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Post-transplant diabetes mellitus (PTDM) is associated with a higher risk of adverse outcomes. We aimed to describe the proportion of patients with diabetes prior to solid organ transplantation (SOT) and post-transplant diabetes mellitus (PTDM) in three time periods (early-likely PTDM: 0–45 days; 46–365 days and >365 days) post-transplant and to estimate possible risk factors associated with PTDM in each time-period. Additionally, we compared the risk of death and causes of death in patients with diabetes prior to transplant, PTDM, and non-diabetes patients. A total of 959 SOT recipients (heart, lung, liver, and kidney) transplanted at University Hospital of Copenhagen between 2010 and 2015 were included. The highest PTDM incidence was observed at 46–365 days after transplant in all SOT recipients. Age and the Charlson Comorbidity Index (CCI Score) in all time periods were the two most important risk factors for PTDM. Compared to non-diabetes patients, SOT recipients with pre-transplant diabetes and PTDM patients had a higher risk of all-cause mortality death (aHR: 1.77, 95% CI: 1.16–2.69 and aHR: 1.89, 95% CI: 1.17–3.06 respectively). Pre-transplant diabetes and PTDM patients had a higher risk of death due to cardiovascular diseases and cancer, respectively, when compared to non-diabetes patients.
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INTRODUCTION
In 2014, the term post-transplantation diabetes mellitus (PTDM) was adopted to refer to newly diagnosed diabetes mellitus in the post transplantation period, irrespective of diagnostic timing or whether diabetes was present but undetected prior to transplantation or not (1). PTDM has been associated with greater mortality and a higher prevalence of infections in Solid Organ Transplant (SOT) recipients (2, 3). PTDM has also been associated with premature or more frequent cardiovascular events among kidney and lung recipients (4, 5) and an increased risk of adverse outcomes in heart recipients, such as cardiovascular morbidity and increased mortality (6–8).
The prevalence of PTDM in the first year after SOT varies by transplanted organ, with previous studies reporting PTDM in 10–20% of patients who have undergone a kidney transplantation (3) and in 20–40% of patients who received other solid organs (9). In addition to transplant type, factors thought to affect the incidence of PTDM include age, body mass index (BMI), race/ethnicity, and the immunosuppression regimen (9). The use of calcineurin inhibitors, especially tacrolimus (10), has been reported to increase the risk of developing PTDM because it can lead to insulin hyposecretion (11–13). Corticosteroids are used as maintenance immunosuppression as well as treatment of rejection and the relationship between this medication and hyperglycemia is well established (2). Therefore, awareness of PTDM risk factors and PTDM management are of importance for post-transplantation care (14).
The International Consensus Meeting on Post Transplant Diabetes Mellitus identified two critical time periods for assessing PTDM (46–365 days and >365 days after transplantation) (1). The consensus meeting also highlighted that due to transient post transplantation hyperglycemia a formal diagnosis of PTDM should not be made in the early time period of 0–45 days post-transplant.
Thus, the aim of this study was to estimate the percentage of SOT recipients with diabetes prior to transplantation and to determine the incidence of and risk factors associated with both early-likely PTDM (EL-PTDM) diagnosed in the 0–45 days post-transplant and PTDM in diagnosed in the two time-periods, 46–365 days and >365 days after transplantation. The inclusion of the EL-PTDM category, was to provide additional information on the transient nature of this period and to determine whether increased monitoring of potential early-likely PTDM patients could be beneficial. In addition, the risk of all cause and cause-specific mortality post-transplant was also assessed and compared in pre-transplant diabetes, those developing PTDM and non-diabetes patients.
MATERIALS AND METHODS
Study Design and Participants
The study cohort included all patients aged ≥18 years who underwent a SOT (heart, liver, lung and kidney) at Rigshospitalet, University Hospital of Copenhagen, a large tertiary transplant center, between January 2010 and December 2015. All SOT patients were prospectively enrolled in the Management of post-Transplant infections in Collaborating Hospitals (MATCH) cohort (15).
For patients with more than one transplantation, only data related to the first transplant after 2010 was assessed. Since pancreas transplantation has been demonstrated to accomplish restoration of long-term glucose homeostasis (16, 17), pancreas recipients were excluded.
Data Sources
Clinical characteristics, sociodemographic and biochemical data were extracted from the MATCH database stored at the Centre of Excellence for Personalized Medicine for Infectious Complications in Immune Deficiency (PERSIMUNE) data warehouse. The data warehouse includes both regional and nationwide data collected prospectively as part of routine care.
Data on prescribed medications including insulin and oral anti-diabetic medication were extracted from the Electronic Prescription Medication (EPM), a database with hospital prescriptions from 2006 to 2016, and the Danish Prescription Database Data (DPDD), a database with outpatient prescriptions from 2004 onwards. Due to a change in systems there was a gap in data from EPM from May 2011 to December 2011. Individual patient data on specific immunosuppressive therapies was not available however, detailed information on the immunosuppressive schemes per transplant type can be found in a previous published article (18) and as a Supplementary Material S1.
Data on admissions and diagnosis were retrieved from the National Patient Registry (LPR) (19) and Sundhedsdatabanken (SDB). LPR was established in 1977 and has national data up to 2016 while SDB has data for patients in the capital region of Denmark from 2008 to 2019. For death, we used data from the Danish Civil Registration System on mortality (20).
In this study we used data on underlying cause of death. Underlying cause of death was defined as the disease or comorbidity leading to the death or directly causing the event classified as the immediate cause of death.
The specific underlying cause of death was obtained in accordance with a modified version of the validated Classification of Death Causes after Transplantation (CLASS) method (21) which includes completion of a Case Record Form for deceased patients and a review and adjudication process involving experts within the field of transplantation (21). The underlying cause of death was selected from 15 pre-defined transplant specific and non-specific categories of death causes, including 267 specific conditions (22). Specific recorded underlying causes of death were further grouped in seven wider categories in order to perform statistical analyses, including deaths due to cardiac or vascular disease, graft failure, graft rejection, infections, cancer, unknown causes and other organ specific diseases (aside from those specified above) and non-organ specific causes. Non-organ specific causes include hemorrhage, alcohol abuse, suicide and other causes.
Definition of Diabetes
Diabetes was assessed at four time periods, 1) Pre-transplant diabetes, which was defined as a diagnosis of diabetes at any timepoint prior to transplantation. 2) “Early-likely PTDM” (EL-PTDM) assessed in the period 0–45 days post-transplant to help estimate the transient nature of this period and understand whether similar risk factors were identified for EL-PTDM and PTDM. PTDM was then assessed at two time periods post-transplantation according to the periods defined by the International Consensus Meeting on Post Transplant Diabetes Mellitus: 3) 46–365 days, and 4) >365 days post-transplant (1).
Patients were defined as having developed diabetes if they fulfilled at least one of the following criteria during the time period of interest (for all time periods, except before transplant):
• A Hemoglobin A1C test ≥6.5 mmol/L or (1);
• A prescription of antidiabetic medication from either EPM or DPDD (Use of insulin-ATC code A10A, or use of oral antidiabetic medication-ATC code A10B) (23);
• A diagnosis of diabetes (ICD-10 codes: E10, E11, E13) (24).
Patients were classified as having pre-transplant diabetes if they met the above criteria prior to transplantation with the exception of insulin treatment used during hospitalization (from EPM database). Due to high incidence of corticoid-induced hyperglycemia in patients listed for transplantation, patients meeting the definition based only on a record of insulin treatment during hospital admission were not classed as having pre-transplant diabetes.
Patients classified with pre-transplant diabetes remained classified as having diabetes in the entire post-transplantation period. Patients who were not classified as having pre-transplant diabetes could be classified as developing EL-PTDM or PTDM if they met the diabetes definition in the time-period of interest post-transplant. Patients diagnosed with EL-PTDM or PTDM in one period could subsequently return to non-diabetes status in the following time-period if they did not meet the diabetic definition in the new time-period.
During the first 15 days post-transplantation prescription for antidiabetic medication were not included in the definition. A large number of transplant recipients have glucose intolerance and hyperglycemia in the first few weeks post-transplant, detectable in approximately 90% of kidney allograft recipients in the early few weeks after transplant (25, 26). Thus prescription of insulin or oral antidiabetics immediately following transplant and while the patient is hospitalized is high (2), but not an indication of EL-PTDM.
Approvals
All procedures performed in this study were in accordance with the ethical standards of the 1975 Helsinki Declaration. All relevant approvals were obtained from the Danish National Data Protection Agency (2012-58-0004, RH-2015-67, with I-Suite number: 03787) according to national legislations on retrospective studies. The study was approved by the MATCH steering committee. This work was supported by Danish National Research Foundation (Grant number 126).
Statistical Analyses
Patient characteristics at transplant were described and compared for those with and without pre-transplant diabetes. Continuous variables, were analyzed using the Wilcoxon test (nonparametric data) and categorical variables, using the χ2 test.
The prevalence of diabetes before transplant and incidence of EL-PTDM (0–45 days) and PTDM (46–365 days after transplant and >365 days after transplant) in each of the time periods was calculated among patients alive at the beginning of the time.
Univariable logistic regression analysis was used to evaluate risk factors for developing EL-PTDM and PTDM. Factors that were significant in the univariable analyses (p-value < 0.1) were included in the multivariable model. Models were developed separately for each of the three post-transplant time periods. Potential risk factors were selected according to the literature and availability in our dataset (27–30). They included sex; age at transplant; type of transplant; BMI ≥ 25 kg/m2 at transplant and the Charlson Comorbidity Index (CCI) (31).
For the CCI (31), two dimensions related to diabetes (presence of diabetes mellitus with and without chronic complications) were excluded from calculation of the index to avoid collinearity issues with our outcome. Therefore 15 dimensions of this index were used.
Survival analysis was used to compare the risk of death in non-diabetes patients to those with pre-transplant diabetes, and those who developed PTDM (>45 days post-transplant). All patients were included in the analysis from day 46 post-transplant (thus individuals who only met the diabetes definition in the EL-PTDM period (0–45 days) were included in the non-diabetes group). Patients were followed until the date of death, a new transplant date, or the end of follow-up, whichever occurred first. For this analysis, the end of the follow-up was set to 31.12.2019 (the last date that cause of death information was available). Diabetes was treated as a time-updated variable, with all patients initially classified as either non-diabetes or pre-transplant diabetes. Patients in the non-diabetes category contributed person-time to that group until such a time as they met our definition for PTDM. They then contributed person-time to the PTDM group from the first date they met our definition for the remainder of the follow-up. Cox proportional hazard models were used to compare the risk of all-cause and cause specific death in the three groups after adjusting for other factors.
As a sensitivity analysis the analysis was re-run using Fine and Grey methodology with deaths not related to the specific cause of interest treated as a competing risk. Categories of causes of death were only assessed if there were more than 20 deaths with that cause.
All data analyses were performed using SAS Studio.
RESULTS
A total of 959 SOT recipients were included in this study. Two patients with a kidney-pancreas transplant were excluded. The most common transplant type was kidney (479, 50.0%), followed by liver (231, 24.0%), lung (176, 18.0%) and heart (73, 8.0%). Pre-transplant diabetes was observed in 334 (34.8%–95% CI: 31.8–37.9) SOT recipients, with 78.0% meeting our definition in the year prior to transplantation. Of those 334 patients with pre-transplant diabetes, 33.5% (112 patients) met all three diabetes criteria; 7 (2.0%) had a medication prescription and a hemoglobin A1C ≥ 6.5 mmol/L only; 25 (7.5%) had a hemoglobin A1C ≥ 6.5 mmol/L and a diagnosis code only; 30 (9.0%) had a diagnosis code and a medication prescription only; 133 patients (39.9%) with one hemoglobin A1C ≥ 6.5 mmol/L, 23 (6.9%) with a diagnosis code, 4 (1.2%) with a medication prescription.
Table 1 shows the patient characteristics by pre-transplant diabetes status. There was a higher percentage of patients with BMI < 25 among non-diabetes compared to pre-transplant diabetes (64.9%, 95% CI: 59.8–69.7 vs. 35.1%, 95% CI: 30.2–40.1). A higher percentage of pre-transplant diabetes was observed among heart (56.2–95% CI: 44.0–67.7) and kidney transplants (39.9–95% CI: 35.4–44.4) compared to lung (31.8–95% CI: 25.0–39.2) and liver (19.9–95% CI: 14.9–25.6) (p = 0.001). The median age at transplant was also higher in those with pre-transplant diabetes compared to non-diabetes: 52.8 years (95% CI: 44.7–60.2) vs. 48.9 years (95% CI: 39.6–55.0).
TABLE 1 | Characteristics of non-diabetes and diabetes patients at baseline.
[image: Table 1]The number and percentage of non-diabetes, pre-transplant diabetes and PTDM overall and per transplant type at each time period is found in Supplementary Material S2. The highest incidence of PTDM was observed at 46–365 days after transplant (IR of 3.80, 95% CI: 3.07–4.53) per 100 PYFU vs. IR of 2.56, 95% CI: 2.01–3.11 for EL-PTDM and IR of 1.76, 95% CI: 1.25–2.26 at >365 days after transplant (Figure 1). Among the 625 SOT recipients with no pre-transplant diabetes, 83 (13.3%) fulfilled the diagnosis criteria for EL- PTDM in the first 45 days post-transplant. Between day 46 and day 365 post-transplant, 171 patients (28.0%), out of 611 patients under follow-up at day 46, met our criteria for PTDM; 104 were new PTDM and 67 had also been diagnosed in the previous time period and 16 PTDM detected in the previous period reverted to non-diabetes. In the late period (>365 days) 143 patients out of 579 still under follow-up after 1 year had PTDM (24.7%) of whom 47 met the criteria for the first time and 96 were already diagnosed as PTDM in one of the previous periods and 62 patients diagnosed with PTDM in the previous period reverted to non-diabetes. The number of patients and the distribution of EL-PTDM and PTDM diagnostic criteria can be found in the Supplementary Material S3.
[image: Figure 1]FIGURE 1 | Incidence rate per 100 person-days follow up and 95% Confidence interval of EL-PTDM and PTDM overall and per transplant type at each time period. (A) Kidney; (B) Liver, (C) Lung; (D) Heart; (E) Overall.
Risk factors associated with the development of EL-PTDM and PTDM in univariable analysis are shown in Table 2. For the multivariable analyses, older age and a higher CCI score in all time periods remained significantly associated with an increased likelihood of EL-PTDM and PTDM. For the EL-PTDM patients, the adjusted odds ratio (aOR) for age and CCI were (aOR: 1.44 per 10 years older, 95% CI: 1.18–1.75, p = 0.0003 and aOR: 1.39, 95% CI: 1.17–1.65, p = 0.0002 respectively). At 46–365 days, the estimates for age and CCI score were (aOR: 1.40 per 10 years older, 95% CI: 1.20–1.62, p = 0.0001 and aOR: 1.23, 95% CI: 1.06–1.42, p = 0.005) and in the later period (aOR: 1.44, 95% CI: 1.22–1.69, p = 0.0001 and aOR: 1.23, 95% CI: 1.04–1.44, p = 0.01 respectively).
TABLE 2 | Univariable risk factors for the development of EL-PTDM and PTDM in each time period.
[image: Table 2]A total of 174 patients died during 4,636 person years follow-up (PYFU) (Table 3) (IR 3.75, 95% CI: 3.20–4.31) per 100 PYFU. PTDM patients were found to have a higher risk of death when compared to non-diabetes patients in the univariable analysis (HR: 1.46, 95% CI: 1.03–2.07). This increased risk remained for PTDM and became significant for pre-transplant diabetes patients after adjusting for sex, age (per 10 years), BMI, diabetes groups, CCI and transplant type (aHR of 1.89, 95% CI: 1.17–3.06 and aHR of 1.77, 95% CI: 1.16–2.69 respectively, Table 3).
TABLE 3 | Number of deaths and incidence rate (95% CI) of death per 100 PYFU and univariable and multivariable Cox models for death per diabetes group.
[image: Table 3]Table 4 shows the distribution of cause of deaths per diabetes group. In the univariable analysis, when compared to nondiabetes patients, a higher risk of death due to cardiovascular diseases was found and remained after adjustment for other risk factors (aHR 3.55, 95% CI 1.06–11.74). A higher rate of deaths due to cancer was observed in PTDM patients in both univariable and multivariable models (HR of 2.62, 95% CI: 1.22–5.62, p = 0.01 and aHR of 2.29, 95% CI: 1.09–4.81, p = 0.02, respectively). No other significant differences were found for the remaining causes of death among non-diabetes, pre-transplant diabetes and PTDM.
TABLE 4 | Number of deaths per cause of death and incidence rate (95% CI) of deaths per 100 PYFU and univariable and multivariable Cox models for death causes per diabetes group.
[image: Table 4]DISCUSSION
In this study of 959 SOT recipients, over one third fulfilled our diagnosis criteria for diabetes prior to transplantation. The highest proportion was among heart recipients where slightly over half of the patients met our criteria for pre-transplant diabetes. The proportion of non-diabetes patients at transplantation diagnosed with PTDM was also high, with the highest incidence rates observed at 46–365 days post-transplantation (IR of 3.80, 95% CI: 3.07–4.53). Older age and a higher CCI score (at all time periods) were associated with an increased risk of PTDM and similar risk factors were identified for EL-PTDM. A higher incidence rate of all-cause mortality was observed among individuals with diabetes prior to transplantation and PTDM patients. Pre-transplant diabetes and PTDM patients were found to have a higher risk of death due to cardiovascular disease and cancer in both univariable and multivariable analysis.
The characteristics of our patients with pre-transplant diabetes (Table 1) were consistent with previous studies (4, 32–34). We also observed a similar proportion with pre-transplant diabetes (34.8–95% CI: 31.8–37.9), where previous studies have estimated the prevalence to range from 17.5 to 38.0% (4, 32–34). These studies used a variety of different criteria to assess diabetes. Some included oral glucose tolerance test or fasting plasma glucose (35, 36), variables not available in this study or only the combinations of two components (such as two or more positive random glucose or a hemoglobin A1C ≥6.5 prior to transplant) (32), while other studies have relied on self-report diabetes status (34, 37). However, a recent study, using a criteria similar to ours, found high sensitivity (93%) and specificity (98%) when comparing their criteria against patient self-report diabetes status (37), and found the combined criteria better than using diagnosis or medication alone.
The formal diagnosis of PTDM is recommended when the patients are stable on their likely maintenance immunosuppression and in the absence of acute infections (1). In addition, most studies report the percentage of SOT recipients with PTDM at time periods equal or greater than 1 year after transplant. It is well known that an excess in blood glycemia can occur for myriad reasons post-transplantation (immunosuppressive therapy, infections, and other critical conditions), and thus it is important to exclude transient post transplantation hyperglycemia from PTDM diagnosis. Previous studies have reported hyperglycemia in approximately 90% of kidney allograft recipients during the first weeks post-transplant (25, 26). Consequently, in the immediate post-transplant setting, insulin therapy or prescription of a medication for diabetes is generally required to manage postoperative hyperglycemia, especially given the requirement for high-dose immunosuppressants in this setting (2). We split the present analysis into two PTDM time periods (46–365 days and >365 days), but we also reported patients that fulfilled the diabetes criteria in the first 45 days after transplant (EL-PTDM) to increase awareness of the number of transplant recipients that can potentially develop PTDM in the future. Furthermore, it is important to emphasize that the first weeks after transplant are critical periods and efforts should be made in a tentative effort to stabilize the patient. Of a total of 83 patients diagnosed with EL-PTDM in the first 45 days after transplant, 67 (80.7%) remained PTDM in the subsequent period.
The highest incidence of overall PTDM and overall diabetes was detected at 46–365 days. This is in line with the literature, that recommends that a diagnosis of PTDM is generally reserved for the outpatient setting, when the recipient had been discharged from the hospital, is stable, and in the absence of acute infections (1, 2).
The percentage of PTDM at 1 year post-transplant found in the literature ranged from 12 to 45% in liver recipients (32); 4–25% in kidney transplant recipients (34); 4–40% in heart transplant recipients (29, 38); and 5–45% in lung transplant recipients (39-41). This again is in line with our results reported for days 46–365 (liver recipients: 38.1%, heart recipients: 25.8% kidney: 25.7% and lung: 18.8%) (Supplementary Material S2).
The most important risk factors for the development of EL-PTDM and PTDM in this study were age and CCI score (in all time periods), which have been identified previously (27–30, 42). Some immunosuppressive regimens have also been associated with an increased risk of PTDM. This could not be investigated by our study due to limitations in our medication data and the lack of reliable information on the medication dosages.
Pre-transplant diabetes and PTDM patients were found to have a higher all-cause mortality rate and in cause-specific analysis patients with pre-transplant diabetes had a higher risk of death due to cardiovascular diseases when compared to non-diabetes. This is in line with previous studies (2, 3, 27, 30, 43, 44), that also used similar covariates in their analyses (age, gender, BMI, among others). An important study (2) found that PTDM may only reduce short-term survival after liver transplant, while the impact of PTDM on survival after lung transplant is unclear and PTDM after heart transplantation does not affect survival. In our study, PTDM patients, had a higher risk of death due to cancer in the univariable analysis and in the multivariable analysis. This was also observed in a previous study (44) while some other studies did not support this finding (4, 45). It is well known that diabetes mellitus has been widely associated with the increase the risk of malignancy due to the postulated mechanisms including stimulation of insulin-like growth factor-axis and increased cytokines production (46), but it is still uncertain whether the same association can be extrapolated to PTDM patients (44). For the remaining causes of death, no differences were found when comparing pre-transplant diabetes and PTDM to non-diabetes patients.
The limitations of this study should be highlighted. As mentioned previously (25, 26), increases in the glycemia levels are expected in the period right after transplant (25, 26), and it is not common for a patient to receive a diagnostic code for diabetes at 0–45 days after transplant. Additionally, our criteria to define PTDM does not include blood glucose levels as the available data did not discriminate between fasting and non-fasting glucose tests. Thus, it is possible, that the incidence of EL-PTDM could be underestimated particularly in the 0–45 days period. Further, patients with chronic kidney disease may have a lower hemoglobin because of erythropoietin deficit, especially right after transplant. However, the number of EL-PTDM patients diagnosed only based on HbA1C in this time period is low (27.8%) (Supplementary Material S3). One additional limitation is the lack of information about the immunosuppressive medication as previously mentioned. Furthermore, for some cause of deaths the number of events was very low, therefore their results must be interpreted cautiously. Lastly, as data on medication was available only until the December 31, 2016, incidence of PTDM could be underestimated from 2017 until 2019, since for this period it relied on hemoglobin A1c and diabetes diagnosis codes only.
The strengths of this study are to present the PTDM frequency in different time periods and to include different types of solid organs recipients (kidney, liver, lung and heart) as well as to report the number of EL-PTDM patients. An additional strength is that this is the first study that assess post-transplant death between non-diabetes, pre-transplant diabetics and PTDM since most of the published studies combine PTDM and pre-transplant diabetes together or exclude pre-transplant diabetes and present the outcomes only for non-diabetes and PTDM.
In conclusion, this study found that a high proportion of SOT recipients have diabetes prior to transplantation, and that PTDM incidence was highest at 46–365 days after transplant in all transplant recipients. Compared to non-diabetes, pre-transplant diabetics and PTDM patients had a higher mortality rate after transplant. In relation to causes of death, pre-transplant diabetes and PTDM patients had a higher risk of death due to cardiovascular diseases and cancer, respectively, when compared to non-diabetes patients. Pre-transplant diabetes and PTDM remain a significant burden in the SOT population and an early detection of PTDM and an adequate management and treatment of both pre-transplant diabetes and PTDM should take place. For those patients, it is advisable to follow current general practice guidelines for blood glucose goals for both inpatients (47) and outpatients (48). Closer monitoring and frequent (49) follow-up are of the utmost importance to prevent or minimize adverse outcomes in those patients.
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