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Post-transplantation diabetes mellitus (PTDM) is a common complication following 
kidney transplantation (KT), but the prognostic significance of early PTDM and 
changes in diabetic status remains uncertain. Using the Korean National Health 
Insurance Service (NHIS) database, we analyzed 8,486 KT recipients (KTRs) who 
underwent national health screening from 2009 to 2017. Early PTDM was defined as 
new-onset diabetes between 3 months and 1 year after KT. Cox regression was used 
to estimate the risk of graft failure and all-cause mortality. Early PTDM and preexisting 
DM were present in 12.2% and 28.5% of KTRs, respectively. Early PTDM was 
significantly associated with mortality (aHR 1.309, 95% CI 1.015–1.689) but not 
with graft failure. Changes in diabetic status were not significantly associated with 
graft failure. However, transitioning from non-DM to PTDM (aHR 1.646, 95% CI 
1.080–2.510) and having persistent early PTDM (aHR 1.755, 95% CI 1.325–2.377) 
were associated with increased mortality, whereas regression from early PTDM to 
non-DM was not. Preexisting DM was associated with increased mortality, regardless 
of subsequent changes; the risk was relatively lower in those who regressed to non- 
DM. Changes in diabetic status were found to have a greater impact on outcomes than 
early PTDM, highlighting the importance of continuous glycemic monitoring and 
individualized care in KTRs.
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GRAPHICAL ABSTRACT | 

INTRODUCTION

Given its ability to provide a better quality of life and long-term 
survival compared with dialysis, kidney transplantation (KT) 
remains the gold standard of renal replacement therapy for 
eligible patients with end-stage kidney disease [1]. The 
improvement in the prognosis of KT recipients (KTRs) over 
the decades highlights the importance of managing long-term 
complications. Post-transplantation diabetes mellitus (PTDM), 
defined as newly diagnosed diabetes mellitus (DM) following 
organ transplantation, is a common complication of KT that 
occurs in 8%–39% of KTRs with no history of diabetes [2].

Previous studies have revealed an association between PTDM and 
poor graft or patient outcomes [3–9]. However, some recent studies 
have found no association between the prognosis of PTDM and 
KTRs [10–12]. PTDM may serve as an indirect indicator of common 
factors affecting the overall prognosis, such as the use of high doses of 
glucocorticoids or calcineurin inhibitors and sarcopenia [13, 14]. 
Notably, in some studies, PTDM was defined as newly diagnosed 
DM following KT, regardless of the timing of diagnosis [5, 7, 8]. 
However, PTDM that develops early after KT may be attributed to 
the use of immunosuppressants or general health conditions. 
Furthermore, its impact on patient outcomes differs from that of 
PTDM that develops later. Thus, the clinical implications of PTDM, 
particularly early-onset PTDM, remain to be established.

Although attempts have been made to clarify the prognostic 
impact of PTDM in large cohorts using national health insurance 

databases, these data contain limited information regarding 
patient characteristics, such as the glomerular filtration rate 
and body mass index (BMI) [8, 9]. Therefore, this study 
aimed to determine the prognostic impact of PTDM among 
KTRs who participated in a national health screening program, 
with a focus on the development of early PTDM within 1 year 
post-KT and the change in diabetic status, to overcome this 
limitation.

MATERIALS AND METHODS

Data Sources and Study Setting
Data from the Korean National Health Insurance Service (NHIS), 
which provides mandatory universal coverage to approximately 
97% of the Korean population (the Medical Aid Program covers the 
remaining 3% of the population), were used in this nationwide 
retrospective cohort study. The NHIS database comprises two 
databases: an eligibility database (containing information such as 
age, sex, type and severity of disability, socioeconomic variables, 
income level, and type of eligibility) and a medical treatment 
database (containing medical bills submitted by medical service 
providers). Several epidemiological studies have used data from the 
Korean NHIS database [15–17].

The NHIS conducts an annual or biennial national health 
screening program that comprises a standardized self-report 
questionnaire regarding health behaviors, anthropometric 
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measurements, and laboratory tests. Furthermore, BMI, waist 
circumference, blood pressure, fasting blood glucose, serum 
creatinine, triglyceride, and urine protein levels are measured 
after overnight fasting in accordance with the South Korean 
Association of Laboratory Quality Control guidelines. To 
receive reimbursement, medical institutions must adhere to 
NHIS protocols and undergo certification for quality control 
procedures [18].

Ethics Approval
This study was approved by the Institutional Review Board of the 
Samsung Medical Center (IRB No. 2023-01-006) and adhered to 
the Declaration of Helsinki. The requirement for obtaining 
informed consent from the patients was waived owing to the 
use of anonymized and de-identified data.

Study Population
A total of 19,598 patients who had undergone KT between 
2004 and 2017 were identified. A combination of the 
International Statistical Classification of Diseases and Related 
Health Problems, 10th Revision (ICD-10) code Z94.0 (Kidney 
transplant status) and a special code for KT (V005) was used to 
define KT status [19]. The NHIS has registered patients through 
the Rare and Incurable Disease Registration Program since 
2006 to identify patients requiring additional assistance for the 
management of rare or intractable diseases, including KT status. 
Patients under this registration are beneficiaries of special 
medical aid. KTRs who participated in the national health 
screening program between 2009 and 2017 (N = 9,134) were 
eligible for inclusion in the present study. Participants with 
preexisting graft failure (n = 220) and missing values (n = 
371) were excluded. Furthermore, a lag period of 1 year was 
applied to exclude newly diagnosed cases of graft failure or death 
within 1 year of the national health screening date (n = 57). Thus, 
the final analysis included 8,486 participants. The participant 
selection process is shown in Figure 1.

Exposure: Early PTDM
KTRs were divided into three groups: non-DM, early PTDM, and 
preexisting DM. Early PTDM was defined as DM newly 
diagnosed between 3 months and 1 year after KT. Patients 

who were diagnosed with DM within the first 3 months post- 
transplant but did not have DM thereafter were classified as non- 
DM [20]. Preexisting DM was defined as a diagnosis of DM prior 
to KT. The diagnosis of DM was defined based on the recorded 
use of at least one oral antidiabetic agent or insulin, with ICD-10 
codes E11–E14, or a fasting glucose level of ≥126 mg/dL.

Covariates
The glomerular filtration rate (eGFR) was determined by assessing 
the serum creatinine-based eGFR calculated using the Modification 
of Diet in Renal Disease equation [21]. The dipstick test was used to 
assess proteinuria, with the detection of traces classified as negative. 
The presence of at least one claim per year for antihypertensive 
agents with ICD-10 codes I10–I13 or I15 or a systolic/diastolic 
blood pressure of ≥140/90 mmHg was defined as hypertension 
(HTN). The presence of at least one claim per year for 
antihyperlipidemic agents with ICD-10 code E78 or total 
cholesterol levels of ≥240 mg/dL was defined as dyslipidemia. A 
BMI of ≥25 kg/m2 was defined as obesity. The ICD-10 codes F32 or 
F33 indicated a diagnosis of depression. Smoking status was 
categorized as never, former, or current smoker. Alcohol 
consumption was categorized as none, moderate (<30 g/day), 
and heavy (≥30 g/day). Regular exercise was defined as engaging 
in moderate physical activity for >30 min ≥5 times per week or 
engaging in strenuous physical activity for >20 min ≥3 times per 
week. The low-income group comprised those in the bottom 25% of 
earners. The requirement for rituximab, thymoglobulin, and 
intravenous glucocorticoids for >3 days; intravenous immune 
globulin; or plasmapheresis following readmission after KT was 
defined as acute rejection therapy.

Outcomes and Follow-Up
The primary outcome measures were graft failure and all-cause 
mortality. Graft failure, defined as receiving dialysis at least 
3 months post-KT (hemodialysis > at least 25 times or 
peritoneal dialysis at least 3 months), was assessed using 
death-censored graft failure. The follow-up period commenced 
on the date of the national health screening examination 
and ended at the occurrence of the outcome on 
31 December 2021.

Subgroup Analysis
Subgroup analyses were conducted based on age (<40, 40–49, 
50–59, 60–69, and ≥70 years old), sex, low income, smoking 
status (never or former vs. current), alcohol consumption, regular 
exercise, hypertension, dyslipidemia, depression, proteinuria, 
hospitalization within 1 year post-KT, and acute rejection 
therapy within 1 year post-KT.

Sensitivity Analysis
The majority of previous studies defined PTDM to include DM 
diagnosed within the first 3 months after KT. For comparison, we 
performed an additional sensitivity analysis using this 
conventional definition, classifying all patients diagnosed with 
DM within 1 year post-transplant as having PTDM.

FIGURE 1 | Participant selection process. KT, kidney transplantation.
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Statistical Analysis
Categorical and continuous variables are presented as numbers 
(percentages) and mean ± standard deviation or median 
(interquartile range), respectively. Intergroup comparisons 
were conducted using a t-test (for continuous variables) and 
a Chi-square test (for categorical variables). The incidence rate 
(IR) was presented per 1,000 person-years. Cumulative graft 
failure and all-cause mortality were expressed using 
Kaplan–Meier curves and compared using the log-rank test. 
Hazard ratios (HR) with 95% confidence intervals (CI) were 
estimated using Cox proportional hazards regression analysis 
to estimate the risk of graft failure and all-cause mortality. 
Multivariable analysis was conducted for the following 
variables: sex, age, low income, smoking status, alcohol 
consumption, regular exercise, HTN, dyslipidemia, 
depression, BMI, eGFR, the time from KT to screening, 
proteinuria, induction therapy, and acute rejection within 
1 year post-KT. All statistical analyses were conducted using 
SAS 9.4 (SAS Institute, Cary, North Carolina, USA). A two- 
sided P-value of <0.05 was considered statistically significant.

RESULTS

Characteristics of the Study Population
Table 1 presents the characteristics of KTRs at the time of 
participating in the national health screening program. Of the 
8,486 KTRs, 1,032 (12.2%) and 2,416 (28.5%) KTRs had early 
PTDM and preexisting DM, respectively. The mean interval 
between KT and health screening was 3.04 ± 2.41 years. The 
mean age was 50.1 ± 10.4 years, and 5,062 (59.63%) of the KTRs 
were men. Patients in the preexisting DM group were the oldest 
and most likely to be men, followed by those in the early PTDM 
group. The BMI and waist circumference were highest in the 
preexisting DM group, followed by the early PTDM 
group. Systolic blood pressure was lowest in the non-DM 
group and similar between the early PTDM and preexisting 
DM groups; however, diastolic blood pressure and the 
proportion of HTN were highest in the early PTDM group. 
The eGFR was similar across the three groups, whereas the 
early PTDM group had the highest proportion of proteinuria. 
Total HDL-, and LDL-cholesterol levels were highest in the 

TABLE 1 | Baseline characteristics of KT recipients.

Variables All Non-DM Early PTDM Preexisting DM P- value

(N = 8,486) (n = 5,037) (n = 1,032) (n = 2,416)

Age, y 50.1 ± 10.4 47.68 ± 10.46 53.01 ± 9.27 53.74 ± 9.32 <0.0001
<40 1,263 (14.88) 1,022 (20.29) 75 (7.27) 166 (6.87) <0.0001
40–49 2,506 (29.53) 1,693 (33.60) 251 (24.32) 562 (23.26)
50–59 3,080 (36.3) 1,646 (32.67) 449 (43.51) 985 (40.77)
60–69 1,484 (17.49) 631 (12.52) 230 (22.29) 623 (25.79)
≥70 153 (1.80) 46 (0.91) 27 (2.62) 80 (3.31)

Male sex 5,062 (59.65) 2,841 (56.39) 634 (61.43) 1,587 (65.69) <0.0001
BMI, kg/m2 22.90 ± 3.28 22.66 ± 3.22 23.11 ± 3.17 23.32 ± 3.42 <0.0001
Waist circumference, cm 79.97 ± 9.59 78.66 ± 9.24 81.06 ± 9.2 82.22 ± 9.99 <0.0001
Systolic BP, mmHg 125.48 ± 14.91 124.89 ± 14.23 126.19 ± 14.98 126.4 ± 16.15 <0.0001
Diastolic BP, mmHg 78.12 ± 10.22 78.84 ± 10.02 79.11 ± 10.41 76.2 ± 10.32 <0.0001
Hypertension 5,651 (66.59) 3,203 (63.58) 743 (72.00) 1,705 (70.57) <0.0001
Dyslipidemia 4,880 (57.51) 2,767 (54.92) 667 (64.63) 1,446 (59.85) <0.0001
Depression 504 (5.94) 240 (4.76) 71 (6.88) 193 (7.99) <0.0001
eGFR, mL/min/1.73 m2 65.49 ± 42.96 65.73 ± 42.94 63.41 ± 41.01 65.89 ± 43.78 0.248
Proteinuria, positive 858 (10.11) 471 (9.35) 126 (12.21) 261 (10.8) 0.0087
Fasting glucose, mg/dL 107.89 ± 35.29 97.68 ± 18.05 117.07 ± 35.40 125.26 ± 51.04 <0.0001
Total cholesterol, mg/dL 183.38 ± 36.08 186.21 ± 35.25 181.72 ± 34.97 178.17 ± 37.63 <0.0001
HDL-C, mg/dL 58.76 ± 20.87 60.71 ± 23.38 55.69 ± 15.33 56.00 ± 16.47 <0.0001
LDL-C, mg/dL 99.07 ± 31.02 100.51 ± 30.92 97.31 ± 30.29 96.83 ± 31.38 <0.0001
Triglyceridea, mg/dL 115 (114–117) 114 (113–116) 129 (126–133) 112 (110–114) <0.0001
Smoking status <0.0001

Never smoker 5,208 (61.37) 3,227 (64.05) 627 (60.76) 1,354 (56.04)
Former smoker 2,731 (32.18) 1,512 (30.01) 337 (32.66) 882 (36.51)
Current smoker 547 (6.45) 299 (5.93) 68 (6.59) 180 (7.45)

Alcohol consumption 0.001
None 7,291 (85.92) 4,277 (84.89) 888 (86.05) 2,126 (88.00)
Moderate 1,127 (13.28) 725 (14.39) 137 (13.28) 265 (10.97)
Heavy 68 (0.8) 36 (0.71) 7 (0.68) 25 (1.03)

Regular exercise 2,128 (25.08) 1,201 (23.84) 270 (26.16) 657 (27.19) 0.0052
Low income (<20%) 2,434 (28.68) 1,383 (27.45) 318 (30.81) 733 (30.34) 0.0097
Time from KT to screening, y 3.04 ± 2.41 3.25 ± 2.52 3.10 ± 2.36 2.59 ± 2.13 <0.0001

Categorical variables and continuous variables are presented as numbers (percentages) and as mean ± standard deviation.
aTriglyceride values are shown as a geometric mean (95% confidence interval).
BMI, body mass index; BP, blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein-cholesterol; KT, kidney transplantation; 
KTRs, recipients of KT; LDL-C, low-density lipoprotein-cholesterol; PTDM, post-transplantation diabetes mellitus.
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non-DM group; however, triglyceride levels and the proportion 
of dyslipidemia were the highest in the early PTDM group. The 
proportion of KTRs with low income was the lowest in the non- 
DM group. The median (interquartile range) follow-up durations 
for graft failure and all-cause mortality were 6.12 (4.22–8.40) 
years and 6.00 (4.06–8.14) years, respectively.

Treatment History During the First 
Year Post-KT
Table 2 presents the treatment history during the first year post- 
KT. The proportion of KTRs who did not receive induction 
therapy was the highest in the non-DM group (14.4%), followed 
by the early PTDM group (10.3%) and the preexisting DM group 
(6.3%). The proportion of KTRs who underwent thymoglobulin 
induction in the preexisting DM group (11.0%) was significantly 
higher than that in the non-DM (6.8%) and early PTDM (6.6%) 
groups. Acute rejection therapy commenced within 1 year post- 
KT in 7.34% of KTRs. The incidence of acute rejection was the 
highest in the early PTDM group (10.9%), followed by the 
preexisting DM (8.3%) and non-DM (6.2%) groups.

The mean number of outpatient department visits within 
1 year post-KT was the highest in the preexisting DM group 
(29.8 ± 16.5), followed by the early PTDM (25.6 ± 12.6) and non- 
DM (23.0 ± 12.4) groups. Multiple hospitalizations (≥2 times) 
within 1 year post-KT were similar in the early PTDM (51.8%) 
and preexisting DM (52.0%) groups, followed by the non-DM 
(38.2%) group.

Risk of Graft Failure and All-Cause Mortality 
According to Early PTDM within 1 Year 
Post-KT
Compared with the non-DM group, the early PTDM group 
exhibited no association with the risk of graft failure but a 
significant association with the risk of all-cause mortality 

(adjusted hazard ratio [aHR] 1.044, 95% CI 0.833–1.309 for 
graft failure and 1.309, 95% CI 1.015–1.689 for all-cause 
mortality) (Table 3). Figures 2A,B present the cumulative 
incidences of all-cause mortality and graft failure according to 
the diabetic status 1 year post-KT. Compared with that in 
the non-DM group, an increased risk of graft failure and all- 
cause mortality was observed in the preexisting DM 
group (Table 3).

Risk of Graft Failure and All-Cause Mortality 
According to Changes in Diabetic Status
The risk of graft failure and all-cause mortality was evaluated 
according to changes in diabetic status from 1 year post-KT to 
the time of health screening (Table 4). An analysis was 
conducted after excluding KTRs who underwent health 
screening within 1 year post-KT to distinguish between 
early diabetic status and the changes in diabetic status. 
While 8.1% of non-DM patients progressed to PTDM, 
33.5% of those with early PTDM and 38.6% of those with 
preexisting DM regressed to a non-DM status. KTRs who 
remained non-diabetic from KT until health screening served 
as the reference group.

KTRs who transitioned from non-DM to PTDM or from early 
PTDM to non-DM showed a significantly higher risk of graft 
failure in the univariable analysis. However, in the multivariable 
model, these transition groups did not exhibit a statistically 
significant increase in risk of graft failure, although transition 
from non-DM to PTDM tended to be associated with an 
increased risk (non-DM → PTDM: aHR 1.314, 95% CI 
0.934–1.848; early PTDM → non-DM: aHR 1.221, 95% CI 
0.818–1.824). Patients who remained in the PTDM status 
(early PTDM → PTDM) did not show a significantly elevated 
risk of graft failure. Among KTRs with preexisting DM, those 
who remained diabetic had a significantly higher risk of graft 
failure compared with those who remained non-diabetic 

TABLE 2 | Treatment history during the first year post-KT.

Variables All Non-DM Early PTDM Preexisting DM P value

Induction therapy <0.0001
None 983 (11.58) 724 (14.37) 106 (10.27) 153 (6.33)
Thymoglobulin 675 (7.95) 340 (6.75) 69 (6.69) 266 (11.01)
Basiliximab 6,617 (77.98) 3,858 (76.58) 825 (79.94) 1,934 (80.05)
Both 211 (2.49) 116 (2.30) 32 (3.1) 63 (2.61)

Acute rejection within 1 year 623 (7.34) 311 (6.17) 112 (10.85) 200 (8.28) <0.0001
OPD visits within 1 year, n 25.26 ± 14.04 23.01 ± 12.41 25.58 ± 12.55 29.82 ± 16.51 <0.0001

<10 60 (0.71) 54 (1.07) 1 (0.10) 5 (0.21) <0.0001
10–19 3,296 (38.84) 2,343 (46.51) 362 (35.08) 591 (24.46)
20–29 2,963 (34.92) 1,671 (33.17) 391 (37.89) 901 (37.29)
30–39 1,222 (14.4) 583 (11.57) 175 (16.96) 464 (19.21)
≥40 945 (11.14) 387 (7.68) 103 (9.98) 455 (18.83)

Hospitalizations within 1 year, n <0.0001
0 1,923 (22.66) 1,344 (26.68) 181 (17.54) 398 (16.47)
1 2,846 (33.54) 1,768 (35.09) 316 (30.62) 762 (31.54)
≥2 3,717 (43.80) 1,926 (38.23) 535 (51.84) 1,256 (51.99)

Categorical variables are presented as numbers (percentages).
Abbreviations: DM, diabetes mellitus; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus; OPD, outpatient department.
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throughout (aHR 1.545, 95% CI 1.231–1.940), whereas those who 
transitioned to non-DM did not show a significantly increased 
risk (aHR 1.298, 95% CI 0.948–1.779). Figure 2C presents the 
cumulative incidence of graft failure according to the changes in 
diabetic status.

KTRs who transitioned from non-DM to PTDM, along with 
those with persistent early PTDM, exhibited a significantly higher 
risk of all-cause mortality (non-DM → PTDM: aHR 1.646, 95% 
CI 1.080–2.510; early PTDM → PTDM: aHR 1.755, 95% CI 
1.325–2.377) (Table 4). In contrast, KTRs who transitioned from 

TABLE 3 | Risk of graft failure and mortality according to diabetic status within 1 year post-KT.

Outcome Diabetic status IRa Hazard ratio (95% confidence interval)

Model 1 Model 2 Model 3 Model 4

Graft failure Non-DM 12.49 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)
Early PTDM 15.49 1.240 (0.995, 1.545) 1.359 (1.086, 1.699) 1.284 (1.026, 1.606) 1.044 (0.833, 1.309)
Preexisting DM 15.57 1.266 (1.071, 1.496) 1.400 (1.176, 1.666) 1.344 (1.129, 1.600) 1.287 (1.079, 1.535)

All-cause mortality Non-DM 6.33 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)
Early PTDM 12.62 2.003 (1.560, 2.573) 1.424 (1.107, 1.833) 1.422 (1.105, 1.830) 1.309 (1.015, 1.689)
Preexisting DM 19.29 3.169 (2.648, 3.792) 2.064 (1.715, 2.483) 2.005 (1.665, 2.414) 2.065 (1.712, 2.491)

Model 1 was unadjusted; Model 2 was adjusted for sex and age; Model 3 was further adjusted for low income, smoking status, alcohol consumption, regular exercise, and hypertension, 
dyslipidemia, and depression; and Model 4 was additionally adjusted for body mass index, estimated glomerular filtration rate, proteinuria, time from kidney transplantation to health 
screening, induction therapy, and acute rejection within 1 year.
aIncidence rates are expressed per 1,000 person-years.
DM, diabetes mellitus; IR, incidence rate; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus.

FIGURE 2 | Cumulative incidence of graft failure and all-cause mortality according to diabetic status within 1 year post-KT and changes in diabetic status in KT 
recipients who underwent health screening following KT. (A) Graft failure according to the diabetic status within 1 year post-KT, (B) all-cause mortality according to 
diabetic status within 1 year post-KT, (C) graft failure according to the changes in diabetic status, and (D) all-cause mortality according to the changes in diabetic status. 
DM, diabetes mellitus; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus.
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early PTDM to non-DM showed no significant association with 
all-cause mortality. Among those with preexisting DM, the risk of 
all-cause mortality was increased regardless of subsequent 
changes in diabetic status, although those who transitioned 
from preexisting DM to non-DM exhibited a relatively lower 
HR for all-cause mortality compared with those who remained 
diabetic. Figure 2D presents the cumulative incidence of all-cause 
mortality according to the changes in diabetic status.

A sensitivity analysis conducted after excluding KTRs who 
underwent health screening within 2 years post-KT yielded 
comparable results, except that transitioning from non-DM to 
PTDM was significantly associated with graft failure (aHR 1.473, 
95% CI 1.025–2.118) (Supplementary Table S1).

Subgroup Analysis
Figure 3 and Supplementary Tables S2, S3 present the results of 
the subgroup analyses. The relationship between early PTDM 
and graft failure or all-cause mortality exhibited no significant 
interaction with respect to age, sex, income, smoking status, 
alcohol consumption, regular exercise, HTN, dyslipidemia, 
proteinuria, hospitalization, or acute rejection therapy.

Outcomes With an Early PTDM Definition, 
Including the First 3 Months Post-KT
When the first 3 months post-KT were included in the definition 
of early PTDM, the number of early PTDM cases increased by 

921, from 1,032 to 1,953. Under this definition, the HRs of early 
PTDM were attenuated and were not significantly associated with 
the risk of either graft failure or all-cause mortality 
(Supplementary Table S4). In the analysis of changes in 
diabetic status, HRs were amplified in both directions; that is, 
higher HRs became higher, and lower HRs became lower. 
Consequently, KTRs who transitioned from non-DM to 
PTDM showed a significantly increased risk of graft failure 
and all-cause mortality (non-DM → PTDM: aHR 1.578, 95% 
Cl 1.074–2.320 for graft failure and aHR 1.784, 95% Cl 
1.100–2.893 for all-cause mortality). Notably, patients who 
transitioned from early PTDM to non-DM demonstrated an 
even lower risk of all-cause mortality compared with those 
who consistently remained non-DM (early PTDM → non- 
DM: aHR 0.678, 95% Cl 0.464–0.992) (Supplementary Table S5).

Analysis of all KTRs Irrespective of Health 
Screening Participation
We further analyzed all 24,524 KTRs who underwent KT between 
2004 and 2020, regardless of their participation in the national 
health screening program, after excluding those with missing 
values (n = 536) and those who died <3 months post-KT (n = 
309). Supplementary Table S6 summarizes the characteristics of 
all KTRs who underwent KT between 2004 and 2020; the 
characteristics were similar to those of KTRs who participated 
in the health screening. Treatment history patterns of all KTRs 

TABLE 4 | Risk of graft failure and mortality according to changes in diabetic status.

Outcome Changes in diabetic status N IRa Hazard ratio (95% confidence interval)

With 1 year 
after KT

At health 
screening

Model 1 Model 2 Model 3 Model 4

Graft failure Non-DM Non-DM 3,807 12.24 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)
Non-DM PTDM 336 19.77 1.625 (1.164, 

2.268)
1.707 (1.221, 

2.385)
1.506 (1.074, 

2.111)
1.314 (0.934, 

1.848)
Early PTDM Non-DM 211 20.37 1.655 (1.116, 

2.454)
1.803 (1.215, 

2.678)
1.695 (1.141, 

2.518)
1.221 (0.818, 

1.824)
Early PTDM PTDM 629 14.38 1.175 (0.883, 

1.563)
1.349 (1.009, 

1.804)
1.236 (0.923, 

1.654)
1.034 (0.770, 

1.389)
Pre-DM Non-DM 514 15.47 1.283 (0.940, 

1.750)
1.350 (0.989, 

1.842)
1.302 (0.953, 

1.779)
1.298 (0.948, 

1.779)
Pre-DM DM 1,332 17.10 1.422 (1.154, 

1.753)
1.701 (1.359, 

2.128)
1.608 (1.284, 

2.013)
1.545 (1.231, 

1.940)
All-cause 
mortality

Non-DM Non-DM 3,807 6.02 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)
Non-DM PTDM 336 12.31 2.076 (1.370, 

3.144)
1.891 (1.248, 

2.866)
1.809 (1.191, 

2.749)
1.646 (1.080, 

2.510)
Early PTDM Non-DM 211 9.00 1.478 (0.839, 

2.602)
1.127 (0.639, 

1.988)
1.099 (0.623, 

1.938)
0.864 (0.488, 

1.530)
Early PTDM PTDM 629 16.24 2.719 (2.041, 

3.621)
1.899 (1.422, 

2.535)
1.886 (1.412, 

2.521)
1.775 (1.325, 

2.377)
Pre-DM Non-DM 514 10.86 1.864 (1.286, 

2.703)
1.629 (1.123, 

2.363)
1.556 (1.073, 

2.257)
1.566 (1.077, 

2.275)
Pre-DM DM 1,332 25.67 4.455 (3.607, 

5.504)
2.577 (2.066, 

3.214)
2.465 (1.973, 

3.080)
2.532 (2.022, 

3.169)

Model 1 was unadjusted; Model 2 was adjusted for sex and age; Model 3 was further adjusted for low income, smoking status, alcohol consumption, regular exercise, and hypertension, 
dyslipidemia, and depression; and Model 4 was additionally adjusted for body mass index, estimated glomerular filtration rate, proteinuria, time from kidney transplantation to health 
screening, induction therapy, and acute rejection within 1 year.
aIncidence rates are expressed per 1,000 person-years.
DM, diabetes mellitus; IR, incidence rate; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus.
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FIGURE 3 | Subgroup analysis for graft failure and all-cause mortality according to diabetic status within 1 year post-KT. CI, confidence interval; DM, diabetes 
mellitus; HR, hazard ratio; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus.
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according to the diabetic status were also similar to those of KTRs 
who participated in the national health screening program. 
However, the proportions of KTRs who underwent 
thymoglobulin induction (13.51% in all KTRs vs. 7.95% in 
KTRs who participated in the national health screening 
program) and acute rejection therapy within 1 year (10.69% in 
all KTRs vs. 7.34% in KTRs who participated in the health 
screening) tended to be higher. Furthermore, the mean 
number of hospitalizations within 1 year was higher among all 
KTRs compared with that among those who participated in the 
national health screening program (2.05 in all KTRs vs. 1.68 in 
KTRs who participated in the national health 
screening program).

Compared with non-DM, early PTDM was associated with an 
increased risk of graft failure and all-cause mortality in all KTRs 
who underwent KT between 2004 and 2020 (aHR 1.524, 95% CI 
1.344–1.729 for graft failure and 1.339, 95% CI 1.153–1.535 for 
all-cause mortality) (Table 5).

DISCUSSION

This nationwide study in the Republic of Korea demonstrated 
that early PTDM, defined as the onset of DM between 3 months 
and 1 year post-KT, was not associated with graft failure but was 
significantly associated with a higher risk of all-cause mortality in 
KTRs who participated in a national health screening program 
post-KT. However, early PTDM was associated with a higher risk 
of graft failure in the overall KTR population. Changes in diabetic 
status from within to beyond 1 year after KT may serve as a more 
significant prognostic factor than early PTDM alone. Notably, 
KTRs with early PTDM who no longer had diabetes later 
exhibited no increased risk of mortality, whereas those who 
transitioned from non-DM to PTDM showed a higher risk of 
mortality. Notably, over one-third of patients with preexisting 
DM regressed to non-DM status. Nevertheless, preexisting DM 
was associated with a higher risk of mortality even among those 
who transitioned to non-DM, whereas graft failure risk was not 
elevated in this group.

Few studies have explored the association between early 
PTDM within 1 year post-KT and outcomes, and their results 

have been conflicting [3, 11]. One study reported that PTDM 
developing within 1 year post-KT was not associated with adverse 
outcomes, whereas PTDM developing after 1 year was associated 
with adverse outcomes [11]. This suggests that the prognostic 
impact of PTDM may vary depending on the timing of the onset, 
consistent with our findings. The timing of PTDM diagnosis is 
closely related to how PTDM is defined. The majority of studies 
included early post-transplant hyperglycemia as PTDM, and only 
a few excluded the first 1–3 months post-KT [9, 22, 23]. A recent 
consensus recommends performing the first diagnostic glucose 
tolerance test at 10–13 weeks post-KT, classifying earlier 
hyperglycemia as persistent hyperglycemia rather than PTDM 
[20]. Our study addressed this issue by defining early PTDM as 
new-onset diabetes occurring between 3 months and 1 year post- 
KT. When patients with hyperglycemia within 3 months were 
classified as non-DM, the HRs of PTDM for outcomes increased, 
suggesting that these patients may have a lower risk of 
complications. These findings support the current consensus 
recommending exclusion of hyperglycemia within 3 months of 
a diagnosis of PTDM.

The present study investigated the prognostic impact of the 
changes in diabetic status in the first year post-KT and beyond. 
Regression from early PTDM to non-DM was not associated with 
an increased risk of graft failure or mortality, whereas new-onset 
PTDM and persistent PTDM beyond 1 year post-KT were linked 
to worse outcomes. Preexisting DM conferred a persistent risk of 
mortality even after regression to non-DM, although the HR was 
lower than that of those with persistent DM. Some degree of 
hyperglycemia may be an appropriate compensatory response to 
acute stress conditions such as the early post-KT state. 
Hyperglycemia may develop as an appropriate response to 
glucose utilization by tissues in the presence of insulin 
resistance under acute stressful conditions such as sepsis [24]. 
In addition, early PTDM may also lead to more frequent medical 
visits and multidisciplinary care during the early post- 
transplantation period, thereby facilitating more optimal 
management. Few studies have evaluated the impact of 
changes in diabetic status after KT, and their findings have 
been conflicting [4, 25]. Transient post-KT hyperglycemia 
(corresponding to early PTDM to non-DM in the present 
study) was not associated with adverse outcomes in a previous 

TABLE 5 | Risk of graft failure and mortality by diabetic status within 1 year of KT in all KTRs who received a KT from 2004 to 2020, regardless of health screening participation.

Outcome Diabetic status N IRa Hazard ratio (95% confidence interval)

Model 1 Model 2 Model 3

Graft failure Non-DM 13,546 11.39 1 (Ref.) 1 (Ref.) 1 (Ref.)
Early PTDM 2,742 17.32 1.525 (1.349, 1.725) 1.708 (1.506, 1.936) 1.524 (1.344, 1.729)
Preexisting DM 8,954 15.24 1.385 (1.264, 1.519) 1.579 (1.433, 1.741) 1.462 (1.324, 1.614)

All-cause mortality Non-DM 13,546 6.22 1 (Ref.) 1 (Ref.) 1 (Ref.)
Early PTDM 2,742 13.24 2.142 (1.861, 2.465) 1.474 (1.279, 1.700) 1.339 (1.153, 1.535)
Preexisting DM 8,954 20.03 3.432 (3.113, 3.783) 2.161 (1.952, 2.392) 2.108 (1.900, 2.338)

Model 1 was unadjusted; Model 2 was adjusted for sex and age; Model 3 was further adjusted for low income, hypertension, dyslipidemia, induction therapy, and acute rejection within 
1 year.
aIncidence rates are expressed per 1,000 person-years.
DM, diabetes mellitus; IR, incidence rate; KT, kidney transplantation; PTDM, post-transplantation diabetes mellitus.
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study [25]. In contrast, transient PTDM was associated with 
poorer patient and graft outcomes than sustained PTDM in 
another study, irrespective of its onset [4]. Our findings 
suggest that persistent DM or late-onset PTDM has a greater 
impact on outcomes than early post-transplant diabetic status. 
Our study revealed a more comprehensive picture of the dynamic 
nature and important clinical impact of changes in diabetic status 
on long-term outcomes post-KT. These findings underscore the 
importance of monitoring the changes in diabetic status over time 
after KT and the role of multidisciplinary care in improving the 
overall outcomes of KTRs with early PTDM or preexisting DM.

Predisposing factors for PTDM in KTRs include the use of 
glucocorticoids and calcineurin inhibitors, along with viral 
infections, such as cytomegalovirus [13, 26–28]. Thus, KTRs with 
high immunological risk or acute rejection who require more intense 
immunosuppressants are at a higher risk for PTDM and poor 
outcomes. Glucocorticoids and immunosuppressants can induce 
sarcopenia [29, 30]. Sarcopenia, which is associated with an 
increased risk of DM, is also associated with an increased risk of 
graft failure and mortality among KTRs [31–33]. In contrast, 
hyperglycemia after KT itself can promote oxidative stress and 
subsequent endothelial dysfunction, thereby accelerating allograft 
dysfunction and overall mortality [34]. Determining whether early 
PTDM is an independent prognostic factor or a marker of poor 
general status is therefore challenging. KTRs in poor condition after 
KT were unlikely to participate in the national health screening 
program. Indeed, the rates of thymoglobulin induction, acute 
rejection therapy, and hospitalization within 1 year post-KT 
observed among all KTRs tended to be higher than among 
national health screening program participants. This selection 
bias may explain why early PTDM was associated with graft 
failure among all KTRs but not among national health screening 
program participants among KTRs. Therefore, our findings might 
support the importance of actively managing PTDM in KTRs with a 
higher immunologic risk or poorer general conditions.

The present study has some limitations. First, the retrospective 
design and the limitations of the NHIS database hindered the 
capture of more detailed information, such as HLA matching 
status, donor information, and cause of death. Consequently, the 
possibility of unmeasured confounders that affected DM status 
and the associated outcomes cannot be excluded. Second, rather 
than using HbA1c levels, blood glucose levels, or glucose 
tolerance test results, the operational definition of DM status 
was based on diagnostic codes and antidiabetic medication use. 
However, this operational definition of DM using health 
insurance claims data has been soundly validated as a reliable 
tool in a recent study of the Korean population [35]. Third, the 
KTRs who participated in the national health screening program 
may be subject to selection bias, as they likely represent only 
relatively healthy or health-conscious KTRs. However, the 
relationship between early PTDM and clinical outcomes was 
assessed more accurately by excluding KTRs with extremely poor 
post-KT health status or poor compliance. This is a major 
strength of the present study.

In conclusion, early PTDM was associated with an elevated 
risk of mortality, while the development of PTDM beyond 1 year 
was associated with poor outcomes, and the resolution of early 

PTDM was associated with favorable outcomes. These findings 
underscore the importance of active surveillance, early 
intervention, and personalized management strategies for 
PTDM after KT to improve long-term patient and 
graft outcomes.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available 
because they are owned by the Korea NHIS. Requests to access 
the datasets should be directed to https://nhiss.nhis.or.kr/bd/ab/ 
bdaba000eng.do.

ETHICS STATEMENT

The studies involving humans were approved by Institutional 
Review Board of the Samsung Medical Center. The studies were 
conducted in accordance with the local legislation and 
institutional requirements. The ethics committee/institutional 
review board waived the requirement of written informed 
consent for participation from the participants or the 
participants’ legal guardians/next of kin because the use of 
anonymized and de-identified data.

AUTHOR CONTRIBUTIONS

JJ, HJ, KH, and WH had full access to all aspects of the study and 
take responsibility for the integrity of the data and the accuracy of 
the data analysis. WH and KH conceptualized the study. JJ, HJ, 
KH, and WH designed the study. KH and YP acquired the data 
and performed the formal analysis. JJ, HJ, KL, JL, and WH 
interpreted the data. JJ drafted the initial manuscript, and JJ, 
HJ, YP, KL, and WH revised it. JL and KH supervised the study. 
All authors read and approved the final version of the manuscript.

FUNDING

The author(s) declared that financial support was received for this 
work and/or its publication. This research was supported by a 
grant from the Patient-Centered Clinical Research Coordinating 
Center (PACEN) funded by the Ministry of Health & Welfare, 
Republic of Korea (RS-2024-00340973). The funder had no role 
in the design or conduct of the study; collection, management, 
analysis, or interpretation of the data; preparation, review, or 
approval of the manuscript; or decision to submit the manuscript 
for publication. JJ was supported by the (Bio&Medical 
Technology Development Program) of the National Research 
Foundation (NRF), funded by the Korean government (MSIT) 
(RS-2023-00222838). KL was supported by a National Research 
Foundation of Korea (NRF) grant funded by the Korean 
government (MSIT) (RS-2025-00519288). HJ was supported by 
a National Research Foundation of Korea (NRF) grant funded by 
the Korean government (MSIT) (RS-2022-NR068830).

Transplant International | Published by Frontiers April 2026 | Volume 39 | Article 15476 10

Jeon et al. PTDM and Kidney Transplant Outcomes

https://nhiss.nhis.or.kr/bd/ab/bdaba000eng.do
https://nhiss.nhis.or.kr/bd/ab/bdaba000eng.do


CONFLICT OF INTEREST

The authors(s) declared that this work was conducted in 
the absence of any commercial or financial 
relationships that could be construed as a potential 
conflict of interest.

GENERATIVE AI STATEMENT

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever 
possible. If you identify any issues, please contact us.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontierspartnerships.org/articles/10.3389/ti.2026. 
15476/full#supplementary-material

REFERENCES

1. Hariharan S, Israni AK, Danovitch G. Long-Term Survival After Kidney 
Transplantation. N Engl J Med (2021) 385:729–43. doi:10.1056/ 
NEJMra2014530

2. Lin H, Yan J, Yuan L, Qi B, Zhang Z, Zhang W, et al. Impact of Diabetes 
Mellitus Developing After Kidney Transplantation on Patient Mortality and 
Graft Survival: A Meta-Analysis of Adjusted Data. Diabetol Metab Syndr 
(2021) 13:126. doi:10.1186/s13098-021-00742-4

3. Cole EH, Johnston O, Rose CL, Gill JS. Impact of Acute Rejection and new- 
onset Diabetes on long-term Transplant Graft and Patient Survival. Clin J Am 
Soc Nephrol (2008) 3:814–21. doi:10.2215/cjn.04681107

4. Demirci MS, Toz H, Yilmaz F, Ertilav M, Asci G, Ozkahya M, et al. Risk Factors 
and Consequences of Post-Transplant Diabetes Mellitus. Clin Transpl (2010) 
24:E170–7. doi:10.1111/j.1399-0012.2010.01247.x

5. González-Posada JM, Hernández D, Bayés Genís B, García Perez J, Rivero 
Sanchez M. Impact of Diabetes Mellitus on Kidney Transplant Recipients in 
Spain. Nephrol Dial Transpl (2004) 19(Suppl. 3):iii57–61. doi:10.1093/ndt/ 
gfh1017

6. Kanbay M, Siriopol D, Guldan M, Ozbek L, Topcu AU, Siriopol I, et al. 
Prognostic Impact of Post-Transplant Diabetes Mellitus in Kidney Allograft 
Recipients: A Meta-Analysis. Nephrol Dial Transpl (2024d) 40:554–76. doi:10. 
1093/ndt/gfae185

7. Cosio FG, Pesavento TE, Kim S, Osei K, Henry M, Ferguson RM. Patient 
Survival After Renal Transplantation: IV. Impact of Post-Transplant 
Diabetes. Kidney Int (2002) 62:1440–6. doi:10.1111/j.1523-1755.2002. 
kid582.x

8. Kang E, Lee J, Kang DH, Park J, Park S, Kim YC, et al. Clinical Outcomes of 
Posttransplantation Diabetes Mellitus in Kidney Transplantation Recipients: A 
Nationwide Population-Based Cohort Study in Korea. Sci Rep (2022) 12:21632. 
doi:10.1038/s41598-022-25070-z

9. Yeh H, Lin C, Li YR, Yen CL, Lee CC, Chen JS, et al. Temporal Trends of 
Incident Diabetes Mellitus and Subsequent Outcomes in Patients 
Receiving Kidney Transplantation: A National Cohort Study in 
Taiwan. Diabetol Metab Syndr (2020) 12:34. doi:10.1186/s13098-020- 
00541-3

10. Jeon JY, Han-Bit S, Park BH, Lee N, Kim HJ, Kim DJ, et al. Impact of Post- 
Transplant Diabetes Mellitus on Survival and Cardiovascular Events in Kidney 
Transplant Recipients. Endocrinol Metab (Seoul) (2023) 38:139–45. doi:10. 
3803/EnM.2022.1594

11. Malik RF, Jia Y, Mansour SG, Reese PP, Hall IE, Alasfar S, et al. Post- 
Transplant Diabetes Mellitus in Kidney Transplant Recipients: A 
Multicenter Study. Kidney360 (2021) 2:1296–307. doi:10.34067/kid. 
0000862021

12. Ünlütürk U, Yıldırım T, Savaş M, Oğuz SH, Fırlatan B, Yüce D, et al. Effect of 
Post-Transplant Diabetes Mellitus on Cardiovascular Events and Mortality: A 
Single-Center Retrospective Cohort Study. Endocrine (2024) 85:695–703. 
doi:10.1007/s12020-024-03770-y

13. Jenssen T, Hartmann A. Post-Transplant Diabetes Mellitus in Patients With 
Solid Organ Transplants. Nat Rev Endocrinol (2019) 15:172–88. doi:10.1038/ 
s41574-018-0137-7

14. Lee S, Lee M, Kim YE, Kim HK, Lee SJ, Kim J, et al. Association of Muscle Mass 
Loss with Diabetes Development in Liver Transplantation Recipients. Diabetes 
Metab J (2024) 48:146–56. doi:10.4093/dmj.2022.0100

15. Park S, Cho S, Lee S, Kim Y, Park S, Kim YC, et al. The Prognostic Significance 
of Body Mass Index and Metabolic Parameter Variabilities in Predialysis CKD: 
A Nationwide Observational Cohort Study. J Am Soc Nephrol (2021) 32: 
2595–612. doi:10.1681/asn.2020121694

16. Park J, Shin DW, Han K, Kim D, Chun S, Jang HR. Associations Between 
Kidney Function, Proteinuria, and the Risk of Kidney Cancer: A Nationwide 
Cohort Study Involving 10 Million Participants. Am J Epidemiol (2021) 190: 
2042–52. doi:10.1093/aje/kwab140

17. Jung W, Park J, Jang HR, Jeon J, Han K, Kim B, et al. Increased End-Stage Renal 
Disease Risk in Age-Related Macular Degeneration: A Nationwide Cohort 
Study With 10-Year Follow-up. Sci Rep (2023) 13:183. doi:10.1038/s41598-022- 
26964-8

18. Shin DW, Cho J, Park JH, Cho B. National General Health Screening Program 
in Korea: History, Current Status, and Future Direction. Precis Future Med 
(2022) 6:9–31. doi:10.23838/pfm.2021.00135

19. Bae EH, Lim SY, Kim B, Oh TR, Song SH, Suh SH, et al. Effects of 
Blood Pressure According to Age on End-Stage Renal Disease 
Development in Patients with Diabetes: A Nationwide Population-based 
Cohort Study. Hypertension (2022) 79:1765–76. doi:10.1161/ 
hypertensionaha.121.18881

20. Sharif A, Chakkera H, de Vries APJ, Eller K, Guthoff M, Haller MC, et al. 
International Consensus on Post-transplantation Diabetes Mellitus. Nephrol 
Dial Transpl (2024) 39:531–49. doi:10.1093/ndt/gfad258

21. Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL, Hendriksen S, et al. 
Using Standardized Serum Creatinine Values in the Modification of Diet in 
Renal Disease Study Equation for Estimating Glomerular Filtration Rate. Ann 
Intern Med (2006) 145:247–54. doi:10.7326/0003-4819-145-4-200608150- 
00004

22. Hjelmesaeth J, Hartmann A, Leivestad T, Holdaas H, Sagedal S, Olstad M, et al. 
The Impact of Early-Diagnosed New-Onset Post-transplantation Diabetes 
Mellitus on Survival and Major Cardiac Events. Kidney Int (2006) 69: 
588–95. doi:10.1038/sj.ki.5000116

23. Dos Santos Q, Hornum M, Terrones-Campos C, Crone CG, Wareham NE, 
Soeborg A, et al. Posttransplantation Diabetes Mellitus Among Solid Organ 
Recipients in a Danish Cohort. Transpl Int (2022) 35:10352. doi:10.3389/ti. 
2022.10352

24. Tiruvoipati R, Chiezey B, Lewis D, Ong K, Villanueva E, Haji K, et al. Stress 
Hyperglycemia May Not Be Harmful in Critically Ill Patients with Sepsis. J Crit 
Care (2012) 27:153–8. doi:10.1016/j.jcrc.2011.06.011

25. Park SC, Yoon YD, Jung HY, Kim KH, Choi JY, Park SH, et al. Effect of 
Transient Post-transplantation Hyperglycemia on the Development of 
Diabetes Mellitus and Transplantation Outcomes in Kidney Transplant 
Recipients. Transpl Proc (2015) 47:666–71. doi:10.1016/j.transproceed.2014. 
11.053

26. Andrews RC, Walker BR. Glucocorticoids and Insulin Resistance: Old 
Hormones, New Targets. Clin Sci (Lond) (1999) 96:513–23. doi:10.1042/ 
cs0960513

27. Øzbay LA, Smidt K, Mortensen DM, Carstens J, Jørgensen KA, Rungby J. 
Cyclosporin and Tacrolimus Impair Insulin Secretion and Transcriptional 

Transplant International | Published by Frontiers April 2026 | Volume 39 | Article 15476 11

Jeon et al. PTDM and Kidney Transplant Outcomes

https://www.frontierspartnerships.org/articles/10.3389/ti.2026.15476/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2026.15476/full#supplementary-material
https://doi.org/10.1056/NEJMra2014530
https://doi.org/10.1056/NEJMra2014530
https://doi.org/10.1186/s13098-021-00742-4
https://doi.org/10.2215/cjn.04681107
https://doi.org/10.1111/j.1399-0012.2010.01247.x
https://doi.org/10.1093/ndt/gfh1017
https://doi.org/10.1093/ndt/gfh1017
https://doi.org/10.1093/ndt/gfae185
https://doi.org/10.1093/ndt/gfae185
https://doi.org/10.1111/j.1523-1755.2002.kid582.x
https://doi.org/10.1111/j.1523-1755.2002.kid582.x
https://doi.org/10.1038/s41598-022-25070-z
https://doi.org/10.1186/s13098-020-00541-3
https://doi.org/10.1186/s13098-020-00541-3
https://doi.org/10.3803/EnM.2022.1594
https://doi.org/10.3803/EnM.2022.1594
https://doi.org/10.34067/kid.0000862021
https://doi.org/10.34067/kid.0000862021
https://doi.org/10.1007/s12020-024-03770-y
https://doi.org/10.1038/s41574-018-0137-7
https://doi.org/10.1038/s41574-018-0137-7
https://doi.org/10.4093/dmj.2022.0100
https://doi.org/10.1681/asn.2020121694
https://doi.org/10.1093/aje/kwab140
https://doi.org/10.1038/s41598-022-26964-8
https://doi.org/10.1038/s41598-022-26964-8
https://doi.org/10.23838/pfm.2021.00135
https://doi.org/10.1161/hypertensionaha.121.18881
https://doi.org/10.1161/hypertensionaha.121.18881
https://doi.org/10.1093/ndt/gfad258
https://doi.org/10.7326/0003-4819-145-4-200608150-00004
https://doi.org/10.7326/0003-4819-145-4-200608150-00004
https://doi.org/10.1038/sj.ki.5000116
https://doi.org/10.3389/ti.2022.10352
https://doi.org/10.3389/ti.2022.10352
https://doi.org/10.1016/j.jcrc.2011.06.011
https://doi.org/10.1016/j.transproceed.2014.11.053
https://doi.org/10.1016/j.transproceed.2014.11.053
https://doi.org/10.1042/cs0960513
https://doi.org/10.1042/cs0960513


Regulation in INS-1E Beta-Cells. Br J Pharmacol (2011) 162:136–46. doi:10. 
1111/j.1476-5381.2010.01018.x

28. Hjelmesaeth J, Sagedal S, Hartmann A, Rollag H, Egeland T, Hagen M, et al. 
Asymptomatic Cytomegalovirus Infection Is Associated with Increased Risk of 
new-onset Diabetes Mellitus and Impaired Insulin Release After Renal 
Transplantation. Diabetologia (2004) 47:1550–6. doi:10.1007/s00125-004- 
1499-z

29. Schakman O, Gilson H, Thissen JP. Mechanisms of glucocorticoid-induced 
Myopathy. J Endocrinol (2008) 197:1–10. doi:10.1677/joe-07-0606

30. Sakuma K, Nakao R, Aoi W, Inashima S, Fujikawa T, Hirata M, et al. 
Cyclosporin A Treatment Upregulates Id1 and Smad3 Expression and 
Delays Skeletal Muscle Regeneration. Acta Neuropathol (2005) 110:269–80. 
doi:10.1007/s00401-005-1049-x

31. Son JW, Lee SS, Kim SR, Yoo SJ, Cha BY, Son HY, et al. Low Muscle Mass and Risk 
of Type 2 Diabetes in Middle-Aged and Older Adults: Findings From the Koges. 
Diabetologia (2017) 60:865–72. doi:10.1007/s00125-016-4196-9

32. Karakizlis H, Trudel N, Brose A, Reinisch A, Reichert M, Hecker A, et al. 
Sarcopenia of Kidney Transplant Recipients as a Predictive Marker for 
Reduced Graft Function and Graft Survival After Kidney Transplantation. 
Langenbecks Arch Surg (2023) 408:103. doi:10.1007/s00423-023-02836-1

33. Druckmann I, Yashar H, Schwartz D, Schwartz IF, Goykhman Y, Kliuk Ben- 
Bassat O, et al. Presence of Sarcopenia Before Kidney Transplantation Is 
Associated with Poor Outcomes. Am J Nephrol (2022) 53:427–34. doi:10.1159/ 
000524774

34. An Y, Xu BT, Wan SR, Ma XM, Long Y, Xu Y, et al. The Role of 
Oxidative Stress in Diabetes Mellitus-Induced Vascular Endothelial 
Dysfunction. Cardiovasc Diabetol (2023) 22:237. doi:10.1186/s12933-023- 
01965-7

35. Baek JH, Park YM, Han KD, Moon MK, Choi JH, Ko SH. Comparison of 
Operational Definition of Type 2 Diabetes Mellitus Based on Data from Korean 
National Health Insurance Service and Korea National Health and Nutrition 
Examination Survey. Diabetes Metab J (2023) 47:201–10. doi:10.4093/dmj. 
2022.0375

Copyright © 2026 Jeon, Jang, Park, Lee, Lee, Han and Huh. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

Transplant International | Published by Frontiers April 2026 | Volume 39 | Article 15476 12

Jeon et al. PTDM and Kidney Transplant Outcomes

https://doi.org/10.1111/j.1476-5381.2010.01018.x
https://doi.org/10.1111/j.1476-5381.2010.01018.x
https://doi.org/10.1007/s00125-004-1499-z
https://doi.org/10.1007/s00125-004-1499-z
https://doi.org/10.1677/joe-07-0606
https://doi.org/10.1007/s00401-005-1049-x
https://doi.org/10.1007/s00125-016-4196-9
https://doi.org/10.1007/s00423-023-02836-1
https://doi.org/10.1159/000524774
https://doi.org/10.1159/000524774
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.4093/dmj.2022.0375
https://doi.org/10.4093/dmj.2022.0375
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Impact of Early Post-Transplantation Diabetes Mellitus and Changes in Diabetic Status on Graft Failure and Mortality in Kid ...
	Introduction
	Materials and Methods
	Data Sources and Study Setting
	Ethics Approval
	Study Population
	Exposure: Early PTDM
	Covariates
	Outcomes and Follow-Up
	Subgroup Analysis
	Sensitivity Analysis
	Statistical Analysis

	Results
	Characteristics of the Study Population
	Treatment History During the First Year Post-KT
	Risk of Graft Failure and All-Cause Mortality According to Early PTDM within 1 Year Post-KT
	Risk of Graft Failure and All-Cause Mortality According to Changes in Diabetic Status
	Subgroup Analysis
	Outcomes With an Early PTDM Definition, Including the First 3 Months Post-KT
	Analysis of all KTRs Irrespective of Health Screening Participation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Conflict of Interest
	Generative AI Statement
	Supplementary Material
	References


