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Abstract
BACKGROUND
Solid organ transplantation is a life-saving intervention for end-stage organ disease. Post-transplant diabetes mellitus (PTDM) is a common complication in solid organ transplant recipients, and significantly compromises long-term survival beyond a year. 

AIM
To perform a systematic review and meta-analysis to estimate incidence of PTDM and compare the effects of the 3 major immunosuppressants on incidence of PTDM.

METHODS
Two hundred and six eligible studies identified 75595 patients on Tacrolimus, 51242 on Cyclosporine and 3020 on Sirolimus. Random effects meta-analyses was used to calculate incidence.

RESULTS
Network meta-analysis estimated the overall risk of developing PTDM was higher with tacrolimus (OR = 1.4 95%CI: 1.0–2.0) and sirolimus (OR = 1.8; 95%CI: 1.5–2.2) than with Cyclosporine. The overall incidence of PTDM at years 2-3 was 17% for kidney, 19% for liver and 22% for heart. The risk factors for PTDM most frequently identified in the primary studies were age, body mass index, hepatitis C, and African American descent. 

CONCLUSION
Tacrolimus tends to exhibit higher diabetogenicity in the short-term (2-3 years post-transplant), whereas sirolimus exhibits higher diabetogenicity in the long-term (5-10 years post-transplant). This study will aid clinicians in recognition of risk factors for PTDM and encourage careful evaluation of the risk/benefit of different immunosuppressant regimens in transplant recipients.
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Core Tip: The aim of this study is to perform a systematic review and meta-analysis to estimate incidence of post-transplant diabetes mellitus (PTDM) and the relative effects of the 3 major immunosuppressants on incidence of PTDM. This study will aid clinicians in recognizing the risk factors for PTDM and careful evaluation of the risk/benefit of different immunosuppressant regimens in transplant recipients.

INTRODUCTION
Solid organ transplantation (SOT) has achieved an excellent long-term survival in various end-stage organ diseases. However, it is still associated with several complications including post-transplant diabetes mellitus (PTDM) in the transplant recipients. PTDM may result from both transplant-related factors like immunosuppression as well as traditional risk factors like obesity, ethnicity, lifestyle and genetics. It is associated with significant morbidity and mortality, with increased cardiovascular risk, infection and graft failure [1,2]. The reported incidence of PTDM has been variable due to varying definitions over time, diverse transplant patient populations and variation in immunosuppression regimens. The reported incidence ranges from 4%-25% in renal transplant recipients, 2.5%-25% in liver transplant recipients, 4%-40% in heart transplant recipients, and 30%-35% in lung transplant recipients[3,4]. In some instances, hyperglycemia develops in response to steroid doses and pulsed steroids required during episodes of acute rejection rather than baseline immunosuppression and care must be taken in making the diagnosis.
Based on the 2013 International Consensus meeting[3], the older term new onset diabetes after transplant has been replaced by PTDM, which is defined as newly diagnosed diabetes post-transplant irrespective of timing or whether it was present but undetected prior to transplant. The criteria for diagnosis of PTDM are symptoms of diabetes plus random plasma glucose (PG) concentrations ≥ 200 mg/dL (11.1 mmol/L) or fasting blood glucose ≥ 126 mg/dL (7.0 mmol/L) (on two occasions) or 2-hour PG ≥ 200 mg/dL (11.1 mmol/L) during an oral glucose tolerance test or HbA1C ≥ 6.5%[3]. However, these guidelines mainly focus on kidney transplant patients as most studies were conducted in this cohort. 
Historically, PTDM has been attributed to insulin resistance like type 2 diabetes mellitus (DM2). The pathophysiology is incompletely understood, both insulin resistance and impaired insulin secretion due to destruction of pancreatic B-cells have been implicated[5,6]. PTDM is associated with traditional DM2 risk factors such as older age, ethnicity, obesity, family history of DM2 and unique post-transplant risk factors such as immunosuppressant use, CMV positivity, hepatitis C and weight gain[7,8]. 
PTDM has a significant impact on post-transplant outcomes. Various studies have reported decreased graft survival and an increase in cardiovascular, renal and infection complications[1,2]. Identification of risk factors is helpful in guiding the implementation of measures to prevent PTDM and its associated morbidity and mortality in solid organ transplant recipients. A network meta-analysis (NMA) allows for the comparison of multiple treatments in a single analytical model, allowing direct and indirect comparisons between several treatments.
The objective of this NMA is to determine the relative impact of the 3 main immunosuppressants ie tacrolimus, sirolimus and cyclosporine used in transplant medicine on the incidence of PTDM, thus providing information on clinical risk stratification and prompting physicians to carefully evaluate risk-benefit ratios in transplant recipients.

MATERIALS AND METHODS
Study design
We performed a systematic review and meta-analysis as per the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement standards. An experienced librarian at the University of Toronto performed the literature search on February 16th, 2017.
A systematic literature search was performed in peer reviewed databases of Medline, Medline epub/in-process, EMBASE, CDSR and CCRCCT (search last conducted on February 16th, 2017 including studies from 1995 onwards). The search strategy was developed using a combination of database-specific subject headings and text words. Additional key words were mined from sample articles and generated through input from subject specialists on the team. The search strategy was then customized for each database. Appendix 1 outlines the detailed search strategy.

Selection criteria and data extraction
Two independent reviewers screened the titles and abstracts using the inclusion criteria. Disagreement was resolved after discussion.
The inclusion criteria were: (1) English-language studies; (2) Studies with an adult (> 18 years old) human patient population; (3) Studies published between 1995 and the date of the search; (4) Studies using an intervention of maintenance immunosuppression with standard-dose tacrolimus, cyclosporine or sirolimus; (5) Studies about solid-organ transplant recipients (i.e., not hand, pancreatic islet, stem cell transplant); and (6) Studies with a follow-up period of 1 year or longer.

Statistical analysis
Estimation of incidence: Random effects meta-analyses of the treatment-specific incidence of PTDM overall (using the earliest reported time in each study) as well as at various time points post-transplant (1 year, 2-3 years, and 5 or more years) were conducted using generalized linear mixed models; the input data were the number of patients with follow-up and the number with PTDM at the time point. In this analysis, we only pooled data from cohort and randomized studies where patients with pre-existing DM were excluded. Heterogeneity was assessed using Cochran’s Q, and I2. Meta-regression was used to quantify the variation in incidence attributable to the following study characteristics: mean patient age, mean body mass index (BMI), percentage male, concomitant use of steroids and study design.

Comparisons of relative incidence: To compare incidence between the three immunosuppressants, NMA was used. This allows comparison of multiple treatments in a single analytical model, allowing for direct and indirect comparisons between numerous treatments, so all studies could be included simultaneously. The direct and indirect estimates were compared using the node-splitting procedure. For example, the directly estimated odds ratio from studies comparing sirolimus and tacrolimus can be compared to the indirect estimate that would be expected based on the comparisons of each of them to cyclosporine. When these direct and indirect estimates are consistent, the pooled network estimate can be more precise than the direct estimate. Odds ratios (OR) between pairs of treatments were calculated as well as the 95% credible intervals. All analyses were done in R 4.02 using the Meta package for meta-analysis of incidence and the gemtc packages for NMA[9-11].

Quality grading of studies: The quality of each study in the analysis was assessed based on Newcastle-Ottawa scale (NOS). The scale includes three categories, using scores of 1-9 for assessment. The total score is 9, comprising of 4 for selection, 2 for comparability, and 3 for outcome. Total score ≥ 7 represents a high-quality study.

RESULTS
The literature search yielded 7638 records. Following elimination of 1768 duplicates, 5870 articles were identified for screening, of which 5144 records were excluded by title and abstract, leaving 726 eligible for full-text assessment. Case reports/series, conference proceedings, and editorials, reviews, articles in which PTDM was not the primary or secondary outcome of interest, or there was unclear duration of follow-up, or the intervention was not an immunosuppressant regimen of interest and articles with inadequate information were excluded after a full text review. Ultimately, 206 studies were included in our study as shown in the PRISMA diagram (Figure 1). Most of the studies had a NOS score of 7, with a mean of 7.2 indicating that the overall study quality was high. The median year of publication was 2009, and most of the papers were published between 2006 and 2013. The breakdown of the studies by design was as follows: 151 studies were cohort studies, 6 were case-control studies, 10 were cross-sectional studies and 39 studies were randomized controlled trials. The studies included various solid organ transplant patients, with the majority being kidney transplant (163 studies) and liver transplant (26 studies).

Population characteristics
A total of 206 eligible studies identified 75595 patients on Tacrolimus, 51242 on Cyclosporine and 3020 on Sirolimus. All patients underwent SOT and received immunosuppression. The mean age of the patients was 45 years old, 62.4% were male and the mean BMI was 24.7.

Outcome measures
Incidence of PTDM: Figure 2 illustrates the first reported time point per study for incidence of PTDM presented by immunosuppressant and stratified by studies reporting the number of patients with pre-transplant diabetes. It is important to note the wide heterogeneity of incidence rates within every time point. Most studies reported the first time point, with PTDM incidence within the first-year post-transplant.
One hundred and twenty-one studies were used in the meta-analysis of the incidence of PTDM at one-year post-transplant. Forty-five, 65, and 11 studies were used in the analysis of the one-year incidence in studies, which used cyclosporine, tacrolimus, and sirolimus respectively as the main immunosuppressant. The overall proportion of patients developing PTDM at 1 year was 12.3% (95%CI: 10.6%-14.3%, I2 = 95.4 %). Among patients on cyclosporine as the main immunosuppressant, the proportion of patients developing PTDM was 9.9% (95%CI: 7.6%-12.7%, I2 = 96.1%). Whereas the proportions of patients developing PTDM at one year were 14.9% (95%CI: 12.4%-17.8%, I2 = 94.3 %) with tacrolimus and 9.5% (95%CI: 6.1%–14.5%, I2 = 77.0%) with sirolimus. 
The analysis of incidence of PTDM at 2-3 years post-transplant included 103 study arms. Forty-one, 46 and 16 studies used cyclosporine, tacrolimus and sirolimus respectively. The overall proportion of patients developing PTDM at 2-3 years was 18.1% (95%CI: 16.2%-20.3%, I2 = 98.2%). The percentages of patients who developed PTDM with each immunosuppression therapy were 15.3% for cyclosporine (95%CI 12.9%-18.1%, I2 = 94.2 %), 20.7% for tacrolimus (95%CI: 17.4%-24.4%, I2 = 99.1%), and 20.8% for sirolimus (95%CI: 17.3%-24.9%, I2 = 58.6%).
The analysis of incidence of PTDM at 5-10 years post-transplant included 78 study arms, 8 with cyclosporine, 31 with tacrolimus, and 9 with sirolimus as the main immunosuppressant. The overall proportion of patients developing PTDM at 5-10 years was (95%CI: 0.1362-0.1840, I2 = 93.2%). The percentages of patients who developed PTDM with each immunosuppression therapy were 12.6% for cyclosporine (95%CI: 10.51-14.99, I2 = 91.7%), 19.9% for tacrolimus (95%CI: 15.89%-24.81%, I2 = 90.8%), and 19.2% for sirolimus (95CI: 10.03–33.69%, I2 = 91.4%).

NMA comparing tacrolimus, sirolimus and cyclosporine: The results of the NMA are presented in Figure 3. The direct and indirect estimates were inconsistent, with the exception of one comparison at 5 year that involved a study with zero events in one arm. The overall odds of developing PTDM were higher when tacrolimus or sirolimus were used as main immunosuppressant than with cyclosporine. Across all time points, compared to cyclosporine, the odds of developing PTDM were 1.4 times higher (95%CI: 1.1–1.9) with sirolimus and 1.7 times higher (95%CI: 1.5–2.1) with tacrolimus. The odds ratio between tacrolimus and sirolimus was 1.2 (95%CI: 0.9–1.6). The increased risk with tacrolimus compared to cyclosporine was seen at all time points post-transplant (1-year: 1.6, 95%CI: 1.2–2.3; 2-3 years: 1.7; 95%CI: 1.4-2.1; 5 or more years: 1.7; 95%CI: 1.1-2.6). The increased risk with tacrolimus compared to cyclosporine appeared mainly in the studies reporting 5+ years of follow-up data (OR 2.3; 95%CI: 1.2-4.5).

Subgroup analysis by type of solid organ transplanted: Table 1 shows the incidence of PTDM, number of studies in the analysis, incidence, 95%CI and I2 by organ transplanted (liver, kidney, heart and lung) at various time points. This analysis excluded studies where pre-existing DM was unknown. At 2-3 years post-transplant, incidence of PTDM was 18.9% (95%CI: 14.2–24.7) in liver transplant patients, 17.2% (95%CI: 14.9-19.8) in kidney transplant patients, 22.4% (95%CI: 17.1-28.8) in heart transplant patients and 18.8% (95%CI: 8.6-36.3) in lung transplant patients. Heterogeneity in the incidence of PTDM was related to X, Y and Z in meta-regression, but the I2 for each organ-time combination remained high even after accounting for differences between studies in these characteristics.

Risk factors for developing PTDM: We did not conduct a meta-analysis of predictors of developing PTDM. However, for each variable assessed as a predictor any paper in the review, we present the number of studies assessing it, and the number of studies that found it to be statistically significant in multivariable analyses (Table 2). Some of the noteworthy variables and the proportions, where they were significant include age (44/50), BMI (36/39), HCV (14/18), and African American ethnicity (22/52). 

DISCUSSION
PTDM is a recognized complication of SOT, with reported incidence varying widely between 10 and 40%, depending on the transplanted organ[3,4]. This variability is mainly due to lack of definitive diagnostic criteria. PTDM is associated with substantially increased risk of cardiovascular disease, graft failure and premature death across all organ transplant groups[1,2]. Various factors have been noted to influence the development of PTDM.
In this systematic review and meta-analysis, we estimated incidence of PTDM for each of the 3 major immunosuppressants used in SOT (tacrolimus, sirolimus and cyclosporine), both overall and at key time points post-transplant, and used NMA to compare incidence between agents. A total of 206 eligible studies involving 129857 post-transplant patients fulfilling the inclusion criteria were included in one or more parts of the meta-analysis. Renal transplant recipients constituted the largest number of participants.
The overall pooled incidence of PTDM was higher in arms using tacrolimus and sirolimus than in those using cyclosporine across all SOT. The pattern across agents was similar at one, two and 5-10 years following SOT. In NMA combining studies that examined two or more immunosuppressants, tacrolimus had a consistently higher odds of PTDM at each time point than cyclosporine, with increased risk from sirolimus compared to cyclosporine being mainly restricted to the period 5-10 years post-transplant.
There is biological plausibility to sirolimus inducing insulin resistance in the longer term, with in vivo evidence that chronic usage of Sirolimus leads to insulin resistance and diabetes. It has been demonstrated that Sirolimus induces gluconeogenesis in liver and well as downregulation of GLUT-4 Leading to the development of severe glucose intolerance[12,13]. These effects are mediated through the blockade of the mTOR/S6K1 pathway. Moreover, there is evidence of increased β-cell toxicity induced by the chronic mTOR inhibitor treatment also possibly leading to insulin resistance and diabetes[14]. Conversely, tacrolimus affects the pancreatic B-cells, thereby decreasing insulin secretion resulting in hyperglycemia. 
This review found that the variables most frequently associated with PTDM were age, BMI, tacrolimus use and hepatitis C virus. In the literature, numerous risk factors such as age, race, ethnicity, family history, hepatitis C infection, BMI, acute rejection and immunosuppressive agents have been implicated in the development of PTDM (15-19). Increased age as a risk factor for PTDM has been investigated in numerous studies within the transplant population. Khalili et al[20] reported increased age as a predictor of PTDM in 555 Liver transplant recipients whereas Mirabella et al[21] reported an increased age at transplant (> 45 years) as a risk factor in a cohort of 899 recipients. In contrast, studies by Saliba et al[22] and Driscoll et al[23] reported no association with age. Biopsy proven acute rejection is a risk factor for PTDM as bolus doses of steroids along with increase in maintenance immunosuppression with tacrolimus, cyclosporine or sirolimus is used as standard of treatment which lead to increased risk of PTDM. 
Evaluating the incidence and predictors of PTDM is important, aspatient survival is significantly compromised by renal disease, cardiovascular disease and infection[24]. However, there is variable evidence regarding the relationship of PTDM with mortality in the post-transplant cohort. In a study by Kasiske et al[7], PTDM was associated with mortality (P < 0.0001), graft failure (P < 0.0001), and death-censored graft failure (P < 0.0001). In contrast, a retrospective analysis of the UNOS/OPTN database (n > 37,000) by Kuo et al[25] did not demonstrate the negative impact of PTDM on transplant survival or cardiovascular mortality. Similarly, a retrospective analysis of the UNOS/OPTN database by Kuo et al[26] consisting of over 13000 Liver transplant recipients demonstrated that the presence of both PTDM and acute rejection at 1-year post-transplant but not PTDM alone was associated with higher overall graft failure and mortality risk. This suggests that more robust studies are required to investigate this association further.
Strengths of this study include: (1) Use of a comprehensive and exhaustive search strategy, in order to identify all potentially relevant studies; (2) Evaluation of eligible studies and data extraction by two investigators independently, with discrepancies resolved by consensus; (3) The large total number of studies and participants; (4) Use of rigorous analytic methods to summarize and compare estimates and investigate heterogeneity; (5) Tabulation of all identified risk factors for PTDM across solid organ transplant groups; and (6) Adherence to the PRISMA guidelines and use of standardized tools for quality assessment of cohort studies.

Limitations
An important limitation to the interpretation of results is the significant clinical heterogeneity across studies in immunosuppression protocols, patient populations, and criteria used to define PTDM. In meta-regression, such study-level variables explained only a small amount of heterogeneity in incidence estimates. I2, with or without meta-regression, mainly fell in the range of ‘substantial heterogeneity, meaning that most variability in incidence remains unexplained. Where a study reported incidence at multiple times, we used the earliest time to minimize issues related to loss-to-follow-up in the individual study. This has consequences for the comparisons of incidence of PTDM at different time points; these comparisons should be made with the proviso that the estimates may be based on somewhat different types of patients, as a result of differential drop-out and death. In the NMA, where we compare risk of PTDM between immunosuppressant regimens, RCTs and observational studies were combined. This would not be recommended practice when the outcome in the meta-analysis is the outcome in the original studies, as there could be confounding in the observational studies. However, the choice of immunosuppressant at the time of transplant is largely made without regard to long-term risk of PTDM, so confounding should be minimal. Another important limitation is that PTDM could be related to pulses of steroids required for treatment of rejection and increasing doses of immunosuppressant, however the studies did not report this consistently and thus this factor was not included in our meta-analysis. Finally, the summary of the predictors of PTDM may be subject to publication bias, as it would be common for individual studies not to report variables that were investigated but found to be non-statistically significant.
Nonetheless, our study represents the most comprehensive study review and meta-analysis to date on the relative impact of the principal maintenance immunosuppressants. 

CONCLUSION
This NMA compares the relative impact of the 3 major immunosuppressants on the development of PTDM, revealing sirolimus and tacrolimus to be significantly more diabetogenic than cyclosporine. Tacrolimus has higher diabetogenicity in the short-term (2-3 years post-transplant), whereas sirolimus tends to exhibit higher diabetogenicity in the long-term (5-10 years post-transplant). This research will aid clinicians in understanding the important risk factors for PTDM, and encourages careful evaluation of the risk-benefit ratio of different immunosuppressant regimens in the transplant recipients.

ARTICLE HIGHLIGHTS
Research background
Post-transplant diabetes mellitus (PTDM) is associated with significant morbidity and mortality, with increased cardiovascular risk, infection and graft failure. The reported incidence of PTDM ranges from 4%-25% in renal transplant recipients, 2.5%-25% in liver transplant recipients, 4%-40% in heart transplant recipients, and 30%-35% in lung transplant recipients.

Research motivation
This research will help clinicians recognise the risk-benefit of various immunosuppressants for PTDM.

Research objectives
The aim of this study is to perform a systematic review and meta-analysis to estimate incidence of PTDM and compare the effects of the 3 major immunosuppressants on incidence of PTDM

Research methods
The authors performed a systematic review and meta-analysis as per the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement standards.

Research results
This network meta-analysis (NMA) reveals sirolimus and tacrolimus to be significantly more diabetogenic than cyclosporine. Tacrolimus is more diabetogenic in the short-term (2-3 years post-transplant), whereas sirolimus tends to exhibit higher diabetogenicity in the long-term (5-10 years post-transplant). 

Research conclusions
This NMA reveals sirolimus and tacrolimus to be significantly more diabetogenic than cyclosporine. Tacrolimus is more diabetogenic in the short-term (2-3 years post-transplant), whereas sirolimus tends to exhibit higher diabetogenicity in the long-term (5-10 years post-transplant). This research will aid clinicians in understanding the important risk factors for PTDM, and encourages careful evaluation of the benefit–risk ratio of different immunosuppressant regimens in the transplant patients.

Research perspectives
Focused studies on patients on sirolimus to get more information on pathophysiology of PTDM development required.
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Figure 1 PRISMA flow diagram illustrating the results of search strategy and study selection. NODAT: New onset diabetes after transplantation.
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Figure 2 First-reported Incidence of post-transplant diabetes mellitus in each study plotted against the timing of the assessment, grouped according to mainstay of immunosuppression, with separate estimates of average incidence for studies excluding and not-excluding patients with pre-existing diabetes mellitus. Plotting symbols indicate the number of patients contributing to the estimate. The red data points denotes the studies which did not report the percentage of diabetes pre-existing before transplant. The black data points denote the studies, which report the percentage of pre-transplant diabetes in the patients. NODAT: New onset diabetes after transplantation.
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Figure 3 Estimates and 95% confidence intervals from the network meta-analysis comparing the odds of developing post-transplant diabetes mellitus in patients receiving tacrolimus or sirolimus compared to the odds with cyclosporine as the mainstay of treatment. The “All” estimate uses the first time-point from each study. The other estimates are presented according to the timing of that post-transplant diabetes mellitus assessment. 

Table 1 Incidence of post-transplant diabetes mellitus stratified by organ transplanted at various time points
	Organ
	Year
	Number of studies
	Incidence (%)
	95%CI
	I2 (%)

	Liver
	Year 1
	7
	12.3
	5.6 - 24.8
	89.3

	Liver
	Years 2-3
	16
	18.9
	14.2 - 24.7
	94.4

	Liver
	Years 5+
	5
	9.0
	2.9 - 24.5
	95.0

	Kidney
	Year 1
	108
	12.2
	10.5 - 14.1
	95.3

	Kidney
	Years 2-3
	73
	17.3
	15.1 - 19.7
	98.2

	Kidney
	Years 5+
	71
	16.3
	13.9 - 19
	93.2

	Heart
	Year 1
	3
	29.3
	9.5 - 62
	84.9

	Heart
	Years 2-3
	10
	22.4
	17.1 - 28.8
	93.6

	Heart
	Years 5+
	2
	17.7
	14.1 - 22
	0.0

	Lung
	Year 1
	3
	6.4
	0.9 - 34
	92.8

	Lung
	Years 2-3
	5
	18.8
	8.6 - 36.3
	96.8

	Lung
	Years 5+
	0
	N/A
	
	N/A


Incidence of post-transplant diabetes mellitus by organ transplanted and year. Number of studies, incidence, 95%CI and I2 by organ and year. 

Table 2 Most commonly reported predictors for developing post-transplant diabetes mellitus
	Predictor
	n
	Fraction

	African-American
	59
	27/59

	Age
	56
	51/56

	BMI
	43
	39/43

	Tac use
	31
	24/31

	HCV
	20
	15/20

	BPAR
	13
	10/13

	Male
	11
	4/11

	Family history of diabetes
	7
	6/7

	Pre transplant triglycerides
	7
	7/7

	Pre transplant impaired fasting glucose
	6
	6/6

	CMV infection
	5
	2/5

	Proteinuria at post-operative day 5
	3
	3/3

	Number of rejections
	3
	2/3

	Triglyceride lipid increase
	2
	2/2

	HLA mismatch
	2
	0/2

	HBV
	1
	1/1

	Non-Caucasian
	1
	1/1

	Cystic fibrosis
	1
	1/1

	Cadaveric donor
	1
	1/1


[bookmark: OLE_LINK669][bookmark: OLE_LINK670]BMI: Body mass index; HCV: Hepatitis C virus; BPAR: Biopsy proven acute rejection; CMV: Cytomegalovirus; HLA:  Human leukocyte antigen; HBV: Hepatitis B virus.
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