 56, 972–981.
[CrossRef]

158. Sapisochin, G.; Rodríguez de Lope, C.; Gastaca, M.; Ortiz de Urbina, J.; Suarez, M.A.; Santoyo, J.; Castroagudín, J.F.; Varo,
E.; López-Andujar, R.; Palacios, F.; et al. “Very early” intrahepatic cholangiocarcinoma in cirrhotic patients: Should liver
transplantation be reconsidered in these patients? Am. J. Transplant. 2014, 14, 660–667. [CrossRef]

159. Jones, D.E. Autoantigens in primary biliary cirrhosis. J. Clin. Pathol. 2000, 53, 813–821. [CrossRef]
160. Chalifoux, S.L.; Konyn, P.G.; Choi, G.; Saab, S. Extrahepatic Manifestations of Primary Biliary Cholangitis. Gut Liver 2017, 11,

771–780. [CrossRef]
161. Nakanuma, Y. Distribution of B lymphocytes in nonsuppurative cholangitis in primary biliary cirrhosis. Hepatology 1993, 18,

570–575. [CrossRef]
162. Corpechot, C.; Carrat, F.; Bahr, A.; Chrétien, Y.; Poupon, R.E.; Poupon, R. The effect of ursodeoxycholic acid therapy on the

natural course of primary biliary cirrhosis. Gastroenterology 2005, 128, 297–303. [CrossRef]
163. Adam, R.; Karam, V.; Delvart, V.; O’Grady, J.; Mirza, D.; Klempnauer, J.; Castaing, D.; Neuhaus, P.; Jamieson, N.; Salizzoni,

M.; et al. Evolution of indications and results of liver transplantation in Europe. A report from the European Liver Transplant
Registry (ELTR). J. Hepatol. 2012, 57, 675–688. [CrossRef] [PubMed]

164. Singal, A.K.; Guturu, P.; Hmoud, B.; Kuo, Y.F.; Salameh, H.; Wiesner, R.H. Evolving frequency and outcomes of liver transplanta-
tion based on etiology of liver disease. Transplantation 2013, 95, 755–760. [CrossRef] [PubMed]

165. Kashyap, R.; Safadjou, S.; Chen, R.; Mantry, P.; Sharma, R.; Patil, V.; Maloo, M.; Ryan, C.; Marroquin, C.; Barry, C.; et al. Living
donor and deceased donor liver transplantation for autoimmune and cholestatic liver diseases–an analysis of the UNOS database.
J. Gastrointest. Surg. 2010, 14, 1362–1369. [CrossRef] [PubMed]

166. Bosch, A.; Dumortier, J.; Maucort-Boulch, D.; Scoazec, J.Y.; Wendum, D.; Conti, F.; Morard, I.; Rubbia-Brandt, L.; Terris, B.;
Radenne, S.; et al. Preventive administration of UDCA after liver transplantation for primary biliary cirrhosis is associated with a
lower risk of disease recurrence. J. Hepatol. 2015, 63, 1449–1458. [CrossRef] [PubMed]

167. Kogiso, T.; Egawa, H.; Teramukai, S.; Taniai, M.; Hashimoto, E.; Tokushige, K.; Sakisaka, S.; Sakabayashi, S.; Yamamoto, M.;
Umeshita, K.; et al. Risk factors for recurrence of primary biliary cholangitis after liver transplantation in female patients: A
Japanese multicenter retrospective study. Hepatol. Commun. 2017, 1, 394–405. [CrossRef]

168. Manousou, P.; Arvaniti, V.; Tsochatzis, E.; Isgro, G.; Jones, K.; Shirling, G.; Dhillon, A.P.; O’Beirne, J.; Patch, D.; Burroughs,
A.K. Primary biliary cirrhosis after liver transplantation: Influence of immunosuppression and human leukocyte antigen locus
disparity. Liver Transplant. 2010, 16, 64–73. [CrossRef] [PubMed]

169. Charatcharoenwitthaya, P.; Pimentel, S.; Talwalkar, J.A.; Enders, F.T.; Lindor, K.D.; Krom, R.A.; Wiesner, R.H. Long-term survival
and impact of ursodeoxycholic acid treatment for recurrent primary biliary cirrhosis after liver transplantation. Liver Transplant.
2007, 13, 1236–1245. [CrossRef]

170. Neuberger, J. Recurrent primary biliary cirrhosis. Liver Transplant. 2003, 9, 539–546. [CrossRef] [PubMed]

126



J. Clin. Med. 2021, 10, 5417

171. Egawa, H.; Sakisaka, S.; Teramukai, S.; Sakabayashi, S.; Yamamoto, M.; Umeshita, K.; Uemoto, S. Long-Term Outcomes of
Living-Donor Liver Transplantation for Primary Biliary Cirrhosis: A Japanese Multicenter Study. Am. J. Transplant. 2016, 16,
1248–1257. [CrossRef]

172. Li, X.; Peng, J.; Ouyang, R.; Yang, Y.; Yu, C.; Lin, H. Risk factors for recurrent primary biliary cirrhosis after liver transplantation:
A systematic review and meta-analysis. Dig. Liver Dis. 2021, 53, 309–317. [CrossRef]

173. Egawa, H.; Nakanuma, Y.; Maehara, Y.; Uemoto, S.; Eguchi, S.; Sato, Y.; Shirabe, K.; Takatsuki, M.; Mori, A.; Yamamoto, M.; et al.
Disease recurrence plays a minor role as a cause for retransplantation after living-donor liver transplantation for primary biliary
cirrhosis: A multicenter study in Japan. Hepatol. Res. 2013, 43, 502–507. [CrossRef]

174. Chapman, R.; Fevery, J.; Kalloo, A.; Nagorney, D.M.; Boberg, K.M.; Shneider, B.; Gores, G.J. Diagnosis and management of
primary sclerosing cholangitis. Hepatology 2010, 51, 660–678. [CrossRef]

175. Burak, K.; Angulo, P.; Pasha, T.M.; Egan, K.; Petz, J.; Lindor, K.D. Incidence and risk factors for cholangiocarcinoma in primary
sclerosing cholangitis. Am. J. Gastroenterol. 2004, 99, 523–526. [CrossRef]

176. Boonstra, K.; Weersma, R.K.; van Erpecum, K.J.; Rauws, E.A.; Spanier, B.W.; Poen, A.C.; van Nieuwkerk, K.M.; Drenth, J.P.;
Witteman, B.J.; Tuynman, H.A.; et al. Population-based epidemiology, malignancy risk, and outcome of primary sclerosing
cholangitis. Hepatology 2013, 58, 2045–2055. [CrossRef]

177. Graziadei, I.W.; Wiesner, R.H.; Marotta, P.J.; Porayko, M.K.; Hay, J.E.; Charlton, M.R.; Poterucha, J.J.; Rosen, C.B.; Gores, G.J.;
LaRusso, N.F.; et al. Long-term results of patients undergoing liver transplantation for primary sclerosing cholangitis. Hepatology
1999, 30, 1121–1127. [CrossRef] [PubMed]

178. Hildebrand, T.; Pannicke, N.; Dechene, A.; Gotthardt, D.N.; Kirchner, G.; Reiter, F.P.; Sterneck, M.; Herzer, K.; Lenzen, H.; Rupp,
C.; et al. Biliary strictures and recurrence after liver transplantation for primary sclerosing cholangitis: A retrospective multicenter
analysis. Liver Transplant. 2016, 22, 42–52. [CrossRef] [PubMed]

179. Alabraba, E.; Nightingale, P.; Gunson, B.; Hubscher, S.; Olliff, S.; Mirza, D.; Neuberger, J. A re-evaluation of the risk factors for the
recurrence of primary sclerosing cholangitis in liver allografts. Liver Transplant. 2009, 15, 330–340. [CrossRef] [PubMed]

180. Campsen, J.; Zimmerman, M.A.; Trotter, J.F.; Wachs, M.; Bak, T.; Steinberg, T.; Kam, I. Clinically recurrent primary sclerosing
cholangitis following liver transplantation: A time course. Liver Transplant. 2008, 14, 181–185. [CrossRef]

181. Egawa, H.; Ueda, Y.; Ichida, T.; Teramukai, S.; Nakanuma, Y.; Onishi, S.; Tsubouchi, H. Risk factors for recurrence of primary
sclerosing cholangitis after living donor liver transplantation in Japanese registry. Am. J. Transplant 2011, 11, 518–527. [CrossRef]
[PubMed]

182. Kashyap, R.; Mantry, P.; Sharma, R.; Maloo, M.K.; Safadjou, S.; Qi, Y.; Jain, A.; Maliakkal, B.; Ryan, C.; Orloff, M. Comparative
analysis of outcomes in living and deceased donor liver transplants for primary sclerosing cholangitis. J. Gastrointest. Surg. 2009,
13, 1480–1486. [CrossRef]

183. Gordon, F.D.; Goldberg, D.S.; Goodrich, N.P.; Lok, A.S.; Verna, E.C.; Selzner, N.; Stravitz, R.T.; Merion, R.M. Recurrent primary
sclerosing cholangitis in the Adult-to-Adult Living Donor Liver Transplantation Cohort Study: Comparison of risk factors
between living and deceased donor recipients. Liver Transplant. 2016, 22, 1214–1222. [CrossRef]

184. Dhillon, A.K.; Kummen, M.; Trøseid, M.; Åkra, S.; Liaskou, E.; Moum, B.; Vesterhus, M.; Karlsen, T.H.; Seljeflot, I.; Hov, J.R.
Circulating markers of gut barrier function associated with disease severity in primary sclerosing cholangitis. Liver Int. 2019, 39,
371–381. [CrossRef]

185. Martinez, M.; Perito, E.R.; Valentino, P.; Mack, C.L.; Aumar, M.; Broderick, A.; Draijer, L.G.; Fagundes, E.D.T.; Furuya, K.N.;
Gupta, N.; et al. Recurrence of Primary Sclerosing Cholangitis after Liver Transplant in Children: An International Observational
Study. Hepatology 2021, 74, 2047–2057. [CrossRef] [PubMed]

186. Krawitt, E.L. Autoimmune hepatitis. N. Engl. J. Med. 2006, 354, 54–66. [CrossRef] [PubMed]
187. EASL Clinical Practice Guidelines: Autoimmune hepatitis. J. Hepatol. 2015, 63, 971–1004. [CrossRef]
188. Manns, M.; Gerken, G.; Kyriatsoulis, A.; Staritz, M.; Meyer zum Büschenfelde, K.H. Characterisation of a new subgroup of

autoimmune chronic active hepatitis by autoantibodies against a soluble liver antigen. Lancet 1987, 1, 292–294. [CrossRef]
189. Tanaka, A. Autoimmune Hepatitis: 2019 Update. Gut Liver 2020, 14, 430–438. [CrossRef] [PubMed]
190. Czaja, A.J. Rapidity of treatment response and outcome in type 1 autoimmune hepatitis. J. Hepatol. 2009, 51, 161–167. [CrossRef]
191. Wright, H.L.; Bou-Abboud, C.F.; Hassanein, T.; Block, G.D.; Demetris, A.J.; Starzl, T.E.; Van Thiel, D.H. Disease recurrence and

rejection following liver transplantation for autoimmune chronic active liver disease. Transplantation 1992, 53, 136–139. [CrossRef]
[PubMed]

192. Narumi, S.; Hakamada, K.; Sasaki, M.; Freise, C.E.; Stock, P.G.; Roberts, J.P.; Ascher, N.L. Liver transplantation for autoimmune
hepatitis: Rejection and recurrence. Transplant. Proc. 1999, 31, 1955–1956. [CrossRef]

193. Milkiewicz, P.; Hubscher, S.G.; Skiba, G.; Hathaway, M.; Elias, E. Recurrence of autoimmune hepatitis after liver transplantation.
Transplantation 1999, 68, 253–256. [CrossRef] [PubMed]

194. Montano-Loza, A.J.; Bhanji, R.A.; Wasilenko, S.; Mason, A.L. Systematic review: Recurrent autoimmune liver diseases after liver
transplantation. Aliment. Pharm. 2017, 45, 485–500. [CrossRef] [PubMed]

195. Milkiewicz, P.; Gunson, B.; Saksena, S.; Hathaway, M.; Hubscher, S.G.; Elias, E. Increased incidence of chronic rejection in
adult patients transplanted for autoimmune hepatitis: Assessment of risk factors. Transplantation 2000, 70, 477–480. [CrossRef]
[PubMed]

127



J. Clin. Med. 2021, 10, 5417

196. McCabe, M.; Rush, N.; Lammert, C.; Patidar, K.R.; Nephew, L.; Saxena, R.; Ekser, B.; Salven, J.; Kubal, C.; Ghabril, M. HLA-DR
Mismatch and Black Race Are Associated With Recurrent Autoimmune Hepatitis After Liver Transplantation. Transpl. Direct
2021, 7, e714. [CrossRef]

197. Montano-Loza, A.J.; Mason, A.L.; Ma, M.; Bastiampillai, R.J.; Bain, V.G.; Tandon, P. Risk factors for recurrence of autoimmune
hepatitis after liver transplantation. Liver Transplant. 2009, 15, 1254–1261. [CrossRef]

198. Cattan, P.; Berney, T.; Conti, F.; Calmus, Y.; Homberg, J.C.; Houssin, D.; Soubrane, O. Outcome of orthotopic liver transplantation
in autoimmune hepatitis according to subtypes. Transpl. Int. 2002, 15, 34–38. [CrossRef]

199. De Quadros Onofrio, F.; Neong, E.; Adebayo, D.; Kollmann, D.; Adeyi, O.A.; Fischer, S.; Hirschfield, G.M.; Hansen, B.E.; Bhat,
M.; Galvin, Z.; et al. Single-Center North American Experience of Liver Transplantation in Autoimmune Hepatitis: Infrequent
Indication but Good Outcomes for Patients. J. Can. Assoc. Gastroenterol. 2021, 4, 137–144. [CrossRef] [PubMed]

200. Montano-Loza, A.J.; Wasilenko, S.; Bintner, J.; Mason, A.L. Cyclosporine A protects against primary biliary cirrhosis recurrence
after liver transplantation. Am. J. Transplant. 2010, 10, 852–858. [CrossRef]

201. Ravikumar, R.; Tsochatzis, E.; Jose, S.; Allison, M.; Athale, A.; Creamer, F.; Gunson, B.; Iyer, V.; Madanur, M.; Manas, D.; et al.
Risk factors for recurrent primary sclerosing cholangitis after liver transplantation. J. Hepatol. 2015, 63, 1139–1146. [CrossRef]
[PubMed]

202. Cholongitas, E.; Shusang, V.; Papatheodoridis, G.V.; Marelli, L.; Manousou, P.; Rolando, N.; Patch, D.; Rolles, K.; Davidson, B.;
Burroughs, A.K. Risk factors for recurrence of primary sclerosing cholangitis after liver transplantation. Liver Transplant. 2008, 14,
138–143. [CrossRef]

203. Reich, D.J.; Fiel, I.; Guarrera, J.V.; Emre, S.; Guy, S.R.; Schwartz, M.E.; Miller, C.M.; Sheiner, P.A. Liver transplantation for
autoimmune hepatitis. Hepatology 2000, 32, 693–700. [CrossRef] [PubMed]

204. Sørgjerd, E.P. Type 1 Diabetes-related Autoantibodies in Different Forms of Diabetes. Curr. Diabetes Rev. 2019, 15, 199–204.
[CrossRef]

205. Bottazzo, G.F.; Florin-Christensen, A.; Doniach, D. Islet-cell antibodies in diabetes mellitus with autoimmune polyendocrine
deficiencies. Lancet 1974, 2, 1279–1283. [CrossRef]

206. Månsson, L.; Törn, C.; Landin-Olsson, M. Islet cell antibodies represent autoimmune response against several antigens. Int. J. Exp.
Diabetes Res. 2001, 2, 85–90. [CrossRef] [PubMed]

207. Sutherland, D.E.; Goetz, F.C.; Sibley, R.K. Recurrence of disease in pancreas transplants. Diabetes 1989, 38 (Suppl. S1), 85–87.
[CrossRef] [PubMed]

208. Sutherland, D.E.; Sibley, R.; Xu, X.Z.; Michael, A.; Srikanta, A.M.; Taub, F.; Najarian, J.; Goetz, F.C. Twin-to-twin pancreas
transplantation: Reversal and reenactment of the pathogenesis of type I diabetes. Trans. Assoc. Am. Physicians 1984, 97, 80–87.
[PubMed]

209. Vendrame, F.; Hopfner, Y.Y.; Diamantopoulos, S.; Virdi, S.K.; Allende, G.; Snowhite, I.V.; Reijonen, H.K.; Chen, L.; Ruiz, P.;
Ciancio, G.; et al. Risk Factors for Type 1 Diabetes Recurrence in Immunosuppressed Recipients of Simultaneous Pancreas-Kidney
Transplants. Am. J. Transpl. 2016, 16, 235–245. [CrossRef]

210. Esmatjes, E.; Rodríguez-Villar, C.; Ricart, M.J.; Casamitjana, R.; Martorell, J.; Sabater, L.; Astudillo, E.; Fernández-Cruz, L.
Recurrence of immunological markers for type 1 (insulin-dependent) diabetes mellitus in immunosuppressed patients after
pancreas transplantation. Transplantation 1998, 66, 128–131. [CrossRef]

128



Journal of

Clinical Medicine

Article

Outcomes of Deceased Donor Kidney Transplantation in the
Eurotransplant Senior Program with A Focus on
Recipients ≥75 Years

Ilias Zompolas 1, Robert Peters 1, Lutz Liefeldt 2, Lukas J. Lehner 2, Klemens Budde 2, Bernhard Ralla 1,

Irena Goranova 1, Andreas Maxeiner 1, Markus H. Lerchbaumer 3, Stephan R. Marticorena Garcia 3,

Martin Kanne 4, Thorsten Schlomm 1, Matthias R. G. Schulz 1,† and Frank Friedersdorff 1,4,*,†

Citation: Zompolas, I.; Peters, R.;

Liefeldt, L.; Lehner, L.J.; Budde, K.;

Ralla, B.; Goranova, I.; Maxeiner, A.;

Lerchbaumer, M.H.; Marticorena

Garcia, S.R.; et al. Outcomes of

Deceased Donor Kidney

Transplantation in the Eurotransplant

Senior Program with A Focus on

Recipients ≥75 Years. J. Clin. Med.

2021, 10, 5633. https://doi.org/

10.3390/jcm10235633

Academic Editor:

Charat Thongprayoon

Received: 17 October 2021

Accepted: 22 November 2021

Published: 29 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Urology, Charité-Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin,
Humboldt-Universität zu Berlin and Berlin Institute of Health, 10117 Berlin, Germany;
ilias.zompolas@charite.de (I.Z.); robert.peters@charite.de (R.P.); bernhard.ralla@charite.de (B.R.);
irena.goranova@charite.de (I.G.); andreas.maxeiner@charite.de (A.M.); thorsten.schlomm@charite.de (T.S.);
Matthias.schulz2@charite.de (M.R.G.S.)

2 Department of Nephrology and Internal Intensive Care Medicine, Charité-Universitätsmedizin Berlin,
Corporate Member of Freie Universität Berlin, Humboldt-Universität zu Berlin and Berlin Institute of Health,
10117 Berlin, Germany; lutz.liefeldt@charite.de (L.L.); lukas.lehner@charite.de (L.J.L.);
klemens.budde@charite.de (K.B.)

3 Department of Radiology, Charité-Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin,
Humboldt-Universität zu Berlin and Berlin Institute of Health, 10117 Berlin, Germany;
markus.lerchbaumer@charite.de (M.H.L.); stephan.marticorena-garcia@charite.de (S.R.M.G.)

4 Department of Urology, Evangelisches Krankenhaus Königin Elisabeth Herzberge, 10365 Berlin, Germany;
m.kanne@keh-berlin.de

* Correspondence: frank.friedersdorff@charite.de
† Contributed equally.

Abstract: To evaluate the outcomes of kidney transplantations (KTs) in the Eurotransplant Senior
Program (ESP) with a focus on the very old, defined as recipients ≥75 years. This retrospective
clinical study included 85 patients, who under the ESP protocol underwent deceased donor kidney
transplantation from January 2010 to July 2018 at the Charité–Universitätsmedizin Berlin in Germany.
Recipients were divided in three age groups, i.e., Group 65–69, Group 70–74, Group ≥75, and
compared. Prognostic risk factors for short and long-term outcomes of kidney transplantations were
investigated. Graft survival at 1 and 5 years were respectively 90.7% and 68.0% for group 65–69,
88.9% and 76.2% for Group 70–74, and 100% and 71.4% for Group ≥75. Patient survival at 1 and
5 years were respectively 92.9% and 68.0% for Group 65–69, 85.7% and 61.5% for Group 70–74 and
100% and 62.5% for Group ≥75. Serum creatinine did not significantly differ between the three
groups, with the exception of serum creatinine at 1 year. Increased recipient age and prolonged time
on dialysis correlated with increased occurrence of postoperative complication. An increase in BMI,
pretransplant diabetes mellitus and prolonged time on dialysis correlated with the occurrence of
delayed graft function (DGF). History of smoking was identified as an independent risk factor for
events of rejection. Increased human leukocyte antigen mismatches (HLA-MM) and prolonged cold
ischemia time (CIT) correlated with higher rates of intensive care unit (ICU) treatment. This study
supports kidney transplantations for the very old. End-stage renal disease (ESRD) patients ≥75 years
of age who underwent kidney transplantation experienced comparable results to their younger
counterparts. A comprehensive evaluation of ESRD patients with consideration of prognostic risk
factor is the most suitable mean of identifying adequate kidney transplant candidates.

Keywords: cold ischemia time; delayed graft function; Eurotransplant Senior Program; end-stage
renal disease; intensive care unit; kidney transplantation
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1. Introduction

Kidney transplantation is considered the treatment of choice in ESRD, increasing life
expectancy and quality of life even for recipients aged ≥65 years [1–4]. The shortage of renal
allograft donors combined with an increased demand from an ever-ageing population
has led to the use of expanded criteria donor (ECD) kidneys. ECD kidneys, despite
being of lower quality than standard criteria donor (SCD) kidneys, minimize waitlisted
time for recipients while providing a survival advantage compared wait-listed dialysis
patients [3–6]. The Eurotransplant Senior Program implemented in 1999, aimed to optimize
the allocation of ECD kidneys from deceased donors aged ≥65 to recipients aged ≥65
based on waiting time and blood type compatibility, disregarding HLA matchmaking
while minimizing cold ischemia time. Although good results have been reported in
recipients aged ≥65 years, only few studies have focused on the potential benefits of
kidney transplantations (KTs) in the very old [3–9]. Studies that evaluated renal allograft
recipients over 70 years compared to a waitlisted group or younger counterparts revealed
that ≥70-year recipients benefited from the procedure [10–12].

However, no scientific research has explicitly assessed the KTs of patients ≥75 years
of age thus far. This age group of patients is destined to become clinically more relevant as
the number of people aged 75 to 84 years in the EU is projected to increase by 56.1% from
2019 to 2050 [13].

Primary objective of the present study was to evaluate the outcomes of KTs performed
under the ESP protocol and to investigate the age limits in recipients. Secondary objective
was to identify prognostic factors influencing the short and long-term outcomes of those
transplantations with the prospect to improve the pretransplant evaluation.

2. Patients and Methods

2.1. Study Design

The present retrospective clinical study included 85 patients aged ≥65 years who
received a deceased donor kidney transplant from donors ≥65 years allocated through
ESP. Recipients were divided into three groups with respect to their age at the time of
KT in years as following: Group 65–69, Group 70–74, and Group ≥75. The KTs were
conducted by experienced urologic transplant surgeons between January 2010 and July 2018
at the Charité-Universitätsmedizin Berlin. All patients received a renal allograft for the
first time and were followed up until death or the end of study (26 May 2020). The
immunosuppression protocol after KT was identical for all patients and consisted of
tacrolimus, mycophenolate mofetil (MMF) and prednisolone.

This entire analysis was conducted in adherence with the correct scientific research
work terms of the Charité Medical University of Berlin, including full anonymization of
patient data. All the patients included in the analysis provided written informed consent.

2.2. Data Collection and Outcome Measures

Demographic data, medical history, and postoperative follow-up information were
extracted through the electronic database Tbase2. Graft characteristics included donor
age, number of HLA-mismatches and cold ischemia time (CIT). Specifics of the operations
included the side of transplantation, duration of surgery and warm ischemia time (WIT).
Serum creatinine levels and glomerular filtration rate (GFR) were used to estimate the
renal function of the patients. Short-term outcomes consisted of inpatient stay, occurrence
of postoperative complications, Clavien–Dindo classification, DGF, number of dialysis
postoperatively, number of days in the ICU, occurrence of rejection and if ICU treatment
was required. Long-term outcomes consisted of serum creatinine levels (mg/dl), graft
survival, and patient survival at one, three, and five years, death with functioning graft,
and patient mortality at last follow-up.
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2.3. Statistical Analysis

Statistical analysis was conducted using IBM SPSS Statistics, Version 26.0 (Armonk,
NY, USA: IBM Corp). Normality of variables was examined with the Kolmogorov-Smirnov
test. In order to compare means between groups, the ANOVA test and independent-
sample t-test were performed. Fisher’s exact test was carried out to analyze nominal
variables. Logistic regression analysis was applied to identify independent risk factors
influencing the outcomes using the backward elimination method. Regression models
controlled for potential confounders including age of recipient and donor, HLA-MM,
body mass index (BMI), diabetes mellitus, hypertension, coronary artery disease, tobacco
consumption, time on dialysis, CIT, inpatient stay, DGF, ICU treatment, occurrence of
rejection and complications. Survival data was assessed with Cox regression analysis,
log-rank, and Kaplan–Meier method with the Group 65–69 set as baseline. p < 0.05 was
considered significant.

3. Results

A total of 85 patients were included in the study with a mean follow-up of
49.72 ± 28.7 months. Demographic data and details regarding the KTs are presented
in Tables 1 and 2. Postoperative course following the KT and long-term outcomes are
shown Tables 3 and 4.

Table 1. Patient characteristics.

Groups

65–69 years 70–74 years ≥75 years p-Value

n 45 28 12

Gender: male/female 24/16, 53.3%/46.7% 17/11, 60.7%/39.3% 10/2, 83.3%/16.7% n.s.
Follow-up (months) 46.98 ± 28.6 55.6 ± 30.5 46.25 ± 24.0 n.s.

Age of recipient at time of KT (years) 67.16 ± 1.51 71.86 ± 1.41 77.42 ± 3.30 <0.001
Age of donor at time of KT (years) 71.62 ± 4.38 72.71 ± 5.11 72.92 ± 4.91 n.s.

BMI of recipient (kg/m2) 27.4 ± 4.6 27.05 ± 4.05 27.14 ± 3.09 n.s.
HLA-mismatches 3.76 ± 1.28 3.71 ± 1.24 3.67 ± 1.16 n.s.

Primary kidney disease

Vascular/hypertensive disease 5, 11.1% 11, 39.3% 3, 25.0% n.s.
Glomerulonephritis 13, 28.9% 7, 25.0% 2, 16.7% n.s.

Diabetic nephropathy 12, 26.7% 4, 14.3% 4, 33.3% n.s.
Malignancy 2, 4.4% 0 0 n.s.

Genetic/cystic kidneys disease 8, 17.8% 3, 10.7% 2, 16.7% n.s.
Infection/reflux 1, 2.2% 0 0 n.s.
Systemic disease 1, 2.2% 0 0 n.s.

Autoimmune 0 0 1, 8.3% n.s.
Various/unknown 3, 6.7% 3, 10.7% 0 n.s.

Pre-existing conditions

Arterial hypertension 45, 100% 28, 100% 12, 100% n.s.
Diabetes mellitus 21, 46.7% 11, 39.3% 5, 41.7% n.s.

Coronary artery disease 16, 35.6% 14, 50% 4, 33.3% n.s.
Tobacco consumption 17, 37.8% 5, 17.9% 2, 16.7% n.s.

Previous operations in abdominal region 20, 44.4% 6, 21.4% 9, 75% n.s.
Dialysis

Hemodialysis 37, 82.2% 27, 96.4% 11, 91.7% n.s.
Peritoneal dialysis 8, 17.8% 1, 3.6% 1, 8.3% n.s.

Time on dialysis (days) 1950 ± 840 1487 ± 461 1418 ± 527 0.008

All values with n, percent or mean and standard deviation. n.s = not significant.
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Table 2. Surgery details.

Groups
65–69 years 70–74 years ≥75 years p-Value

Side of transplantation: fossa iliaca dextra/sinistra 26/19, 57.8%/42.2% 16/12, 57.1%/42.9% 6/6, 50%/50% n.s.
Operation time (minutes) 203 ± 52.7 202 ± 46.9 235 ± 33.7 n.s.

Cold ischemia time (hours) 10.05 ± 3.78 9.46 ± 3.29 9.11 ± 2.96 n.s.
Warm ischemia time (minutes) 48.1 ± 10.7 52.6 ± 14.5 49.8 ± 10.0 n.s.

All values with n, percent, or mean and standard deviation; n.s = not significant.

Table 3. Postoperative course.

Groups

65–69 years 70–74 years ≥75 years p-Value

Inpatient stay (days) 22.1 ± 13.0 21.5 ± 15.6 19.3 ± 10.2 n.s.
Occurrence of postoperative complications 12, 26.7% 10, 35.7% 2, 16.7% n.s.

Clavien–Dindo classification
Clavien–Dindo 1 7, 15.6% 8, 28.6% n.a.
Clavien–Dindo 2 n.a. n.a. n.a.
Clavien–Dindo 3 5, 11.1% 2, 7.1% 2, 16.7%

Delayed graft function 27, 60% 14, 50% 5, 41.7% n.s.
Number of dialysis postoperatively 6.44 ± 7.63 2.57 ± 2.10 4.80 ± 3.96 n.s.

ICU required 12, 26.7% 6, 21.4% 3, 25.0% n.s.
ICU duration (days) 1.58 ± 0.9 4 ± 3.58 3.0 ± 1.73 n.s.

Occurrence of rejection 10, 22.2% 5, 17.9% 1, 8.3% n.s.
Cause of rejection

Acute rejection 4, 8.9% 2, 7.1% 1, 8.3%
Chronic rejection 4, 8.9% 2, 7.1% 0

Vascular complications 1, 2.2% 0 0
Tumor 1, 2.2% 0 0

Infection 0 1, 3.6% 0

All values with n, percent or mean and standard deviation. n.a. = not applicable; n.s = not significant.

The logistic regression analysis controlled for potential confounders. The manifes-
tation of postoperative complications correlated with an increase in age of recipient (re-
gression coefficient B = −0.31, odds ratio Exp(B) = 0.74, p = 0.049), the occurrence of
DGF (B = −3.70, Exp(B) = 0.25, p = 0.001), and an increased time on dialysis (B = −0.002,
Exp(B) = 0.998, p = 0.042). The event of rejection correlated with a history of smoking
(B = −1.392, Exp(B) = 0.249, p = 0.028) and DGF (B = −2.145, Exp(B) = 0.117, p = 0.009).
Requirement of ICU treatment correlated with an increase in HLA-MM (B = −2.633,
Exp(B) = 0.72, p = 0.045) and an increase in cold ischemia time (B = 1.916, Exp(B) = 6.80,
p = 0.031). Occurrence of DGF correlated with increase in BMI (B = 0.146, Exp(B) = 1.157,
p = 0.045), longer period on dialysis (B = 0.01, Exp(B) = 1.001, p = 0.008), manifestation of
perioperative complications (B = 2.423, Exp(B) = 11.28, p = 0.001), and diabetes mellitus
(B = 1.586, Exp(B) = 4.88, p = 0.007). The occurrence of rejection correlated with graft failure
(χ2 (1, N = 85) = 26.73 p < 0.001). There were no significant differences between the three
groups after KT regarding serum creatinine, except for creatinine at 1 year (see Figure 1).
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Table 4. Long-term outcomes.

Groups

65–69 years 70–74 years ≥75 years p-Value

Creatinine levels
(mg/dL)

Preoperatively 6.57 ± 1.86 6.03 ± 1.72 6.95 ± 3.32 n.s.
1-year 1.99 ± 0.93 1.51 ± 0.46 1.79 ± 0.44 0.046
3-year 1.93 ± 0.76 1.91 ± 0.72 2.05 ± 0.68 n.s.
5-year 1.89 ± 0.83 1.82 ± 0.61 2.19 ± 1.13 n.s.

Graft survival

1-year 90.7% 88.9% 100% n.s.
3-year 79.4% 80.0% 80.0% n.s.
5-year 68.0% 76.2% 71.4% n.s.

Patient survival

1-year 92.9% 85.7% 100% n.s.
3-year 79.4% 77.8% 72.7% n.s.
5-year 68.0% 61.5% 62.5% n.s.

Patient mortality at last
follow-up 11, 24% 12, 42.9% 6, 50%

Of these: death with
functioning graft 8, 72.7% * 7, 58.3% * 4, 66.7% *

Cause of death
Cardiovascular 2/4.4% 0 0

Graft failure 1/2.2% 1/3.6% 0
Infection/sepsis 3/6.7% 8/28.6% 2/16.7%

Malignancy 4/8.9% 1/3.6% 2/16.7%
Traumatic 1/2.2% 2/7.1% 2/16.7%

All values with n (percent) or mean and (standard deviation, SD). p < 0.05, * Percentage is the result of n of patients
with functioning graft divided by n of deceased patients at last follow-up; n.s = not significant.

Figure 1. Graft function during follow-up. (* statistically significant difference between the groups).

Figure 1 depicts the creatinine levels of the three age groups up to last follow-
up. Figures 2 and 3 illustrate the death-censored graft and patient survival of the three
age groups.
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Figure 2. Kaplan–Meier survival plot demonstrating death-censored graft survival. There were no
significant differences in the graft survival time between groups (p = 0.673 for Gr. 70–74, p = 0.814
for Gr. 75+).

Figure 3. Kaplan–Meier survival plot demonstrating death-censored patient survival. There were
no significant differences in the patient survival time between the groups (p = 0.149 for Gr. 7074,
p = 0.438 for Gr. 75+).

4. Discussion

To the best of our knowledge, this is the first study to investigate the clinical outcomes
of KT in patients ≥75 years of age. The most important finding is that there were no
statistically significant differences in graft and patient survival between the age groups.
Recipients aged ≥75 years showed no disadvantages regarding short and long-term out-
comes when compared to those aged 65–69 years and 70–74 years. Regarding patient
characteristics, pre-existing conditions and ischemia time, no significant differences were
established between the three groups except for pre-transplant time on dialysis. Thus, an
adequate comparison was possible.
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Serum creatinine levels were similar across the three groups up to 5 years of follow-
up, suggesting that allograft function was equivalent between the groups. One notable
exception was serum creatine levels at 1 year after transplantation, but that difference did
not persist.

Overall, recipient and allograft characteristics of this study were similar to those in
cohorts examined in recent studies evaluating ESP outcomes [7–9]. Quast et al. conducted
a single-center retrospective analysis of 217 KTs with a focus on donor age while Badhe
et al. focused on prognostic factors for KTs. Graft and patient survival at 1 and 5 years
of Quast, Bahde, and Jacobi et al. were comparable to those in groups 70–74 and ≥75
despite recipients in this study being significantly older (7–9) (see Table 5). These results
support KT for ESRD patients ≥75 as biological age does not appear to influence the graft
or survival of these patients.

Table 5. Comparison of death-censored graft and patient survival in the Eurotransplant Senior Program.

Quast(9) Bahde(7) Jacobi(8) Our Results
n = 217 n = 89 n = 89 Group 65–69 Group 70–74 Group ≥75

Age of
recipients at KT 68.1 ± 3.8 72.2

(70–77) 68.2 ± 3.2 67.16 ± 1.51 71.86 ± 1.41 77.42 ± 3.30

Graft
survival

1-year 76.4% n.a. 87% 90.7% 88.9% 100%
5-year 57.3% 77% 63% 68.0% 76.2% 71.4%
Patient

survival

1-year 88.2% n.a 87% 92.9% 85.7% 100%
5-year 71.8% 69.8% 63% 68.0% 61.5% 62.5%

Age of recipient values are given in years and expressed as mean and SD or median and interquartile ranges.

Postoperative complications were common with an overall rate of 28.2% and with
increased age, DGF, and time on dialysis identified as independent risk factors. Results by
Quast and Bahde showed comparable postoperative complication rates at 23.2% and 22.5%,
respectively. Jacobi et al., reported 46% of combined peri- and postoperative complications.
Inconsistent definition of postoperative complications limits the accuracy of comparisons
that can be made. Therefore, this study encourages the adoption of the more objective
Clavien–Dindo classification in surgical literature to improve future evaluations.

Independent risk factors for the development of DGF were pre-transplant diabetes,
high BMI, longer time on dialysis, and occurrence of perioperative complications. These
results are supported by Badhe et al. who identified BMI ≥ 25 kg/m2 as a risk factor for
DGF and by Parekh et al., who determined pre-transplant diabetes as an independent risk
factor in the analysis of 25,523 KTs [7,14]. Previous publications also found that prolonged
CIT contributed to a higher incidence of DGF [6,7,11]. However, in this study CIT was kept
to a minimum across all groups. This could be the reason that no significant correlation
was established between DGF and elongated CIT.

Similarly to previous reports, our analysis identified delayed graft function to mean-
ingfully associated with event of rejection [15,16]. Events of rejection strongly correlated
with loss of graft. Preventing such events through adequate selection of transplant candi-
dates and later through well-adjusted immunosuppression is critical.

Nogueira et al. analysis of 997 KT cases found that rejections at 1-year after KT were
significantly higher in smokers [17]. This aligns with the results of this study as history
of tobacco use correlated with events of rejections. Furthermore, this study established
an association of ICU hospitalization with longer CIT and increased HLA-mismatches. It
is unclear why HLA-mismatches correlate with higher incidents of ICU hospitalization
but not simultaneously with higher incidents of rejection. The current kidney transplant
allocation in the ESP with patients over 60 years of age does not take into consideration
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the HLA mismatches between donor and recipient. A revised model of kidney allocation
that considers for HLA compatibility without compromising CIT can prove beneficial in
reducing the need for ICU treatment. A reduction in patients requiring ICU is predomi-
nantly of value in the ongoing SARS-CoV-2 pandemic, where ICU availability can swiftly
become limited.

The proportion of recipients who died with a functioning graft was 65.5%. This is
consistent with the findings of Giessing and Boesmueller et al., who described death as the
main cause of graft loss [11,18]. The high proportion of patients dying with a functioning
graft suggest that even suboptimal allografts can provide adequate function up to the end
of the recipient’s life.

The major limitation of this study is its relatively small sample size. Recipients ≥75 years
adequate to undergo KT are scarce mainly due to the prolonged waiting time on dialysis.
Hence, the assembly of a broader cohort remains challenging. An expansion of the donor
pool combined with an increase in kidney donor availability could reduce the waitlisted
time and allow for higher rates of transplantation in very old recipients. Additional multi-
center studies with bigger cohorts are encouraged to confirm or challenge the results of
this study.

5. Conclusions

In conclusion, graft and patient survival of recipients ≥75 years was comparable to
Group 65–69 and Group 70–74. Therefore, recipients ≥75 years are appropriate candidates
for KT and should not be discriminated with respect to their chronological age. An attentive
pre-transplant evaluation with consideration of independent risk factors identified as
increased time on dialysis, BMI ≥ 25 kg/m2, history of smoking, and diabetes mellitus is
crucial for transplant outcomes.
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Abstract: There are several premises that the body composition of kidney transplant recipients
may play a role in tacrolimus metabolism early after transplantation. The present study aimed at
analyzing the relationship between the body composition parameters assessed by bioimpedance
analysis (BIA) and initial tacrolimus metabolism. Immediately prior to transplantation, BIA using
InBody 770 device was performed in 122 subjects. Tacrolimus concentration-to-dose (C/D) ratio
was calculated based on the first blood trough level measurement. There was no difference in phase
angle, visceral fat area, lean body mass index (LBMI) and the proportion of lean mass as a percentage
of total body mass between the subgroups of slow and fast metabolizers. However, subjects with
LBMI ≥ median value of 18.7 kg/m2, despite similar initial tacrolimus dose per kg of body weight,
were characterized by a significantly lower tacrolimus C/D ratio (median 1.39 vs. 1.67, respectively;
p < 0.05) in comparison with the subgroup of lower LBMI. Multivariate regression analysis confirmed
that age (rpartial = 0.322; p < 0.001) and LBMI (rpartial = −0.254; p < 0.01) independently influenced the
tacrolimus C/D ratio. A LBMI assessed by BIA may influence the tacrolimus metabolism in the early
post-transplant period and can be a useful in the optimization of initial tacrolimus dosing.

Keywords: bioimpedance analysis; drug dosing; lean body mass index; pharmacokinetics; tacrolimus
C/D ratio

1. Introduction

Nowadays, the calcineurin inhibitor tacrolimus is the primary therapeutic option
for patients after kidney transplantation. However, due to its substantial intra- and inter-
patient variability in metabolism rate the accurate dosing is still challenging [1–3]. More-
over, many external factors also influence the tacrolimus blood trough level, making
the frequent drug therapeutic monitoring mandatory [4–6]. As an inappropriately high
or low tacrolimus level in the early post-transplant period can result in delayed graft
function, acute rejection, diabetes mellitus, serious infections or even thrombotic microan-
giopathy [7–9], the precise initial dose tailoring is especially important to achieve the first
post-transplant tacrolimus trough level within the therapeutic range, i.e., 5–15 ng/mL [10].

To date, several different approaches were proposed in order to optimize the initial
tacrolimus dosing, including clinical factors and CYP3A5 genotyping [11–13] as well as
computerized dose individualization [14], however not all were successfully validated
based on the independent cohort [15]. Taking into account that older and overweight
recipients are more prone to develop supratherapeutic first tacrolimus blood levels post-
transplant [4,5,16], one could expect that the baseline proportion of fat and lean mass
of the recipient may play a role in the post-transplant tacrolimus metabolism [17] and
therefore may be another parameter to take into account in the sophisticated process of
pre-transplant tacrolimus initial dose calculation. Interestingly, Han et al. reported higher
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tacrolimus blood trough and 4-h-post-dose levels in stable kidney transplant recipients with
the fat mass above median [18]. On the other hand, the frequently observed overhydration
in kidney transplant candidates could make the calculation of proper initial tacrolimus
dose based on body weight even more difficult. Taking all above evidence together, we
hypothesized that some parameters of recipient’s body composition, describing the body
water compartments and the proportion of fat and lean mass, would be of value for the
optimization of initial tacrolimus dosing. Notably, we did not find such an analysis in the
current literature.

Thus, the aim of our prospective study was to investigate the relationship between
several recipient’s body composition parameters acquired by bioimpedance analysis (BIA)
and the tacrolimus metabolism rate in the first days after kidney transplantation.

2. Materials and Methods

2.1. Study Group

We prospectively analyzed all 153 consecutive patients who received their kidney
transplant in our center between August 2019 and June 2021. After the exclusion of patients
using tacrolimus prior to the most recent transplantation, those with insufficient data and
those who withdraw consent to participate, 122 subjects were included in the final analysis
(Figure 1). The study was conducted in concordance with the protocol of Helsinki. The
Institutional Review Board accepted the study protocol (No KNW/0022/KB1/81/18) and
all participants gave their written informed consent.

Figure 1. Study flow chart.

In each patient, the bioimpedance analysis of body composition was performed
immediately prior to kidney transplantation procedure. The first tacrolimus blood trough
level was determined within first day’s post-transplantation.
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2.2. Pre-Transplant BIA

The body composition analysis was performed within few hours before transplan-
tation procedure using BIA device (InBody 770, InBody Japan Inc., Tokyo, Japan) with a
multifrequency analyzer (1, 5, 50, 500 and 1000 kHz). All measurements were performed
according to the manufacturer’s instructions. Patients refrained from eating for minimum
5 h. During examination, patients stepped barefoot on the footplate containing separate
foot electrodes and additionally held the right- and left-hand electrodes. Based on the
measurements and BIA software program equations, intracellular water (ICW), extracellu-
lar water (ECW), total body water (TBW), ECW/TBW ratio, phase angle, visceral fat area
(expressed in cm2), lean body mass (LBM) and lean body mass index (LBMI, expressed
in kg/m2) were calculated. Additionally, the proportion of LBM as a percentage of total
body mass was also calculated and analyzed. We also performed the segmental lean
analysis in 5 different body sectors: both arms, trunk and both legs.

2.3. Immunosuppression Protocol and Tacrolimus C/D Ratio Calculation

All patients received routine immunosuppression regimen, consisted of twice daily
tacrolimus (Prograf®, Astellas Pharma, Inc., Tokyo, Japan), mycophenolate mofetil and
steroids, with an induction therapy using basiliximab or rabbit antithymocyte globulin
(rATG). First doses of tacrolimus and mycophenolate were given pre-operatively. Mycophe-
nolate mofetil was started from 750 mg BID. Steroids were given intravenously during
operation (500 mg), then 125 mg i.v. the next day and subsequently 20 mg of oral pred-
nisolone daily. Patient receiving rATG was given 125 mg of methylprednisolone instead of
prednisolone before each dose.

According to the center protocol, the tacrolimus dose was prescribed based on patients’
body weight. In order to avoid tacrolimus levels exceeding 15 ng/mL, the initial tacrolimus
dose was decreased (by 32.9 % in an analyzed group) in patients older than 55 years, with
BMI >25 kg/m2 and those with the occurrence of anti-HCV antibodies. As patients treated
with rATG induction routinely receive antifungal prophylaxis with 100 mg of fluconazole,
those subjects were also prescribed a lower tacrolimus dose (usually 3 mg/day—for
subjects with body weight below 60 kg—or 4 mg/day for other patients). Based on the first
tacrolimus blood trough level measurement, the tacrolimus C/D ratio was calculated.

Delayed graft function (DGF) was defined as a need for dialysis therapy in the first
post-transplant week. Acute rejection (AR) was diagnosed based on the results of protocol
biopsy performed at a median 8th post-transplant day.

2.4. Statistical Analysis

Statistical analyses were performed using Statistica 13.3 PL for Windows (Tibco Inc.,
Palo Alto, CA, USA) and MedCalc v19.2.1 (MedCalc Software, Mariakerke, Belgium).
Values are presented as means with 95% confidence interval, medians with interquartile
ranges or frequencies. The main study comparison was performed between groups of
patients allocated based on the initially calculated tacrolimus C/D ratio, using the Student
t-test (for quantitative variables) or the χ2 test (for qualitative variables). Variables with
skewed distribution were compared using the Mann-Whitney U test. The second analysis
compared patients with LBMI equal and above or lower than median value, using similar
tests. Stepwise multiple regression analysis was performed for the tacrolimus C/D ratio
as a dependent variable and age, BMI, the amount of residual diuresis, and LBMI as
potential independent variables. For all analyses, a p value below 0.05 was considered
statistically significant.

3. Results

3.1. Study Group Characteristics

There were 122 kidney transplant recipients recruited into this study. Based on the
initial tacrolimus C/D ratio, study participants were divided into two groups, equal and
above or below a median value. The baseline characteristics of study groups is given in
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Table 1. Patients with slower tacrolimus metabolism (C/D ratio ≥ 1.48) were significantly
older, more frequently treated with rATG induction as compared with fast metabolizers.
Consistently, there was a significant correlation between age and tacrolimus C/D ratio
(r = 0.278; p < 0.01). There was a tendency to more frequent re-transplants and lower HLA
class II mismatch in the fast metabolizers group (Table 1).

Table 1. Baseline characteristics of study subgroups based on the median value of initial tacrolimus
C/D ratio.

Parameter

Tacrolimus C/D Ratio

pSlow Metabolizers
≥1.48
n = 61

Fast Metabolizers
<1.48
n = 61

Patient

Age (years) 51.6 (48.5–54.7) 44.7 (41.6–47.9) <0.01

Sex (M/F) 40/21 36/25 0.46

BMI (kg/m2) 25.6 (24.5–26.8) 25.7 (24.6–26.8) 0.95

Dialysis vintage (months) * 34 (25–55) 31 (20–44) 0.29

Residual diuresis (mL) * 300 (0–1000) 500 (100–1500) 0.35

Transplant procedure

Retransplant (n, %) 4 (6.6) 10 (16.4) 0.09

HLA class I mismatch * 2 (2–3) 2 (2–3) 0.48

HLA class II mismatch * 1 (0–1) 1 (0–1) 0.09

CIT (h) 18.7 (16.9–20.4) 17.8 (16.2–19.4) 0.46

Induction therapy
IL-2RB (n, %) 29 (47.5) 46 (75.4) <0.01
ATG (n, %) 32 (52.3) 15 (24.6)

DGF (n, %) 19 (31.1) 9 (14.8) <0.05

Early acute rejection (n, %) 5 (8.2) 5 (8.2) 1.0

Tacrolimus dosing and metabolism

Tacrolimus dose (mg/d) * 7.0 (4.0–12.0) 11.0 (8.0–13.0) <0.001

Tacrolimus dose per kg
(mg/kg) * 0.11 (0.06–0.14) 0.14 (0.12–0.16) <0.001

Initial tacrolimus level
(ng/mL) * 15.5 (9.0–21.6) 9.7 (6.4–12.0) <0.001

Initial tacrolimus level > 15
ng/mL (%) 50.8 13.1 <0.001

Tacrolimus C/D ratio * 2.00 (1.71–2.50) 0.99 (0.74–1.24) <0.001
Data presented as means with 95% confidence interval, * medians with Q1–Q3 values or frequencies, as appropri-
ate. C/D, concentration-to-dose; BMI, body mass index; HLA, human leukocyte antigen; CIT, cold ischemia time;
IL-2RB, interleukin-2 receptor blocker; ATG, antithymocyte globulin; DGF, delayed graft function.

There was no difference between the groups in the time from transplantation to the
day of the first tacrolimus blood trough level measurement (median 2 (2–3) vs. 2 (2–3) days;
p = 0.1). As expected, despite the substantially lower initial tacrolimus dosing, slow
metabolizers presented significantly higher tacrolimus level and almost 4-fold more subjects
reached the supratherapeutic drug level (Table 1). Nevertheless, after the subsequent dose
adjustments, the tacrolimus trough levels in both study groups were similar thereafter
until the discharge from the hospital (2nd post-transplant week: 9.5 (6.9–10.6) vs. 8.2
(6.8–9.6) ng/mL; p = 0.19, 3rd week: 8.4 (6.6–11.4) vs. 9.1 (7.1–10.8) ng/mL; p = 0.88, at
discharge: 9.4 (7.2–10.9) vs. 8.7 (7.6–9.7) ng/mL; p = 0.33, respectively).
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DGF was more frequently observed in the slow metabolizers group resulting in a
tendency to longer median post-transplant hospital stay (17 (13–25) vs. 14 (13–19) in fast
metabolizers, respectively; p = 0.07). However, the median serum creatinine concentrations
during the hospital stay (3rd post-transplant day: 5.0 (2.8–8.1) vs. 3.5 (2.2–7.9) mg/dL;
p = 0.29, 7th day: 2.3 (1.3–5.8) vs. 1.9 (1.2–5.5) mg/dL; p = 0.33, respectively) and at
discharge (1.5 (1.1–2.1) vs. 1.5 (1.1–1.8) mg/dL; p = 0.68) were similar. Of note, the
frequency of early AR episodes was also similar in both groups (Table 1).

3.2. Body Composition Parameters in Slow and Fast Tacrolimus Metabolizers

The BIA parameters describing the pre-transplant hydration status were also com-
parable between study groups, including the detailed lean mass analysis in 5 individual
segments of the body. In line, the median post-transplant weight loss during the hos-
pital stay was similar in both groups (3.1 (2.2–4.1) vs. 3.2 (2.3–4.1) kg in slow and fast
metabolism groups, respectively; p = 0.90), with comparable values of systolic and diastolic
blood pressure measured at 7th post-operative day 9SBP: 135 (130–150) vs. 140 (130–160);
p = 0.18, DBP: 80 (80–90) vs. 85 (80–90); p = 0.55) and at discharge from the hospital (SBP:
130 (120–140) vs. 130 (125–140); p = 0.38, DBP: 80 (75–90) vs. 80 (78–85); p = 0.49).

Interestingly, we found a significant positive association between the post-transplant
weight loss and the amount of pre-transplant residual diuresis (r = 0.304; p = 0.01). On the
other hand, we also noted a weak reverse association between the residual diuresis and
tacrolimus C/D ratio (r = −0.186; p < 0.05).

There were no significant differences between both analyzed groups in BIA parameters
which reflect the proportion of fat and lean body mass (phase angle, visceral fat area, LBM,
LBMI and the proportion of LBM as a percentage of total body mass) (Table 2). In the whole
study group, BMI correlated the most with visceral fat area (r = 0.772; p < 0.001) and LBMI
(r = 0.562; p < 001), whereas the correlations with LBM (r = 0.389; p < 0.001) and phase angle
(r = 0.249; p < 0.01) were less pronounced. Of note, we found a weak reverse correlation
between LBMI and tacrolimus C/D ratio (r = 0.181; p < 0.05). None of the remaining above
analyzed parameters correlated significantly with tacrolimus C/D ratio.

Table 2. The comparison of the main results of bioimpedance analysis between both study subgroups.

Parameter

Tacrolimus C/D Ratio

pSlow Metabolizers
≥1.48
n = 61

Fast Metabolizers
<1.48
n = 61

Baseline body composition analysis

Weight (kg) 74.9 (70.5–79.2) 76.1 (72.4–79.7) 0.67

ICW (L) 24.5 (23.1–25.9) 25.5 (24.1–26.9) 0.31

ECW (L) 15.7 (14.8–16.5) 16.2 (15.3–17.0) 0.42

TBW (L) 40.2 (37.9–42.5) 41.7 (39.4–44.0) 0.35

ECW/TBW 0.390 (0.387–0.393) 0.388 (0.385–0.390) 0.27

Phase angle (o) 5.0 (4.8–5.3) 5.2 (5.0–5.4) 0.32

Visceral fat area (cm2) * 93.6 (59.1–126.3) 88.4 (51.5–129.9) 0.60

LBM (kg) 51.5 (48.6–54.4) 53.5 (50.5–56.4) 0.34

LBM (%) 69.2 (67.0–71.4) 70.5 (67.7–73.3) 0.45

LBMI (kg/m2) 18.6 (17.9–19.3) 18.8 (18.2–19.5) 0.62
Data presented as means with 95% confidence interval, * medians with Q1-Q3 values, as appropriate. C/D,
concentration-to-dose; ICW, intracellular water; ECW, extracellular water; TBW, total body water; LBM, lean body
mass; LBMI, lean body mass index.
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3.3. Body Composition Parameters in Groups Depending on the LBMI

In additional analysis, in which all study patients were assigned into two groups
based on the value of BIA-derived LBMI equal and above or lower than median value,
both groups were comparable in recipient age (49.0 (45.8–52.2) vs. 47.4 (44.1–50.8) years,
respectively; p = 0.50), but the subjects with LBMI ≥ 18.7 kg/m2 had significantly greater
BMI (27.4 (26.5–28.4) vs. 23.7 (22.6–24.8) kg/m2; p < 0.001) and residual diuresis (median
600 (250–1500) vs. 175 (0–1000) mL; p < 0.01) than subjects with LBMI below median
value. They also presented significantly greater phase angle (5.4 (4.8–5.9) vs. 4.7 (4.2–5.3);
p < 0.001), greater percentage of pre-transplant hydration measured in 5 different body
compartments and greater median body weight reduction during the first post-transplant
hospitalization (5.3 (2.8–6.3) vs. 1.9 (0.5–3.3) kg; p < 0.001).

At baseline, there were no differences in dialysis vintage, CIT, ECW/TBW, and visceral
fat area between those groups. However, despite similar initial tacrolimus dose per kg
of body weight (median 0.13 (0.09–0.15) vs. 0.14 (0.07–0.15) mg/kg/day; p = 0.94), the
group of patients with LBMI ≥ 18.7 kg/m2 had a significantly lower tacrolimus C/D
ratio (median 1.39 (0.94–1.79) vs. 1.67 (1.00–2.28), respectively; p < 0.05) in comparison
with the other group. As a consequence, regardless of the significantly higher initial
tacrolimus dosing in subjects with the LBMI ≥ 18.7 kg/m2 (median 12.0 (7.0–13.0) vs. 8.0
(4.0–10.0) mg/day; p < 0.001), the first tacrolimus blood trough level was similar in both
groups (median 11.8 (7.8–18.5) vs. 10.4 (7.4–15.8) ng/mL, respectively; p = 0.32). Multiple
regression analysis revealed that age (rpartial = 0.322; p < 0.001) and LBMI (rpartial = −0.254;
p < 0.01) independently influence the tacrolimus C/D ratio.

4. Discussion

To our best knowledge, this is the first study which analyze the association be-
tween various parameters of body composition and the early post-transplant tacrolimus
metabolism in kidney transplant patients. Hereby, we showed the independent association
between the lean body mass index, calculated based on the bioimpedance measurement
and the first post-transplant C/D ratio. This finding is of potential importance as it may
be useful for the more precise tacrolimus dose determination immediately prior to kidney
transplantation.

It is worth to noticing that tacrolimus C/D ratio calculated at 3-month or 6-month
post-transplant time-point was previously shown to be a risk factor for significantly worse
patient survival, worse kidney graft function and survival, higher rejection rate and the
development of calcineurin inhibitor nephrotoxicity and BK nephropathy [19–21]. Of note,
in our study we used tacrolimus C/D ratio calculated in the first day’s post-transplant as
a surrogate marker for tacrolimus metabolism. Interestingly, some metabolic differences
defined based on C/D ratio were noted between LCP-tacrolimus and immediate-release
tacrolimus during the early post-transplant period [22], however in our study all subjects
were treated with an immediate-release drug formulation.

Recently, an increasing interest is observed in the literature in the role of body
composition-based pharmacokinetic analyses in an effort to reduce severe drug toxicity.
Particularly sarcopenia and body composition in cancer is being studied extensively, result-
ing in the emergence of body composition-tailored drug administration schemes [23]. As it
was shown that dose per kilogram of LBM of the carboplatin was a significant predictor of
severe hematologic toxicity, taking body composition into account was proposed for dose
individualization of chemotherapeutic agents [24]. In line, computed tomography-derived
body composition parameters were correlated with toxicity, dose reduction and termination
of the treatment in patients with diffuse lymphoma receiving immunochemotherapy [25].
Moreover, based on cancer research, body composition-based dosing regimens were also
proposed for quinolones [26] and anti-tumor necrosis factor medications [27].

In our transplant center, based on clinical observations and previous reports, we
started to reduce the initial tacrolimus dose from 0.2 to 0.1–0.15 mg/kg/day in older and
overweight/obese patients since 2011. However, as we summarized our experience, we
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found that such a policy did not decrease the percentage of subjects with supratherapeutic
first tacrolimus level substantially [28]. The present study protocol was designed to find
potential parameters, which may be obtained prior to transplantation procedure and may
help in the optimization of the initial tacrolimus dose. Finally, we confirmed that the
bioimpedance body composition analysis of the potential kidney transplant candidate
might be useful in such a dose tailoring, as the LBMI was found to be associated with
the first post-transplant tacrolimus level independently of age and BMI. In line, of all
anthropometric variables tested, a stepwise multiple regression analysis revealed that
LBM was the only determinant of antipyrine clearance in apparently healthy subjects [29].
Moreover, LBM was found to best describe the average reported relationship between
drug clearance and TBW in literature meta-analysis [30]. Interestingly, in chronic dialysis
patients treated with vancomycin, the drug volume of distribution correlated best with
LBM [31]. It was also shown in peritoneal dialysis patients that bioimpedance analysis can
be used to estimate TBW and LBM with a correlation coefficient of 0.87 and 0.93, when
using Deurenberg’s formula [32].

Among the study limitations it should be noticed that the bioimpedance measurements
were performed around the clock, when the potential recipients of a kidney from deceased
donors were arriving to the transplant center. However, they abstained from eating
for a minimum of 5–6 h prior to the examination, as they were aware of the planned
transplantation and the pre-transplant dialysis session was performed. Another limitation
is the lack of CYP3A5 genotyping in our patients. However, Polish Caucasian population
is rather homogenic, with the vast majority of subjects (approximately 90%) being slow
calcineurin inhibitor metabolizers [33]. Moreover, to date, CYP3A5 genotyping is neither
recommended nor routinely performed prior to transplantation; thus, it cannot be used for
initial tacrolimus dose calculation in daily clinical practice. Furthermore, according to some
reports, the optimization of initial tacrolimus dose using pharmacogenetics testing was
poorly predictive of tacrolimus clearance and did not improve clinical outcomes [15,34,35].

5. Conclusions

To conclude, in our present study we found the independent influence of LBMI on
the very early tacrolimus C/D ratio post kidney transplantation. Thus, one could expect
that based on this immediately assessed, non-invasive body composition parameter it will
be possible to more precisely adjust the initial tacrolimus dose in order to minimize its
potential toxicity. However, the clinical utility of this novel covariate for the optimization
of tacrolimus dosing is still to be proven and needs the prospective validation in the
randomized study.
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Abstract: Kidney transplant (KTx) recipients are a high-risk population for osteoporotic fractures.
We herein aim to identify the role of pre-transplant parathyroidectomy (PTX) and other modifiable
factors associated with osteoporotic fractures in KTx recipients. We conducted a retrospective study
involving 711 adult patients (4608 patient-years) who were transplanted at our center between January
2007 and June 2015. Clinical data were extracted from patients’ electronic medical records. Different
laboratory and clinical parameters for mineral bone disease (MBD) and osteoporosis, including
medication, were evaluated. We chose fracture events unrelated to malignancies or adequate trauma
as the primary endpoint. Osteoporotic fractures occurred in 47 (6.6%) patients (median 36.7 months,
IQR 45.9) after KTx (fracture incidence of 10 per 1000 person-years). Prior to KTx, subtotal PTX was
performed in 116 patients (16.3%, median time 4.2 years before KTx, IQR 5.0). Of the patients with
fracture (n = 47), only one (2.2%) patient had previously undergone PTX. After adjusting for the
known fracture risk factors MBD and osteoporosis, PTX remained a protective factor against fractures
(HR 0.134, CI 0.018–0.991, p = 0.049). We observed a reduced risk for pathological fractures in KTx
patients who underwent PTX, independent from elevated parathyroid hormone at the time of KTx
or afterwards.

Keywords: kidney transplantation; chronic kidney disease; mineral bone disorder; parathyroidec-
tomy; parathyroid hormone; osteoporosis; bone fractures

1. Introduction

Kidney transplant (KTx) recipients are a high-risk population for osteoporotic fractures,
yet their environment combines a number of risk factors that lead to mineral bone disorder
(MBD) and osteoporosis. Osteoporotic fractures increase morbidity and mortality in elderly
patients; therefore, their prevention is an important issue [1].

Since the majority of patients after KTx show impaired renal function/chronic kid-
ney disease (CKD) and present a long history of end-stage renal disease (ESRD), CKD-
related MBD also plays an important role in KTx recipients. It refers to CKD-MBD after
kidney transplantation. Both high FGF-23 levels and hyperparathyroidism are present
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post-transplant, contributing to hypophosphatemia and hypercalcemia [2]. Secondary
hyperparathyroidism (sHPT) and uremic toxin accumulation enhance osteoclast-mediated
bone resorption with increased release of calcium and phosphate [2].

After KTx, further transplantation-related factors associated with MBD and osteoporo-
sis occur. In addition to electrolyte imbalances (such as hypophosphatemia, hypomagne-
semia and hypercalciuria), reduced physical activity, sarcopenia, and immunosuppressive
medication, which usually includes corticosteroids and calcineurin-inhibitors (CNI), in-
crease bone resorption [3–5]. Therefore, KTx recipients have a significantly lower bone
mineral density (BMD) compared to the general population [5].

Treatment of hyperparathyroidism (HPT) and MBD is primarily based on the assess-
ments of laboratory values of phosphate, calcium, PTH level, alkaline phosphatase, and
vitamin D. The primary therapeutic approach is drug-based and aims primarily to identify
and treat long-term trends. PTX is indicated for ESRD patients with HPT who do not
respond adequately to medical or pharmacologic therapy [6].

New pharmacological approaches with calcimimetics have significantly reduced the
frequency of PTXs in ESRD patients [7]. However, improvements in mortality rate and
bone metabolism with the use of calcimimetics have not been consistently confirmed.

In patients with primary hyperparathyroidism, Yeh et al. demonstrated that PTX is
associated with a reduced risk of fractures [8]. In chronic hemodialysis patients with sHPT,
Rudser et al. observed a reduced fracture risk in patients after PTX.

For patients after KTx who have secondary or tertiary HPT, data regarding fracture
risk is sparse, and it is unclear to date whether PTX affects the risk of osteoporotic fractures
in this particular setting. Thus, we aimed to clarify the effect of PTX and other factors
available for retrospective analysis associated with MBD on osteoporotic bone fractures in
KTx recipients.

2. Materials and Methods

2.1. Study Design and Population

We conducted a retrospective study involving 711 adult patients with a follow-up of
4608 patient-years transplanted at our center between January 2007 and June 2015. The
follow-up period ended on 25 June 2019. Transplanted patients under the age of 18 years
were excluded. Patients were censored for loss of allograft function and death with a
functioning allograft. Patient demographic and clinical characteristics were recorded at the
time of KTx. Informed written consent was obtained from all patients to collect their data
at the time of transplantation. Patient data were anonymized before analysis. Regarding
patients with PTX, we only considered those patients who received PTX before KTx. Seven
patients in our collective who had PTX surgery after KTx were excluded. This study was
performed in accordance with the Declaration of Helsinki and the International Conference
on Harmonization Good Clinical Practice guidelines and approved by the local ethics
committee (Ethik Kommission der Ärztekammer Westfalen-Lippe und der Medizinischen
Fakultät der Westfälischen Wilhelms-Universität, 2014-381-f-N). Data were extracted from
the electronic patient records. Induction therapy was chosen according to immunologic
risks. One gram mycophenolate mofetil was given twice a day; the dosage was reduced if
adverse events occurred. Prednisolone was started with 500 mg intravenously (i.v.) before
KTx, followed by 100 mg for three days; then the dose was reduced by 20 mg/day. A
dosage of 20 mg/day was maintained until day 30 and then slowly reduced to 5 mg/day.
Maintenance immunosuppressive therapy usually consisted of a calcineurin inhibitor
(tacrolimus), mycophenolate sodium or mycophenolate mofetil, and prednisolone. m-TOR-
inhibitor-based immunosuppression after KTx was chosen only in a minority of patients,
usually when they were enrolled in clinical trials.

2.2. Analyzed Markers and Parameters

To characterize the bone metabolism of the study subjects, we evaluated differ-
ent laboratory markers and parameters, including intact PTH (iPTH) (normal range
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15.6–65 pg/mL), total serum calcium levels, ionized calcium levels, medication with native
and active vitamin D preparations, vitamin D analogues, bisphosphonates, calcimimetics
and IgG2-anti-RANKL-antibodies (denosumab).

Each of the laboratory parameters was evaluated three months and one year after KTx.
PTH was also evaluated immediately pre KTx. Medication was evaluated one, two, and
three years after KTx.

We chose fracture events unrelated to malignancies or adequate trauma as the pri-
mary endpoint.

The primary endpoint was ascertained by reviewing all patient files manually. To eval-
uate a potential association of tacrolimus metabolism and MBD, we calculated the concen-
tration/dose (C/D) ratio three months after KTx. The C/D ratio allows the classification of
patients into slow (C/D ratio ≥ 1.05) and fast tacrolimus metabolizers (C/D ratio < 1.05) [9].

2.3. Statistical Analysis

The data were analyzed with IBM SPSS Statistics 27 (IBM Corp., Armonk, NY, USA).
The results are expressed as a median with interquartile range (IQR) or mean with standard
deviation (SD). Non-continuous parameters were analyzed by Fisher’s exact tests and
chi-square tests and the continuous parameters were analyzed by a Mann–Whitney U-test
and Kruskal–Wallis test, respectively, where appropriate. A p-value ≤ 0.05 was considered
statistically significant.

Repeated measures ANOVA was applied to compare courses of PTH (before KTx, at
3 months, at 12 months) between different groups.

We analyzed the probability for fracture-free survival after KTx by Kaplan–Meier
analysis and a log-rank test. To further, estimate the effect of PTX on the fracture incidence,
we considered death as a competing risk. Cumulative incidence functions were estimated
for both competing outcomes (death and fracture) and PTX groups were compared using
Gray’s test.

Univariate Cox proportional hazard models were fitted to identify the potential pre-
dictors for fracture events. Death was considered censored in this analysis; i.e., the model
corresponds to a cause-specific hazard model. Variables that were considered statistically
noticeable by univariate analysis were used for multivariable Cox proportional hazard
regression analysis to identify independent prediction factors for fracture events. Besides
these, the two well-known influencing factors on bone mineral disease, female sex and dial-
ysis vintage were added to the multivariable Cox proportional hazard regression analysis.

We analyzed the effect of the estimated glomerular filtration rate (eGFR) at different
time points after KTx on fracture risk in Cox proportional hazard models using a landmark
approach. We fitted five Cox proportional hazard models, starting at 12 months, 24, 36,
48, and 60 months. Within each analysis, only patients who lived without a fracture at the
landmark time point were included with their eGFR values, respectively. Event times were
recalculated starting from the landmark time point. Thus, each model evaluates the eGFR
as a risk factor for new fractures after the respective time point. Results are presented as a
forest plot.

For all Cox proportional hazard models, hazard ratios (HR) and 95% confidence
intervals (CI) were reported.

3. Results

3.1. Baseline Characteristics

Baseline characteristics of the study populations are given in Table 1. Median age at
transplantation was 53.0 years (range 17.8–78.4), 430 (60.5%) were male, and 204 (28.7%)
received a living donor transplant.

Induction therapy was performed using basiliximab in 588 (83.6%) cases. A total of
37 (5.3%) of the patients received thymoglobuline (Table 1).
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Table 1. Patients’ demographic and clinical characteristics at transplantation.

Variable
All **

(n = 711)
Fracture (n = 47) No Fracture (n = 664) p-Value

Age at Tx * (years), median (IQR) 53.0 (21.7) 60.8 (11.7) 52.39 (21.9) 0.000 a

Sex male, n (%) 430 (60.5%) 22 (46.8%) 406 (61.5%) 0.063 b

mismatch-HLA-A, n (%)

1.000 bnone 250 (35.3%) 16 (34.0%) 232 (35.3%)
1 338 (47.7%) 23 (48.9%) 313 (47.6%)
2 120 (16.9%) 8 (17.0%) 112 (17.0%)

mismatch-HLA-B, n (%)

0.152 bnone 163 (23.0%) 12 (25.5%) 151 (23.0%)
1 339 (47.9%) 27 (57.4%) 309 (47.0%)
2 206 (29.0%) 8 (17.0%) 197 (30.0%)

mismatch-HLA-DR, n (%)

0.607 bnone 178 (25.1%) 12 (25.5%) 164 (25.0%)
1 340 (48.0%) 20 (42.6%) 320 (48.7%)
2 190 (26.8%) 15 (31.9%) 173 (26.3%)

PRA > 85%, n (%) 12 (1.7%) 1 (2.1%) 11 (1.7%) 0.566 b

PRA > 5%, n (%) 84 (11.8%) 4 (8.5%) 80 (12.2%) 0.641 b

Living donor Tx *, n (%) 204 (28.7%) 10 (21.3%) 194 (29.4%) 0.317 b

ABO incompatible Tx *, n (%) 40 (5.6%) 0 (0.0%) 40 (6.1%) 0.101 b

Cold ischemia time (hours), median (IQR) 7.93 (9.18) 7.67 (7.03) 7.96 (9.21) 0.779 a

Warm ischemia time (minutes), mean ± SD 32.94 ± 8.33 34.20 ± 8.93 32.82 ± 8.29 0.130 a

Dialysis prior to Tx *, n (%) 662 (93.1%) 45 (95.7%) 612 (92.7%) 0.764 b

Dialysis vintage (months) median (IQR) 54.59 (65.23) 54.59 (51.44) 53.82 (66.35) 0.622 a

Previous Tx *, n (%) 93 (13.1%) 6 (12.8%) 87 (13.2%) 1.000 b

CMV mismatch D/R, n (%)

0.489 b
D−/R− 122 (17.2%) 6 (13.0%) 116 (17.6%)
D−/R+ 123 (17.3%) 5 (10.9%) 118 (17.9%)
D+/R− 165 (23.2%) 12 (26.1%) 152 (23.0%)
D+/R+ 300 (42.2%) 23 (50.0%) 274 (41.5%)

Initial immunosuppression, n (%)

Initial steroid use 700 (98.5%) 47 (100%) 649 (98.3%) 1.000 b

Initial MMF * use 683 (96.1%) 44 (93.6%) 635 (96.2%) 0.423 b

Initial CyA * use 24 (3.4%) 2 (4.3%) 22 (3.3%) 0.670 b

Initial tacrolimus use 687 (96.6%) 45 (95.7%) 638 (96.7%) 0.670 b

Initial mTOR * inhibitor use 29 (4.1%) 3 (6.4%) 26 (3.9%) 0.433 b

Diagnosis of ESRD, n (%) 0.004 c

Hypertension 55 (7.7%) 1 (2.1%) 54 (8.2%)

Diabetes 43 (6.0%) 3 (6.4%) 40 (6.1%)

Polycystic kidney disease 104 (14.6%) 15 (31.9%) 88 (13.3%)

Obstructive Nephropathy 35 (4.9%) 2 (4.3%) 33 (5.0%)

Glomerulonephritis 228 (32.1%) 6 (12.8%) 221 (33.5%)

FSGS * 32 (4.5%) 3 (6.4%) 29 (4.4%)

Interstitial nephritis 36 (5.1%) 2 (4.3%) 33 (5.0%)

Vasculitis 23 (3.2%) 4 (8.5%) 19 (2.9%)

Other 102 (14.3%) 6 (12.8%) 96 (14.5%)

Unknown 53 (7.5%) 5 (10.6%) 47 (7.1%)

a Mann–Whitney U-test, b Fisher´s exact test, c Chi square test, * Abbreviations: Tx: transplantation; HLA: human
leukocyte antigen; PRA: panel reactive antibodies; MMF: mycophenolate, mofetil; CyA cyclosporine A; FSGS:
focal segmental glomerulosclerosis, ** missing values: if total numbers are below 711, single values were not
available in electronic patient records.
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3.2. Outcome Data

Patients’ eGFR values and landmark univariable Cox proportional hazard regressions
for fracture risk depending on eGFR are depicted in Figure 1.

Figure 1. Landmark analysis of univariable Cox proportional hazard regressions for fracture risk
depending on eGFR after 12, 24, 36, 48 and 60 months depicted as Forest plot. Mean eGFR values and
standard deviations at each time point are given for patients with and without fractures.

Repeated measures ANOVA to compare the PTH courses is given in Figure 2.

Figure 2. PTH courses in patients with and without fractures. Differences were tested for significance
with repeated measures ANOVA. p-values are given within the figure.

Further outcome data are presented in Table 2.

Table 2. Characteristics of patients stratified by fracture events.

All
(n = 711)

Fracture
(n = 47)

No Fracture
(n = 664)

p-Value

Alkaline phosphatase at M3 (u/L) median (IQR) 83.50 (43) 84.50 (41) 83.00 (44) 0.696 a

Whole serum calcium at prior to KTX (mmol/L) median (IQR) 2.29 (0.29) 2.33 (0.3) 2.29 (0.29) 0.539 a

Ionized calcium at prior to KTX (mmol/L) median (IQR) 1.18 (0.12) 1.19 (0.09) 1.18 (0.12) 0.264 a

Whole serum calcium at M3 (mmol/L) median (IQR) 2.39 (0.24) 2.38 (0.29) 2.40 (0.24) 0.685 a
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Table 2. Cont.

All
(n = 711)

Fracture
(n = 47)

No Fracture
(n = 664)

p-Value

Ionized calcium at M3 (mmol/L) median (IQR) 1.27 (0.14) 1.25 (0.14) 1.27 (0.13) 0.323 a

Serum phosphate at M3 (mg/dL) median (IQR) 2.70 (1.1) 2.70 (1.2) 2.70 (1.1) 0.502 a

Calcium phosphate product at M3 ((mg/dL)/(mmol/L)) 6.55 (2.23) 6.48 (2.35) 6.55 (2.22) 0.579 a

Parathyroid hormone prior to KTX (pg/mL) median (IQR) 217.0 (329.5) 188.0 (209.8) 222.0 (333.6) 0.244 a

Parathyroid hormone at M 3 (pg/mL) median (IQR) 111.0 (130.5) 121.5 (174.1) 108.0 (126.6) 0.322 a

Parathyroid hormone at M 12 (pg/mL) median (IQR) 99.4 (104.0) 95.2 (114.4) 99.7 (102.6) 0.962 a

Use of calcimimetics within Y1-3, n (%) 47 (7.2%) 3 (7.0%) 44 (7.2%) 1.000 b

Use of bisphosphonates within Y1-3, n (%) 22 (3.3%) 7 (16.3%) 15 (2.5%) <0.001 b

Use of nutritional Vitamin D within Y1-3, n (%) 355 (54.0%) 26 (60.5%) 327 (53.5%) 0.430 b

Use of VDR activators within Y1-3, n (%) 259 (39.4%) 15 (34.9%) 243 (39.8%) 0.629 b

Parathyroidectomy prior to KTX, n (%) 112 (15.8%) 1 (2.1%) 111 (16.7%) 0.003 b

Death censored allograft survival, n (%) 630 (88.6%) 37 (78.7%) 589 (89.2%) 0.053 b

Overall Graft Survival, n (%) 568 (79.9%) 30 (63.8) 535 (81.1) 0.008 b

NODAT, n (%) 116 (16.3%) 8 (17.0%) 107 (16.2%) 0.839 b

BK viremia, n (%) 165 (23.2%) 11 (23.4%) 154 (23.3%) 1.000 b

CMV viremia, n (%) 236 (33.2%) 13 (28.3%) 221 (33.5%) 0.520 b

Rejection yes, n (%) 280 (39.4%) 24 (51.1%) 255 (38.6%) 0.122 b

Tacrolimus use at M12, n (%) 331 (76.8%) 12 (42.9%) 317 (79.1%) <0.001 b

Tacrolimus C/D ratio at M3, median (IQR) 1.30 (1.08) 1.43 (1.48) 1.30 (1.09) 0.187 a

Tacrolimus trough levels (ng/mL) at M3, mean ± SD 7.86 ± 2.64 7.91 ± 2.65 7.85 ± 2.63 0.881 a

Steroid use at M12 406 (57.1%) 27 (96.4%) 378 (94.0%) 1.000 b

Fracture Localisation

Extremity 25 (53.2%)

Femoral neck 6 (12.8%)

Pelvis 5 (10.6%)

Vertebrae 8 (17.0%)

Thorax (rips, sternum, clavicle) 3 (6.4%)
a Mann–Whitney U-test, b Fisher’s exact test, Abbreviations: VDR: vitamin D receptor; CI: confidence interval;
NODAT: New-onset diabetes after transplantation; crea: creatinine; CMV: cytomegalovirus; BK: BK-Polyomavirus;
Tac: Tacrolimus; C/D ratio: concentration/dose ratio.

3.3. Fracture Events after KTx

Forty-seven patients (6.6%) from our study cohort suffered from at least one fracture
event that was not related to malignancy or adequate trauma. The median time of occur-
rence of fracture events was 36.7 months (IQR 13.8–59.7 months) after KTx. Interestingly, a
fracture occurred in only one PTX patient (Figure 3A). In contrast, the vast majority of the
46 (97.8%) patients with fracture events did not undergo PTX. Mortality was not different
between patients with and without PTX (Figure 3B,C).

Levels of PTH were comparable between both groups at day 0 (p = 0.158), at 3 months
(p = 0.848), and at 1 year (p = 0.874) (Figure 2).
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Patients with fracture events during the follow-up period were significantly older than
those without fractures (59.47 ± 11.32 vs. 51.47 ± 14.06, p < 0.001). There was no statistical
difference between the sexes.

To evaluate the influence of renal function displayed by eGFR on pathological fractures,
we compared patients without fractures and those patients who developed fractures for
their eGFR courses. Renal function in a course of five years was not consistently associated
with fracture incidence; however, it was significantly associated with elevated fracture
risk after 24 (p = 0.01, HR = 0.973) and 36 months (p = 0.034, HR = 0.964), but not after
12 (p = 0.086, HR = 0.984), 48 (p = 0.246, HR = 0.977) and 60 months (p = 0.144, HR = 0.972)
(Figure 1). The mean eGFR tended to be lower in the fracture group, especially after years
two and three (Figure 1).

PTX courses were not significantly different between these groups pre KTx (p = 0.158),
after three (p = 0.848), and after twelve months (p = 0.874). However, PTH tended to be
higher in the group without fractures at the timepoint prior to KTx (Figure 2).

A total of 36.6% of patients showed hypophosphatemia (<2.5 mg/dL) three months
after KTx without a significant difference between patients with and without fractures
(33.3% vs. 36.8%, p = 0.502).

There was no significant association between fracture incidence and the common
post-transplant complications BKV-viremia (23.4% vs. 23.3%, p = 1.000), CMV-viremia
(28.3% vs. 33.5%, p = 0.522), NODAT (17.0% vs. 16.2%, p = 0.839) and rejection episodes
(51.1% vs. 38.6%, p = 0.122).

 
(A) 

Figure 3. Cont.
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(B) 

 
(C) 

Figure 3. Patients who underwent PTX showed a significantly reduced fracture incidence during the
follow-up period (Gray´s test p = 0.0065) (A). Mortality incidence (Gray´s Test p = 0.2574, (B)) and
fracture-free survival probability were not different between patients with and without fractures
(Log-Rank p = 0.4703, (C)).
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3.4. Parathyroidectomy

A total of 112 (15.8%) of the patients underwent subtotal PTX before KTx, whereas
599 patients (84.2%) did not receive PTX. None of the patients underwent PTX surgery
after KTx.

PTX was performed at a median time of 4.2 years before KTx (IQR 5.0). Autotrans-
plantation of partial parathyroid tissue was performed in 80 of the 112 patients (71.4%)
undergoing PTX (Table 3). There are no significant differences in eGFR between patients
with and without PTX at any timepoint.

Table 3. Characteristics of patients stratified by PTX.

Patients with Parathyroidectomy
before KTX (n = 112)

Patients without Parathyroidectomy
before KTX (n = 599)

p-Value

PTX with partial autotransplantation,
n (%) 80 (71.4 %) - -

Parathyroid hormone at KTx (pg/mL),
median (IQR) 37.7 (169.5) 232.0 (353.5) <0.001 a

Parathyroid hormone at M3 (pg/mL)
median (IQR) 56.0 (111.1) 117.0 (132.8) <0.001 a

Parathyroid hormone at Y1 (pg/mL)
median (IQR) 57.6 (118.1) 104.0 (92.2) <0.001 a

Alkaline phosphatase at M3 (u/L)
median (IQR) 77.0 (41) 85.0 (45) 0.035 a

eGFR at Y1 (mL/min/1.73 m2) (±SD) 53.6 (±20.0) 55.5 (±20.7) 0.763 a

eGFR at Y3 (mL/min/1.73 m2) (±SD) 54.6 (±20.6) 55.2 (±20.3) 0.747 a

eGFR at Y5 (mL/min/1.73 m2),
mean (± SD)

50.9 (±22.0) 51.5 (±20.4) 0.868 a

Whole serum calcium at prior to KTX
(mmol/L) median (IQR) 2.26 (0.38) 2.29 (0.28) 0.379 a

Ionized calcium at prior to KTX
(mmol/L) median (IQR) 1.18 (0.11) 1.18 (0.11) 0.010 a

Whole serum calcium at M3 (mmol/L),
median (IQR) 2.26 (0.32) 2.41 (0.22) <0.001 a

Ionized calcium at M3 (mmol/L),
median (IQR) 1.22 (0.26) 1.28 (0.13) <0.001 a

Serum phosphate at M3 (mg/dL),
median (IQR) 2.95 (1.5) 2.70 (1.0) 0.001 a

Calcium phosphate product
((mg/dL)/(mmol/L)) at M3, median

(IQR)
6.62 (2.39) 6.54 (2.20) 0.237 a

Use of calcimimetics within Y1-3, n (%) 2 (1.7%) 45 (7.5%) 0.011 b

Use of bisphosphonates within Y1-3,
n (%) 4 (3.6%) 17 (2.8%) 0.76 b

Use of nutritional Vitamin D within Y1-3,
n (%) 58 (51.7%) 297 (49.6%) 0.749 b

Use of VDR activators within Y1-3, n (%) 62 (55.4%) 197 (32.9%) <0.001 b

a Mann–Whitney U-test, b Fisher´s exact test, Abbreviations: PTX: parathyroidectomy; eGFR: estimated glomeru-
lar filtration rate, calculated using CKD-EPI formula; KTx: kidney transplantation; VDR: vitamin D receptor.
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3.5. Medication with Calcimimetics

In total, 47 (6.6%) patients were treated with calcimimetics within the first three years
after KTx. Two (4.3%) of these patients had previously undergone PTX. The calcimimetic
use in patients with or without fractures (7.0% vs. 7.2%, p = 1.000) was comparable.

3.6. Levels of Parathyroid Hormone

Median levels of iPTH prior to KTx were 217.0 (329.5) pg/mL, 111.0 (130.5) pg/mL
after three months, and 99.4 (104.0) pg/mL after one year. They were not significantly dif-
ferent between patients with and without fractures at any of the three times (p = 0.208 prior
to KTx, p = 0.366 after 3 months, and p = 0.906 after one year).

Patients who underwent PTX showed lower PTH levels prior to KTx (37.7 (169.5) vs.
232.0 (353.5) pg/mL, p < 0.001), after 3 months (56.0 (111.1)) vs. 117.0 (132.8) pg/mL,
p < 0.001, Figure 4), and also after one year (57.6 (118.1) vs. 104.0 (92.2) pg/mL, p = 0.001).

Figure 4. Levels of parathyroid hormone are significantly lower in patients after subtotal PTX
compared to non-PTX patients three months after KTx.

Before KTx, 75.1% of recipients had iPTH levels within the range recommended by the
KDIGO guidelines (2–9-fold above the normal range (15.6–65 pg/mL)), 14.1% of patients
showed levels above the range, and 10.7% had levels below the range. For patients after
KTx, the ideal PTH levels are not known. At one year after KTx, 23.8% of the patients
showed iPTH within the assay range, 71.7% had values above, and 4.5% below [6].

Following a study by Perrin et al. who demonstrated a significant fracture difference
between low and high intact PTH (cut-off 130 pg/mL) three months after KTx [10], we
tested this cut-off after three months for our collective. However, we could not confirm
a significant difference for fracture events between patients with PTH < 130 pg/mL and
≥ 130 pg/mL (see also Supplementary ROC Curve Figure S1). One patient who showed a
fracture event within the first three months (1.4 months after KTx) was excluded from this
analysis (Figure 5).
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Figure 5. PTH levels ≥ 130 pg/mL after three months are not significantly associated with a higher
fracture incidence. One patient, who showed a fracture event within the first three months, was
excluded from this analysis.

3.7. Calcium Levels

For the analysis, whole serum calcium levels as well as levels of ionized calcium were
evaluated. Whole serum calcium levels were reduced in PTX patients three months after
KTx, p < 0.001). The same was true for levels of ionized calcium pre KTx (p = 0.0109) and
three months after KTx (p < 0.001), Table 3.

Between patients with and without fractures, there were neither significant differences
in calcium levels at day 0 (p = 0.685) nor three months after KTx (p = 0.323), Table 2.

3.8. Vitamin D Preparations and Bisphosphonates

Vitamin D receptor activators (VDRa) (calcitriol, paricalcitol)) were used more fre-
quently in patients after PTX within the first three years after KTx (55.4% vs. 32.9%,
p < 0.001). In contrast, we found no differences regarding the use of native vitamin D
preparations (cholecalciferol, vitamin D3) between patients with or without PTX (51.7% vs.
49.6%, p = 0.749).

We addressed the question of whether the difference in the use of VDRa between
patients with and without PTX could be the underlying reason for the reduced fracture rate
of PTX patients (Table 3).

However, we could not find any relevant difference in the VDRa treatment of patients
with and without fracture (34.9% vs. 39.8%, p = 0.629, Table 2).

During follow-up, seven (18.4%) patients with fractures received bisphosphonates. Of
these, three patients were prescribed bisphosphonates as secondary fracture prophylaxis
after a fracture event. In the remaining four patients, bisphosphonates were used due to
diagnosed osteoporosis without a fracture event.

3.9. Immunosuppressive Medication

The vast majority of patients studied received a tacrolimus-based immunosuppressive
regimen (96.6%). Mean trough levels were 7.86 ± 2.64 ng/mL. The median concentra-
tion/dose ratio was 1.3 (IQR 1.08). We did not find an association of steroid use (p = 1.000)
or tacrolimus use (p = 0.670) or trough levels (p = 0.881), nor of tacrolimus metabolism
(C/D ratio; p = 0.187), with fracture events after KTx. Moreover, the tacrolimus trough
levels or C/D ratio and PTH levels were not associated.
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3.10. Multivariate Cox Regression Analysis

To determine whether PTX is independently associated with a lower fracture risk
after KTx, adjustment was made for the known risk factors age, sex and dialysis vintage
and furthermore for the underlying renal disease, which was tested noticeable in the
univariable analysis.

In this analysis, PTX remained a protective factor for fractures (HR 0.134 CI 0.018–0.991,
p = 0.049). Age was confirmed as the most relevant risk factor (HR 1.051 CI 1.023–1.079,
p < 0.001) (Table 4).

Table 4. Multivariable Cox regression for factors associated with fractures after KTx.

Variable Hazard Ratio 95% CI p-Value

Age at KTx 1.051 1.023–1.079 <0.001

Dialysis vintage 0.999 0.991–1.007 0.851

Female sex 1.692 0.919–3.115 0.091

Underlying renal disease - - 0.111

Parathyroidectomy 0.134 0.018–0.991 0.049
Abbreviations: CI: confidence interval; KTx: kidney transplantation.

4. Discussion

Bone fractures are a complication that greatly affects quality of life. In addition,
immobility caused by fractures increases mortality [11]. KTx recipients have an increased
risk of fractures. Recently, Evenepoel et al. observed a fracture incidence of 14.1 per
1000 person-years in 518 KTx recipients within a 5.2-year follow-up [12]. The authors
found that low BMD was associated with fractures, independent of classic determinants,
including history of fractures. In our larger study with a comparable length of follow-up,
the incidence was 10 per 1000 person-years, but unlike the incidental fractures counted by
Evenepoel et al., we excluded fractures related to adequate trauma or malignancy.

A recent Cochrane analysis addressed the question of the efficacy of different treat-
ments for the prevention of MBD after KTx. The primary efficacy endpoint considered was
bone fracture. It remained uncertain whether, apart from bisphosphonates, any other class
of drugs reduced the fracture incidence. In the absence of trial data, the effect of PTX on
fracture risk also could not be adequately assessed [13].

In chronic hemodialysis patients, Rudser et al. showed that patients who underwent
PTX have a reduced fracture risk. Several mechanisms are discussed as potential mecha-
nisms. First, PTH excess is avoided and therefore high bone turnover lesions are mitigated.
Second, PTX-induced hungry bone syndrome, which increases bone mineral uptake, may
inherit long-term protective effects on fractures [14]. A protective role of PTX against
fracture events has already been shown for primary HPT [8], although the mechanisms in
both settings are not comparable.

In 1994, Grotz et al. reported in 100 KTx patients that pretransplant PTX was associated
with increased risk of post-transplant fractures [15]. However, this has not been confirmed
in subsequent studies, and drugs, surgical techniques as well as indications for PTX have
changed since then [16]. Nevertheless, adynamic bone disease, which could result from
PTX beside malnutrition, uremic toxins, or CKD-related repressed WNT/β-catenin signal-
ing [17], might have been responsible for the increased fracture risk of patients with PTX in
the mentioned study.

In contrast, in the present era of calcimimetics, which probably cannot reduce the
fracture risk in ESRD or KTx patients [13,18,19], we herein generate evidence that PTX may
act as an independent protective factor against pathologic fractures in KTx recipients with
HPT. This association persists when adjusted for the well-known risk factors of age, sex and
dialysis vintage, as well as for underlying renal disease, which was associated with fracture
events in univariate analysis. Since eGFR at different time points was inconsistently
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identified as significant risk factor for fractures in univariate Cox proportional hazard
regression analysis (after 2 and 3 years, but not after 1, 4, and 5 years, (Figure 1) we did not
include this parameter in further analysis. Moreover, the addition of eGFR as reflection
of renal function besides age to multivariable analysis seems problematic, because age is
already considered in the eGFR estimation formula (CKD-EPI formula) (Levey et al., 2009).
Further, age is known to be strongly associated with graft function and outcome in KTx
recipients (Legendre et al., 2014). Reasons for this include the fact that living donations,
which have a better graft outcome, are more common in younger recipients (Hart et al.,
2019), and organs provided under the European senior program (ESP) have lower organ
quality because they meet the expanded donor criteria (ECD) (Pascual et al., 2008).

Isaksson et al. matched a cohort of 590 PTX patients on dialysis or with functioning
allograft for assessment of fracture risk [20]. It was observed that PTX reduced the hip
fracture risk, but only in female patients compared with non-PTX patients. For this study,
the authors distinguished only between KTx and non-KTx patients at the time of PTX.
Whether patients received KTx after PTX was not considered. Nevertheless, these results
point in the same direction as ours do.

Another study analyzed hypercalcemia control with subtotal PTX compared with
cinacalcet use in KTx recipients. Cruzado et al. showed a superior effect of PTX for calcium
and PTH normalization and an increase in BMD; but, due to the relatively short follow-up
period of twelve months and small patient numbers, they were not able to sufficiently
comment on fracture events [21].

Based on data suggesting that hypoparathyroidism after PTX in KTx recipients corre-
lates with a significant decrease of renal function, PTX should be indicated with caution,
and the initial treatment approach should be pharmacological with administration of
calcimimetics [6,22,23]. This approach was largely followed in our center. Interestingly,
Mathur et al. did not observe an association between treatment of sHPT and posttransplant
delayed graft function, graft failure, or death, but the proportion of PTX-treated patients in
their cohort of 5094 KTx recipients was small (4.5%) [24]. However, our data do not show a
significant difference in eGFR courses between patients with and without PTX (Table 3).

In the group of patients in whom a drug approach was followed to lower PTH, it
seems trivial that the PTH value remains elevated (Figure 3) [25]. This is paralleled by
higher calcium levels and lower phosphate levels (Table 3). Nevertheless, there is also
evidence to support a preference for PTX over the use of cinacalcet. In patients with tertiary
hyperparathyroidism after KTx, cinacalcet can normalize the serum calcium levels, but
unlike PTX, it cannot normalize the PTH levels [26,27]. However, there is no consensus on
which PTH value clearly defines post-transplant HPT [28], but PTH levels were found to be
an important negative independent predictor of MBD, intriguingly more deleterious than
the cumulative dose of corticosteroids or inflammation [5]. In our cohort, one year after
KTx the PTH levels decreased 2.2-fold compared to pre KTx. However, one year after KTx,
only 23.8% of the patients showed PTH levels within the by KIDGO recommended range
for patients with CKD, 71.7% had values above, and 4.5% below (see Results Section 3.6) [6].
This phenomenon has been observed in many studies [28]. Looking at both groups (PTX
vs. non-PTX), there was no difference in PTH levels, pointing to the fact that many patients
had undergone subtotal PTX and controlled HPT in the other group. Considering that the
group without fractures included 17.8% PTX patients (vs. 2.2% in the fracture group), it
becomes clear that the average PTH level in the group without fractures was higher in the
non-PTX patients and therefore is probably not the decisive influencing factor (Table 3).
Nevertheless, there is evidence that persistent HPT could be a risk factor for fractures
after KTx. Therefore, it could be important that parathyroid recovery from CKD-induced
HPT was incomplete even 1 year after KTx in a large subset of patients (Figure 1). While
some studies link PTH-related stimulation of bone turnover to fractures [10], other sources
describe (circulating) PTH levels as poorly predictive of underlying bone turnover [29].
In contrast to Perrin et al., who described a PTH above a cut-off of 130 pg/mL measured
three months after KTx as a significant risk factor for fracture events in a cohort of 143 KTx
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recipients with a total of 22 fracture events [10], we could not confirm this observation in
our data (Figure 4). Moreover, according to our data, we could not support a clear cut-off
for PTH being associated with an increased fracture risk (Supplementary Figure S1). In
agreement with Perrin et al., we did not observe elevated alkaline phosphatase as a marker
for bone turnover in the patients with fracture events. However, in contrast to Perrin et.al,
we found alkaline phosphatase elevated in those patients without PTX. Nevertheless, it
seems possible that bone abnormalities induced by HPT can be explained by the elimination
of skeletal resistance to PTH occurring during CKD after renal transplantation.

VDRa (1.25(OH)2D3 (Calcitriol)) are more frequently applied in patients after PTX
than in patients without PTX (Table 3). VDRa provide a well-studied protective effect on
bone metabolism, whereas the efficacy of nutritional vitamin D preparations, frequently
used in non-PTX KTx patients, has not been clearly established yet [30]. However, VDRa
use did not differ in patients with and without fractures (Table 2).

In KTx recipients, immunosuppressive therapy is a specific contributing factor to
MBD and osteoporosis. In addition to the osteoporotic effects of long-term steroid use [31],
CNI medication may also affect bone metabolism. Luo et al. described increased bone
resorption in patients with tacrolimus trough levels above 6 ng/mL [32]. Increased bone
loss from CNI use has also been demonstrated in a rat model [33]. In contrast, we did not
find an association between higher tacrolimus levels or tacrolimus metabolism, represented
by the Tac C/D ratio [34], and pathologic fracture events in our cohort. Nevertheless,
tacrolimus may influence bone resorption to an extent that is clinically not apparent and
is overshadowed by more relevant factors. Recently, the effect of steroids on BMD was
prospectively analyzed in de novo KTx patients using steroid minimization protocols. The
authors showed that a cumulative methylprednisolone dose of 2.5 ± 0.8 g (after 1 year)
and 5.8 ± 3.3 g (after 5 years) caused only limited BMD changes and was predominantly
related to remodeling activity rather than corticosteroid exposure [35]. Since treatment per
protocol in our center results in exposure of approximately 3.4 g prednisone after 1 year
and 10.7 g after 5 years (in an average patient on steroids without rejection), we cannot
exclude a relevant influence of steroids on BMD in our cohort. However, steroid use and
rejection rates did not differ between the groups.

Interestingly, autosomal-dominant polycystic kidney disease (ADPKD) as an underly-
ing disease for ESRD was associated with the incidence of fractures after KTx in univariate
analysis. This fits with the observations of Gitomer et al. who describe a bone metabolism
defect in ADPKD patients with CKD stages 1 and 2, although ADPKD was not associated
with an increased risk of fractures in ESRD patients [36]. Nevertheless, we could not
confirm this association in the multivariate analysis.

This study has several noteworthy limitations. Due to its retrospective nature, it is
only hypothesis generating. Since we did not assess additional corticosteroid therapies,
which were temporarily applied for the treatment of rejection episodes, nor the VDRa or
vitamin D doses or levels, we cannot comment on that and cannot exclude the related
effects. Moreover, additional information on FGF23 and BMD would have provided
further valuable information on the bone homeostasis and morphology of patients after
PTX compared to those without PTX. Nevertheless, these parameters were not routinely
assessed in our patients. To at least partially address this limitation, we included known risk
factors for lower BMD and fracture risk after KTx into our multivariable model, specifically,
age, female sex, dialysis vintage, and cause of ESRD [37], to indirectly account for BMD.

5. Conclusions

In conclusion, our study points towards an association between PTX and fracture
events after KTx, which is independent from the elevated PTH levels at the time of KTx or
afterwards. Therefore, keeping in mind that PTX surgeries were performed considerably
prior to KTx, the fracture events might be the result of long-lasting sHPT in the foregoing
history of patients without PTX, to a significant extent. As pre-transplant PTX does not
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influence eGFR after KTx and offers protective effects on fracture risk in our study, our data
supports a more generous indication for PTX in ESRD patients with HPT waiting for KTx.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11030654/s1, Figure S1: ROC-analysis for PTH levels three
months after KTx.
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Abstract: Contrast-enhanced ultrasound (CEUS) is a widely used diagnostic tool for analyzing
perfusion and characterizing lesions in several organs. However, to date, it has not been sufficiently
investigated whether there is an association between CEUS findings and kidney function. This study
aimed at identifying the potential relationship between kidney function and the renal perfusion status
determined by CEUS in living kidney donors. A total of 30 living kidney donors examined between
April 2018 and March 2020 were included in the study. All patients underwent various diagnostic
procedures for evaluation of renal function. CEUS was performed in all 30 donors one day before
nephrectomy. Kidney perfusion was quantified using a postprocessing tool (VueBox, Bracco Imaging).
Various perfusion parameters were subsequently analyzed and compared with the results of the
other methods used to evaluate kidney function. Of all parameters, mean signal intensity (MeanLin)
had the strongest correlation, showing significant correlations with eGFR (CG) (r = −0.345; p = 0.007)
and total kidney volume (r = −0.409; p = 0.001). While there was no significant correlation between
any perfusion parameter and diethylenetriaminepentaacetic acid (DTPA), we detected a significant
correlation between MeanLin and DTPA (r = −0.502; p = 0.005) in the subgroup of normal-weight
donors. The results indicate that signal intensity in CEUS is associated with kidney function in
normal-weight individuals. Body mass index (BMI) may be a potential confounder of signal intensity
in CEUS. Thus, more research is needed to confirm these results in larger study populations.

Keywords: Contrast-enhanced ultrasound; kidney perfusion; kidney function; kidney transplanta-
tion; kidney donation

1. Introduction

Evaluation of kidney function is crucial in living donor candidates, who should not
be exposed to avoidable health impairments. The Amsterdam Guidelines recommend a
glomerular filtration rate (GFR) ≥80 as an essential prerequisite for living kidney dona-
tion [1]. Accurate assessment and verification of adequate kidney function is essential

J. Clin. Med. 2022, 11, 791. https://doi.org/10.3390/jcm11030791 https://www.mdpi.com/journal/jcm
165



J. Clin. Med. 2022, 11, 791

during evaluation of a potential kidney donor [1]. Several methods are currently in clinical
use for assessment of kidney function with differences in accuracy, complexity and dura-
tion [2]. However, accurate assessment of kidney function is not only needed in the context
of living kidney donation. More importantly, it is needed whenever impairment of kidney
function is suspected.

In routine clinical practice, the most frequently used method is measurement of
serum creatinine. Determination of serum creatinine for assessment of renal function is
limited by the fact that an increase only becomes evident after 50 % of kidney function
is lost [2]. Estimated glomerular filtration rate (eGFR) is also widely used and provides
a more accurate assessment of kidney function using one of the established formulas,
such as “modification of diet in renal disease“ (MDRD), “Cockcroft–Gault“ (CG) or the
“chronic kidney disease epidemiology collaboration equation“ (CKD-EPI) [3–6]. Especially
in the context of living kidney donation, use of an estimation formula for assessing kidney
function is widely considered as imprecise and not appropriate [1,7–10]. Radioisotopic
techniques provide more accurate information on kidney function and are widely used
to measure split and total renal function [10,11]. Radiotracers that are used as exogenous
filtration markers to measure GFR include 51Cr-ethylenediaminetetraacetic acid (EDTA),
99mTc-diethylenetriaminepentaacetic acid (DTPA), 99mTc-mercaptoacetyltriglycine (MAG3)
and 125I-iothalamate [2,10].

Besides the widely used and established methods for the evaluation of kidney func-
tion, various imaging techniques have been reported to significantly correlate with kidney
function—including measurement of cortical volume or total kidney volume on computed
tomography (CT), measurement of kidney length in ultrasound (US) and assessment of kid-
ney function in dynamic contrast-enhanced magnetic resonance imaging (MRI) [10,12–14].
However, it has not been sufficiently investigated if there is a relationship between kidney
perfusion in contrast-enhanced US (CEUS) and kidney function. Since hyperperfusion can
be considered an early sign of glomerular injury, kidney perfusion in CEUS could possibly
provide information for detection of early kidney injury—especially when kidney function
appears to be normal [15–17]. Thus, a proportion of the patients may be spared an invasive
procedure for histological confirmation of kidney injury.

To date, CEUS has been primarily performed to characterize focal renal lesions and
assess perfusion patterns based on microvascularization following administration of a
strictly intravascular contrast agent [18,19]. Since CEUS has not yet been sufficiently
investigated in the context of whole-organ perfusion and kidney function, this pilot study
was conducted to analyze the potential relationship between kidney function and CEUS in
living kidney donors.

2. Material and Methods

2.1. Study Design and Patient Population

The study was designed as a feasibility study to investigate a potential relationship
between kidney function and kidney perfusion in CEUS. For this reason, 30 living kidney
donors underwent CEUS one day prior to donor nephrectomy. Overall, 60 kidneys were
examined between April 2018 and March 2020. The study was approved by the local institu-
tional review board (Ethical Committee of Charité Universitätsmedizin Berlin) (EA1/406/16)
and conformed to the amended Declaration of Helsinki. All donors were informed about
the procedure and possible risks 24 h before the examination and provided written informed
consent. The results of this study were not used to guide clinical management.

All living kidney donor candidates invariably undergo evaluation of total and split
renal function using radioisotopic techniques prior to nephrectomy in our hospital. DTPA
clearance was determined for assessment of total kidney function and MAG3-scintigraphy
was used for evaluation of split renal function. Additional examination of kidney perfu-
sion by CEUS enabled a direct comparison between CEUS-derived perfusion parameters
and various established methods for evaluation of kidney function in individuals with
healthy kidneys.
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2.2. CEUS Examination Protocol

All examinations were performed by three examiners with many years of experience in
CEUS, together with two assistants who administered the ultrasound contrast agent (UCA).
SonoVue® (Bracco Imaging, Milan, Italy) was used as a second-generation UCA for all
examinations and was administered via a 3-way stopcock in the antecubital vein, followed
by a saline flush. The UCA was prepared according to the manufacturer’s instructions.

All CEUS examinations were performed using a high-end ultrasound system (Aplio
i900, Canon, Otawara, Japan) with a contrast-specific mode and the same multifrequency
(i8CX1). CEUS was performed of the right kidney, followed by the left kidney. After
positioning the transducer for renal imaging in the longitudinal plane in deep inspiration,
a 1.6 mL UCA bolus was injected, followed by a rapid 10 mL saline flush. Approximately
10 to 20 s (s) after UCA administration, the first microbubbles appeared in the interlobar
arteries, followed by rapid filling of the renal cortex and prolonged medullar enhancement
(Figure 1). After the first contrast signal was displayed, microflow kinetics were recorded
as a 30-s loop during a single breath hold. Since pulmonary elimination of the applied UCA
takes approximately 5 to 10 min, CEUS of the left kidney was performed after a 10-min
waiting time and when no CEUS signal was apparent in the left kidney.

Figure 1. Example illustrating kidney perfusion in CEUS approximately 1 s (a), 4 s (b) and 13 s (c)
after detection of the first signal (approximately 10–15 s after injection of the ultrasound contrast
agent). In (a) the contrast agent enhances the interlobar arteries and part of the renal cortex. Full
cortical enhancement is seen in (b), and perfusion of the whole kidney including the renal pyramids
is shown in (c). Figure (d) shows the time course of successive enhancement in different colors in a
single image. Red indicates earliest enhancement, followed by yellow, green and blue regions.

2.3. Ultrasound Settings

The UCA consists of microbubbles [20]. To avoid microbubble destruction, the UCA
was administered in a straight direction. Moreover, scanning was performed with a low
mechanical index (MI; 0.07–0.09) [21]. Beside the MI, there are other settings that may have
influenced the received signal intensity. In this study population, Gain (G) ranged between
76 and 89 and the dynamic range (DR) was either 75 or 60.
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2.4. Quantitative Perfusion Analysis

CEUS cine loops were stored as DICOM raw data and transferred to a software
package for further analysis. Quantitative analysis of kidney perfusion with time-intensity
curve measurements (TIC) was performed using the VueBox® postprocessing software
package (Bracco Imaging, Milan, Italy). Motion compensation—which is offered by the
software as an option for optimization of quality of fit (QOF)—was applied to all videos
analyzed. Except for three video clips analyzed with QOF of 88, 78 and 74, QOF was
over 90.

After motion compensation, a freehand region of interest (ROI) was manually placed in
the renal cortex by the same person excluding artifacts. To ensure optimal comparability, the
positions of the drawn ROIs had to be consistent. Therefore, all ROIs were drawn in a central
position (middle third of the kidney) with adequate image quality. Based on the ROIs, the
software generated time-intensity curves and computed different perfusion parameters.

2.5. Perfusion Parameters

Figure 2 shows the perfusion parameters automatically determined by VueBox®

(Bracco Imaging, Milan, Italy). [22]. They can be classified into two categories: signal
intensity parameters and time-related parameters (Table 1). Signal intensity parameters,
such as peak enhancement (PE) and area under the curve (AUC), are determined to describe
relative blood volume and mean transit time (mTTl) as a time-related parameter describes
the mean blood flow velocity [21]. For simplicity’s sake, and since signal intensities were
very high, signal intensity parameters were divided by 1000.

Figure 2. CEUS perfusion parameters in a model. TI defines the point in time when the tangent
of the maximum increase (WiR) intersects the x-axis. TO is the point in time when the tangent of
the maximum decrease intersects the x-axis. Parameters shown are described in Tables 1 and 2.
WiWoAUC: Wash-in and wash-out Area Under the Curve; WoR: Wash-out Rate; WiR: Wash-in
Rate; WoAUC: Wash-out Area Under the Curve; WiAUC: Wash-in Area Under the Curve; PE: Peak
Enhancement; RT: Rise time; FT: Fall time; mTT1: Mean transit time local (mTT-Tl); TTP: Time
to peak; S: seconds; a.u: arbitrary units; Figure source: VueBox—instruction for use [19]. CEUS:
Contrast-enhanced ultrasound.

168



J. Clin. Med. 2022, 11, 791

Table 1. CEUS parameters.

CEUS Parameter Label Description

Time-related parameters †

RT Rise time -

mTTl Mean transit time local
(mTT-Tl) -

TTP Time to peak -
FT Fall time -

Signal intensity parameters *

MeanLin - Mean signal intensity

PE Peak enhancement Maximum signal
enhancement

WiAUC Wash-in area under the curve
(AUC (TI:TTP))

AUC (area under the curve)
during wash-in of UCA
(between TI and TTP)

WiR Wash-in rate Maximum increase
WiPI Wash-in perfusion index WiAUC/RT

WoAUC Wash-out AUC
(AUC (TTP:TO))

AUC (area under the curve)
during wash-out of UCA
(between TTP und TO)

WiWoAUC Wash-in and wash-out AUC WiAUC + WiWoAUC
WoR Wash-out rate Maximum decrease

* Signal intensity parameters in arbitrary units (a.u.). † Time-related parameters in seconds (s).

Table 2. Results for total and split kidney function.

Mean Standard Deviation Total

Total kidney function
prior to nephrectomy

DTPA clearance (mL/min/1.73 m2) 97 14 30
Serum creatinine (mg/dL) 0.83 0.13 30

eGFR (CG) (mL/min/1.73 m2) 95 25 30
eGFR (CKD-EPI) (mL/min/1.73 m2) 87 14 30
eGFR (MDRD) (mL/min/1.73 m2) 84 14 30

Total kidney volume (cm3) 323 74 30

Split kidney function prior
to nephrectomy

Proportion in MAG3 (%) right 47.6 3.3 30
left 52.4 3.3 30

Split DTPA clearance (mL/min/1.73 m2) 49 8 60
Split eGFR (CG) (mL/min/1.73 m2) 47 13 60

Split eGFR (CKD-EPI) (mL/min/1.73 m2) 44 8 60
Split eGFR (MDRD) (mL/min/1.73 m2) 42 8 60

Split kidney volume (cm3) 162 38 60

Total kidney function after
nephrectomy

eGFR (CG) (mL/min/1.73 m2) 59 17 30
eGFR (CKD-EPI) (mL/min/1.73 m2) 50 11 30
eGFR (MDRD) (mL/min/1.73 m2) 49 9 30

Calculation of split DTPA clearance and split eGFR by multiplication with the proportion of split kidney function
in MAG3-scintigraphy; no depth correction was applied for calculation of split kidney function.

2.6. Patient Data and Methods for Assessment of Kidney Function

Different methods for evaluation of kidney function were applied and the results doc-
umented for comparison with CEUS-derived perfusion parameters. MAG3-scintigraphy,
DTPA clearance and serum creatinine were collected from the hospital’s general documenta-
tion system. eGFR was calculated according to the CG, MDRD and CKD-EPI formulas [3–5].
Split kidney volume was determined by an automatic calculation after manually framing
the kidneys in CT in all representative slices. Total kidney volume was calculated by adding
both right and left split kidney volume. BMI was used to categorize donors into normal
weight (18.5–24.9 kg/m2), overweight (25–29.9 kg/m2) and obesity (≥30 kg/m2). A total
of 15 patients belonged to the normal-weight group.

DTPA clearance was used as the reference standard for measurement of kidney func-
tion. Donors were instructed to drink at least one liter prior to DTPA clearance testing.
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DTPA clearance was determined using the Fleming formula [23]. MAG3 scintigraphy was
performed to determine the proportion of split renal function for each kidney based on
tubular extraction rate (TER) according to Bubeck [24]. Split DTPA clearance was calculated
by multiplying the proportion of split kidney function derived from MAG3-scintigraphy
with absolute DTPA clearance. Split eGFR was also calculated by multiplication with the
result of MAG3-scintigraphy.

2.7. Statistical Analysis

First, established methods for evaluation of total kidney function prior to nephrectomy
were compared with each other as a basis for comparing the results of these methods with
CEUS-derived parameters and determining the degree of correlation. We analyzed whether
CEUS parameters were related to (1) total kidney function prior to nephrectomy, (2) split
kidney function prior to nephrectomy and (3) total kidney function after nephrectomy.
For analysis of a potential relationship between CEUS parameters and postoperative
total kidney function, CEUS parameters derived from the retained kidney before donor
nephrectomy were used. Finally, confounders that could have an influence on CEUS
parameters were analyzed. To investigate potential relationships between kidney function
and renal perfusion in CEUS, Pearson correlations were carried out. Descriptive results are
presented as mean +/− standard deviation.

A two-sided significance level of α = 0.05 was defined to indicate statistical signif-
icance. All statistical analyses were performed using the SPSS software package (IBM
Corp. Released 2016. IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY, USA:
IBM Corp.).

3. Results

3.1. Epidemiology and Descriptive Presentation of Kidney Function Data

Donors had a mean age of 54 +/− 9 years with a range of 37–75. The majority were
female (76.7%), and mean BMI in the study population was 26 kg/m2 (+/−4 kg/m2).

Table 2 provides an overview of the kidney function tests performed both before and
after nephrectomy. Prior to nephrectomy, mean DTPA clearance was 97 mL/min/1.73 m2

(+/−14). Estimation of GFR yielded lower values than DTPA clearance. Among all
estimation formulas, the CG formula yielded the mean value closest to that obtained by
determination of DTPA clearance; however, scatter was also greatest with a standard
deviation of 25 mL/min/1.73 m2.

3.2. CEUS Parameters

Table 3 compiles the CEUS-derived values assessing signal intensity and time. Overall,
there was large scatter of signal intensity parameters. All signal intensity parameters
correlated strongly and significantly with MeanLin as a representative signal intensity
parameter (r = 0.930 to r = 0.984; p < 0.001). In addition, CEUS-derived, time-related
parameters also showed strong and significant correlation with each other. For correlation
of time-related parameters, rise time (RT)—as a marker of arterial inflow—was chosen as a
representative parameter.
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Table 3. Computed CEUS values.

Parameter * Mean Interquartile Range
Correlation with

MeanLin
Total

MeanLin † 12.9 17.1 (3.7–20.8) - 60
PE † 27.6 38.1 (8–46.1) r = 0.984; p < 0.001 59

WiAUC † 80 102.1 (22.4–124.5) r = 0.987; p < 0.001 59
WiR † 8.8 13.4 (2.3–15.7) r = 0.937; p < 0.001 59
WiPI † 17.5 23.8 (5.6–29.4) r = 0.985; p < 0.001 59

WoAUC † 150.8 192.3 (41.3–233.6) r = 0.983; p < 0.001 58
WiWoAUC † 230.6 292 (64–356) r = 0.983; p < 0.001 58

WoR † 3.7 5.3 (0.9–6.2) r = 0.930; p < 0.001 58

Mean Interquartile Range Correlation with RT Total
RT ‡ 4.7 1.2 (3.8–5) - 59

mTTI ‡ 25.8 17.1 (14–31.1) r = 0.387; p = 0.002 59
TTP ‡ 7.4 2.1 (6.2–8.3) r = 0.860; p < 0.001 59
FT ‡ 9.5 2.2 (7.5–9.7) r = 0.898; p < 0.001 58

† values in (a.u.); ‡ values in (s). Since the actual values were very large, they were divided by 1000. * All
abbreviations are explained in Table 1.

3.3. Analysis of Total Kidney Function

Established methods for evaluation of total kidney function prior to nephrectomy
were compared with each other. Table 4 shows correlations of various kidney function tests
with DTPA clearance as the reference method for evaluation of total kidney function. DTPA
clearance showed the strongest and most significant correlation with eGFR (CG) (r = 0.531;
p = 0.003). In comparison, just a weak correlation was observed for serum creatinine and
DTPA clearance (r = −0.228; p = 0.225). Because eGFR (MDRD) and serum creatinine
showed only weak correlations, these parameters were not considered for further analysis.

Table 4. Parameters used for evaluation of kidney function prior to donor nephrectomy.

Correlation with DTPA Clearance p-Value

eGFR (CG) r = 0.531 p = 0.003
Total kidney volume r = 0.472 p = 0.008

eGFR (CKD-EPI) r = 0.470 p = 0.009
eGFR (MDRD) r = 0.377 p = 0.040

Serum creatinine r = −0.228 p = 0.225

3.4. Comparison of CEUS and Kidney Function Parameters

Table 5 compiles correlations of CEUS signal intensity parameters with the results
of different kidney function tests. All signal intensity parameters showed weak and
nonsignificant correlations with DTPA and eGFR (CKD-EPI). Conversely, all signal intensity
parameters correlated significantly with eGFR (CG) and total kidney volume. MeanLin
(r = −0.345; p = 0.007 and r = −0.409; p = 0.001) and WiWoAUC (r = −0.346; p = 0.008 and
r = −0.401; p = 0.002) showed the strongest correlations. In contrast to correlations between
established methods for evaluation of total kidney function, correlations with CEUS signal
intensity parameters were invariably negative. Higher signal intensities were associated
with lower kidney function. These correlations were comparable with the correlation
between DTPA clearance and eGFR (MDRD) and even stronger than the correlation between
serum creatinine and DTPA clearance. Overall, correlations with total kidney volume were
stronger than correlations with eGFR (CG). Time-related CEUS parameters did not show
any significant correlation with kidney function test results (Table 5). Thus, these CEUS
parameters were not taken into consideration for further analysis.
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Table 5. Correlation of CEUS parameters with different methods for evaluation of preoperative total
kidney function.

Correlation
with DTPA

Correlation
with eGFR
(CKD-EPI)

Correlation
with eGFR (CG)

Correlation
with Total

Kidney Volume

MeanLin r = −0.170;
p = 0.194

r = −0.179;
p = 0.172

r = −0.345;
p = 0.007

r = −0.409;
p = 0.001

PE r = −0.162;
p = 0.221

r = −0.182;
p = 0.169

r = −0.322;
p = 0.013

r = −0.392;
p = 0.002

WiAUC r = −0.189;
p = 0.152

r = −0.214;
p = 0.104

r = −0.339;
p = 0.009

r = −0.402;
p = 0.002

WiR r = −0.112;
p = 0.399

r = −0.111;
p = 0.401

r = −0.274;
p = 0.036

r = −0.357;
p = 0.005

WiPI r = −0.160;
p = 0.225

r = −0.177;
p = 0.179

r = −0.319;
p = 0.014

r = −0.391;
p = 0.014

WoAUC r = −0.174;
p = 0.192

r = −0.197;
p = 0.138

r = −0.321;
p = 0.014

r = −0.403;
p = 0.002

WiWoAUC r = −0.160;
p = 0.229

r = −0.214;
p = 0.106

r = −0.346;
p = 0.008

r = −0.401;
p = 0.002

WoR r = −0.123;
p = 0.356

r = −0.155;
p = 0.245

r = −0.306;
p = 0.019

r = −0.355;
p = 0.006

RT r = 0.037;
p = 0.782

r = −0.118;
p = 0.374

r = −0.084;
p = 0.528

r = −0.018;
p = 0.893

mTTl r = −0.160;
p = 0.226

r = 0.024;
p = 0.860

r = 0.045;
p = 0.733

r = −0.015;
p = 0.913

TTP r = −0.007;
p = 0.959

r = −0.216;
p = 0.100

r = −0.178;
p = 0.178

r = −0.092;
p = 0.489

FT r = 0.113;
p = 0.398

r = −0.105;
p = 0.433

r = −0.047;
p = 0.724

r = −0.013;
p = 0.923

The strongest correlations are indicated in bold. MeanLin—analyzed as a representative parameter of signal
intensity—shows the strongest correlations as a representative parameter of signal intensity.

In the assessment of preoperative split kidney function, split kidney volume and split
eGFR (CG) also correlated with signal intensity parameters in CEUS (Table 6). Similarly,
postoperative kidney function—to be precise eGFR (CG)—significantly correlated with
CEUS intensity parameters of the remaining kidney (Table 6). For both preoperative split
kidney function and postoperative kidney function correlation values were close to those
for total kidney function.

Table 6. Correlation of CEUS-based signal intensity parameters with preoperative split kidney
function and postoperative kidney function in donors.

Correlation
with Split

DTPA

Correlation
with Split eGFR

(CKD-EPI)

Correlation
with Split eGFR

(CG)

Correlation
with Split

Kidney Volume

Preoperative split kidney function

MeanLin r = −0.150;
p = 0.253

r = −0.176;
p = 0.179

r = −0.331;
p = 0.010

r = −0.398;
p = 0.002

WiWoAUC r = −0.151;
p = 0.258

r = −0.216;
p = 0.104

r = −0.338;
p = 0.009

r = −0.389;
p = 0.003

Postoperative kidney function

MeanLin n.A. r = −0.133;
p = 0.483

r = −0.399;
p = 0.029

n.A.

WiWoAUC n.A. r = −0.148;
p = 0.436

r = −0.393;
p = 0.032

n.A.

The strongest correlations are indicated in bold. n.A.: not available.
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3.5. Evaluation of Confounders

Although CEUS parameters showed significant correlations with eGFR (CG) and kid-
ney volume, no correlations with the reference method DTPA clearance were detected. For
identification of potential confounders, relationships of MeanLin and DTPA were depicted
in a scatter diagram using three different colors to represent the three BMI subgroups
investigated (Figure 3). In this diagram, higher values for MeanLin were associated with
lower values for DTPA. On the other hand, smaller values for MeanLin were related to
both high and small values for DTPA. However, the diagram also reveals that BMI may
have had an impact on signal intensity. Donors with a higher BMI had low values for
MeanLin, and no relation between MeanLin and DTPA could be identified. However, for
normal-weight donors, the diagram shows a relation between MeanLin and DTPA (i.e.,
kidney function). The scatter diagram suggests that, in the normal-weight subgroup, higher
values for MeanLin were associated with poorer kidney function, and lower values for
MeanLin were associated with better kidney function.

Figure 3. Scatter diagram of the association between MeanLin and DTPA clearance. Each dot repre-
sents one kidney. Data are presented in different colors for each of the three BMI-based subgroups.
The results suggest that BMI could have had an impact on signal intensity and might thus be a
confounder affecting the relationship between MeanLin and DTPA clearance.

Further analysis showed a significant negative correlation between BMI and MeanLin
(r = −0.366; p = 0.004). A larger BMI was therefore associated with smaller MeanLin values.

Patients with normal weight (n = 15, defined as BMI of 18.5–24.9 kg/m2) were se-
lected to further analyze the relationship between DTPA and MeanLin. In this subgroup
(30 kidney in total), MeanLin showed a significant and strong correlation with DTPA
clearance (r = −0.502; p = 0.005).

4. Discussion

Although CEUS has been widely used in various clinical specialties, it has not been
sufficiently investigated whether there is a relationship between CEUS-derived perfusion
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and kidney function. To our knowledge, this is the first standardized and prospective
study to analyze the potential relationship between kidney function and CEUS-based
perfusion parameters in individuals with healthy kidneys. Our study revealed signifi-
cant correlations between different methods for evaluating kidney function and CEUS
signal intensity parameters. However, no correlations were identified with time-related
CEUS parameters. MeanLin was analyzed as a representative signal intensity parameter
and showed the strongest correlations, which were similar for preoperative total kidney
function, preoperative split kidney function and postoperative kidney function.

Significant correlations were only identified for total kidney volume and eGFR (CG),
but not for the reference method—DTPA clearance. Because of the importance of the
correlation between CEUS and the reference method for evaluation of kidney function, we
analyzed potential confounders for their effects on the relation between DTPA clearance
and signal intensity in CEUS.

Since greater penetration depth can attenuate the signal in CEUS, BMI was analyzed
as a potential confounder [21]. Indeed, there was a strong correlation between MeanLin
and DTPA clearance (r = −0.502; p = 0.005) in the normal-weight subgroup.

While MeanLin did not correlate significantly with DTPA clearance in the total study
population, it showed significant correlation with eGFR (CG). The estimation formula used
for calculation of eGFR (CG) is the only formula that incorporates information on body
weight [5]. This may explain why MeanLin, as a parameter that can be influenced by BMI
and thus by body weight, was found to significantly correlate with eGFR (CG).

There was a large scatter for all signal intensity parameters. BMI and kidney depth
may have contributed to the large scatter. However, the failure to use consistent US
system settings may also have contributed to differences in signal intensities. Mechanical
index (MI), frames per second (fps), gain (G) and dynamic range (DR) varied between the
CEUS examinations performed in our study population. The fact that ultrasound system
settings, in general, affect signal intensity, and may both attenuate and enhance it, hampers
comparison of absolute signal intensities [21,25].

Participation of three different examiners may also have contributed to the observed
variability in signal intensities. Both inter- and intra-observer variability have been de-
scribed for CEUS before [26]. However, the fact that CEUS was performed by different
examiners alone cannot explain the large scatter.

Another potential confounder of signal intensity is the amount of fluid intake prior to
a CEUS examination. In our hospital, patients scheduled for radioisotopic measurement are
instructed to drink one liter of water before the examination since the amount of drinking
may influence results. In contrast, no recommendation was made regarding fluid intake
prior to the CEUS examination in this pilot study. As a result, fluid intake may have
influenced signal intensities in CEUS.

According to our results, kidney volume may also influence signal intensities in CEUS.
A large kidney appears to attenuate the CEUS signal. The underlying mechanism should
be addressed in future studies.

To our knowledge, two studies have been published that investigated possible associ-
ations between renal function and perfusion in CEUS [17,27]. Both studies were conducted
in patients with diabetic kidney disease (DKD) in comparison to control groups. Similar
to our study, patient groups were small, with 33 and 55 patients with diabetic nephropa-
thy. One of these studies, conducted by Ma et al., showed a positive correlation between
GFR and the area under the curve (AUC) determined as a signal intensity parameter in
CEUS [27]. Wang et al. also reported a significantly increased area under the ascending
curve for patients with early-stage DKD (eGFR (MDRD) ≥90 mL/min/1.73 m2) compared
to patients with moderate DKD (30–90 mL/min/1.73 m2) [17]. In contrast, our results
showed a negative correlation between kidney function and CEUS-derived signal inten-
sity parameters. However, we only investigated kidney function in individuals without
underlying kidney disease, while the two earlier studies analyzed kidney function and
CEUS-based perfusion in patients with DKD.
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Future studies should consider comparison of absolute values with scintigraphic re-
sults as presented by Krumm et al. for contrast-enhanced MRI [27]. In general, ultrasound
contrast agents are associated with very low adverse event rates and do not interact with
renal function or lead to contrast-agent nephropathy [28]. Moreover, microbubble-based
contrast agents do not interact with thyroid function as they do not contain iodine. Ul-
trasound contrast agents are proven as strictly intravascular, allowing the assessment of
organ perfusion on microcirculation level. [21] This advantage, combined with a dynamic
examination, settles a further argument for CEUS compared to CT and MRI, since iodinated
and gadolinium-based contrast media are known to be not strictly intravascular. Never-
theless, CEUS and US are known to be operator-dependent, especially in image/cineloop
acquisition for parametric measurements. Although CEUS and US, in general, possess
advantages, such as the absence of radiation, lower costs and high availability (nearly every
mid-range system contains CEUS specific software), both tomographic modalities (i.e.,
CT, MRI) are more standardized in the assessment of scans or sequences. Thus, a volume
dataset and not a single plane alone (as in US) can be used for whole organ perfusion.
Our results demonstrated the potential influence of BMI or body weight on the parametric
assessment of renal perfusion in CEUS (driven by lower image quality at higher penetration
depth). These confounders may not affect image quality and parametric evaluation of
organ perfusion in tomographic imaging.

Limitations

The most important limitation of this study is the small number of subjects included
in this pilot study. Moreover, the lack of use of consistent US system settings and the
involvement of several examiners could have affected our results. Additionally, since
only patients in the subgroup of normal-weight donors showed a strong and significant
correlation between MeanLin and DTPA clearance, a broad usage of CEUS is not applicable.
Future studies are needed to analyze confounders and correlations in a larger population
to enable a broad and standardized usage of this method.

5. Conclusions

This pilot study, for the first time, demonstrated a significant relationship between
kidney perfusion in CEUS and kidney function in living kidney donors. However, its
significance is limited to patients of normal weight and BMI, and the US settings appear to
affect renal perfusion quantified by TIC measurements on CEUS. This pilot study provides
important new insights and supports the role of CEUS in assessing whole organ perfusion.
Future research should analyze the relationships and potential confounders identified here
in a larger population.
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