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Perioperative glucose monitoring
with continuous glucose
monitors identifies risk factors
for post-transplant diabetes
mellitus in kidney transplant
recipients
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Post-transplantation diabetes mellitus (PTDM) negatively affects graft and patient survival after
kidney transplantation (KT). This prospective study used continuous glucose monitoring (CGM) to
evaluate perioperative blood glucose dynamics, identify PTDM risk factors, and compare predictive
accuracy with capillary blood glucose monitoring (CBGM) in 60 non-diabetic living-donor KT recipients.
Patients underwent 2-week pre- and postoperative CGM, including routine CBGM during their
in-hospital stays. PTDM-related risk factors and glucose profiles were analyzed with postoperative
CGM and CBG. PTDM developed in 14 (23.3%) patients and was associated with older age, male sex,
higher baseline HbA1c, high-density lipoprotein cholesterol, and 3-month cumulative tacrolimus
exposure levels. Male sex and postoperative time above the range (TAR) of 180 mg/dL by CGM were
PTDM-related risk factors in the multivariate analysis. For predictive power, the CGM model with
postoperative glucose profiles exhibited higher accuracy compared with the CBGM model (areas under
the curves of 0.916, and 0.865, respectively). Therefore, we found that male patients with a higher
postoperative TAR of 180 mg/dL have an increased risk of PTDM. Postoperative CGM provides detailed
glucose dynamics and demonstrates superior predictive potential for PTDM than CBGM.

Keywords Kidney transplantation, Diabetes mellitus, Continuous glucose monitoring, Blood glucose,
Postoperative care, Follow up

Post-transplantation diabetes mellitus (PTDM) refers to the development of diabetes mellitus (DM) in individuals
without DM before organ transplantation. The reported occurrence rate of PTDM ranges from 2 to 52%, and the
highest prevalence occurs in cases of kidney transplantation (KT)"2. PTDM amplifies the risk of cardiovascular
disease and infections, diminishes quality of life, and ultimately leads to lower overall patient and graft survival.
Risk factors for PTDM overlap with conventional risk factors for type 2 DM, encompassing age, ethnicity, obesity,
family history, genetic predisposition, and metabolic syndromes. Additionally, transplant-related factors, such as
hepatitis C, immunosuppressive medications, and cytomegalovirus infection contribute to the onset of PTDM>*.
Physicians strive to manage these risk factors through various strategies, including adjustments to immunosup-
pressive medication and the implementation of rigorous glucose monitoring and regulation®.

However, reducing the use of calcineurin inhibitors and glucocorticoids, which serve as essential immuno-
suppressive agents for preventing rejection but are also diabetogenic, remains challenging®’. Therefore, the best
effective modifiable strategy is an early prediction of PTDM, which facilitates the reduction of complications

!Division of Transplantation and Vascular Surgery, Department of Surgery, Seoul National University College of
Medicine, Seoul, Republic of Korea. 2Department of Surgery, Chung-Ang University Hospital, Seoul, Republic of
Korea. 3Institute of Health Policy and Management, Seoul National University Medical Research Center, Seoul,
Republic of Korea. “These authors contributed equally: Jiyoung Shin and Eun-Ah Jo. *email: surgeonmsi@
gmail.com

Scientific Reports|  (2024) 14:21240 | https://doi.org/10.1038/s41598-024-72025-7 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-72025-7&domain=pdf

www.nature.com/scientificreports/

through stringent blood glucose management and ensures long-term patient and graft survival after KT. The
commonly used method, skin-prick capillary blood glucose monitoring (CBGM) is invasive and makes frequent
monitoring difficult. Consequently, it is not sensitive enough to adequately monitor for dysglycemia. However,
continuous glucose monitoring (CGM) in the form of a wearable device is non-invasive and provides complete
24-h data along with detailed glucose profiles, offering insights into changes in patients’ glucose levels®. Recent
study have reported that incorporating CGM into standard diagnostic methods allows for earlier identification
of individuals with diabetes or pre-diabetes from healthy individuals®. This study aimed to identify changes
in glucose levels pre- and post-KT using CGM and investigate the risk factors associated with the incidence
of PTDM. Furthermore, we compared the predictive efficacy of CBGM and postoperative CGM in relation to
PTDM occurrence.

Methods

Study population

This was a single-center, prospective, observational study (ClinicalTrials.gov NCT) conducted from June 2021 to
September 2022. All patients scheduled for living-donor KT were identified as potentially eligible participants.
The exclusion criteria included: patients younger than 18 years, prior renal transplant recipients, those undergo-
ing deceased-donor or multi-organ transplantation, and those diagnosed with DM prior to transplantation. All
potential candidates provided informed consent prior to enrollment. Enrolled patients who completed glucose
monitoring and assessment up to 6 months post-transplantation were included in the final analysis. This study
was supported by a SNUH research grant (#0420210760).

Study design

Once consent was obtained, preoperative glucose data were collected 14 days before the scheduled surgery
using a CGM sensor (Freestyle Libre 1; Abbott Diabetes Care Ltd., Maidenhead, UK). The device was placed
on the patient’s upper arm according to the manufacturer’s instructions. The patients installed the correspond-
ing application on their smartphones and were instructed to scan the sensors using their smartphones at least
once every 8 h. The sensor collected glucose data every min and automatically stored a reading every 15 min.
In addition to the daily glucose levels, the CGM system provided calculated parameters based on these daily
levels, including glucose management index (GMI) (%), coefficient of variation (%), time within the range of
70-180 mg/dL (%), time above the range (TAR) of 180 mg/dL (%), time below the range of 70 mg/dL (%), and
nadir and peak glucose levels.

To collect postoperative glucose data, a new sensor was applied and used for an additional 14 days following
surgery. Throughout the hospitalization period for transplantation, patients adhered to the established protocol
for CBGM, which was performed daily before each meal and bedtime. Interventions for abnormal glucose levels
were based on the CBGM rather than CGM readings.

Preoperative waist-to-hip circumference ratio and fat-to-muscle ratio measurements using bioimpedance
analysis (InBody970; InBody Co., Ltd., Seoul, Korea) were also collected in the enrolled patients. Further lab-
oratory examinations were conducted for fasting plasma glucose (FPG), insulin, hemoglobin Alc (HbAlc),
C-peptide, and lipid profiles (including total cholesterol, high-density lipoprotein [HDL], low-density lipoprotein
[LDL], and triglycerides) at baseline and 1, 2, 3, and 6 months postoperatively. The homeostasis model assessment
of insulin resistance (HOMA-IR) and beta-cell function (HOMA-B) were used to estimate insulin resistance and
secretion by analyzing insulin levels!?.

Definition of PTDM

PTDM was defined based on the American Diabetes Association (ADA) diagnostic criteria at 6 months post-
transplantation in patients without a preoperative diagnosis of DM'!. Fasting plasma glucose and HbA1c were
both assessed, whereas the measurement of 2-h plasma glucose during a 75-g oral glucose tolerance test (OGTT)
was not conducted. Consequently, the diagnosis of PTDM was established employing the former two criteria; 1.
Fasting plasma glucose level > 126 mg/dL (fasting is defined as no caloric intake for at least 8 h) or 2. An HbAlc
level > 6.5% following the duration of 6 months post-transplantation among patients who were not diagnosed
with preoperative DM. Study patients who developed PTDM were categorized as the PTDM group. Those who
did not develop PTDM during the study period were defined as the non-PTDM group.

Immunosuppressive regimen and postoperative glucose control protocol

The immunosuppressive regimen consisted of induction therapy and triple maintenance agents. Induction
therapy included basiliximab or rabbit anti-human thymocyte immunoglobulin. The maintenance regimen
consisted of tacrolimus, antimetabolites (mycophenolate mofetil and mycophenolic acid), and corticosteroids.
Tacrolimus was administered twice a day. During the first 3 months post-transplantation, trough concentration
levels were maintained within the range of 8-12 ng/mL, followed by a target range of 6-10 ng/mL from 3 to
6 months. Cumulative exposure to tacrolimus (CET) for 3 months was calculated as the area under the concen-
tration—time curve (AUC) based on trough concentrations. All measured tacrolimus concentration values for
a specific patient were plotted on a time-dependent graph, and the AUC of the tacrolimus level was calculated
using the Wagner-Nelson equation'?. Steroid therapy commenced with an intravenous injection of 500 mg on
the day of surgery and was subsequently gradually tapered to 5 mg of oral prednisolone over 4 weeks. Steroids
were administered after breakfast to alleviate gastrointestinal discomfort, and this was continued for 6 months.
Mycophenolate mofetil (500 mg) or an equivalent dose of mycophenolic acid was administered twice daily. In
cases where adverse effects such as leukopenia or elevated liver enzyme levels were observed, the medication was
either discontinued or adjusted based on the clinical severity and progression of side effects.
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For postoperative glycemic control, the regular insulin (RI) sliding scale protocol was initiated if the CBGM
exceeded 250 mg/dL immediately after surgery. Humulin R (100 IU) was mixed with 100 mL of normal saline
and started at 1 cc/h, with the dose adjusted according to the established protocol. Once the RI was tapered,
intermittent subcutaneous injections of Humulin R were administered according to a consistent protocol (Sup-
plementary Table 1).

Statistical analyses

Categorical variables are expressed as percentages within the respective derived groups and were assessed using
Pearson’s chi-square and Fisher’s exact tests. Continuous variables are presented as means + standard deviations
and were evaluated using a Student’s ¢-test following a normality test. To compare the pre- and postoperative
glucose variations between the PTDM and non-PTDM groups, the differences in glucose variation before and
after surgery were calculated for each patient. The variation was calculated as standard deviations, and a Wilcoxon
test was performed between groups for the differences.

Univariate and multivariate logistic regression analyses were conducted to identify factors that were indepen-
dently and significantly associated with the onset of PTDM. Before conducting multivariate logistic regression,
a multicollinearity test was performed using the variance inflation factor (VIF) among independent variables.
If the VIF value exceeded 10, it was used as the criterion for variable removal from the model, and variables
were removed in consideration of clinical relevance to the study. Variables with a P-value of less than 0.05 in
the univariate analyses were subsequently included in the multivariate logistic regression using a backward
elimination method.

We established two models, the CBGM and CGM model, with postoperative blood glucose data (postopera-
tive CGM). Additionally, receiver operating characteristic (ROC) curves were generated to compare the AUC
of different glucose monitoring models (postoperative CBGM vs. postoperative CGM) for PTDM prediction.
DeLong’s test was conducted to compare the AUCs of both models. All analyses were performed using IBM
SPSS version 26.0 (IBM Corp., Armonk, NY, USA) and R version 4.3.1 (R Foundation for Statistical Computing,
Vienna, Austria). A P-value of less than 0.05 was considered significant.

Results

Patient characteristics

During the enrollment period, 264 patients underwent KT at our center, of which, 100 consented to participate in
the study. In the cohort of 100 patients, 15 were diagnosed with preoperative DM, four had undergone deceased-
donor transplantation without preoperative CGM data, 18 had insufficient glucose monitoring data, and three
had insufficient diabetes-related data and were thus excluded from the study. Finally, 60 patients were included
in the final analysis. Among them, 14 (23.3%) developed PTDM during the study period. Patient and donor
demographics and transplant characteristics are summarized in Table 1. The PTDM group was significantly older
(56.4 £9.8 years) than the non-PTDM group (46.2 +13.0 years, P=0.009). In addition, male patients were more
prevalent in the PTDM group (85.7%) than in the non-PTDM group (45.7%, P=0.008). No differences were
observed among donors with respect to human leukocyte antigen incompatibility, age, sex, body mass index
(BMI), or their relationship with the recipient between the two groups. All study patients exhibited a normal
preoperative glucose profile, with a mean C-peptide level of 5.9 +3.5 ng/mL. Indices of insulin secretion and
resistance, represented by HOMA-B (226.8+251.8) and HOMA-IR (2.3 + 1.1), respectively, were within the nor-
mal range. Although enrolled patients showed a normal range of HbA1lc levels (5.2+0.5%), patients in the PTDM
group exhibited significantly higher preoperative HbAlc levels (5.5+0.4% vs. 5.2 £0.5%, respectively; P=0.023).
Those in the PTDM group also had lower HDL levels than those in the non-PTDM group (37.7 +11.8 mg/dL vs.
51.3+16.3 mg/dL, respectively; P=0.006).

Transplant outcomes

All transplantations were performed successfully without immediate postoperative complications or rejections.
Regarding immunosuppressive agents, there were no significant differences in terms of induction agents, ster-
oid pulse treatment during follow-up, or mean steroid dose during hospitalization. However, the PTDM group
exhibited significantly higher tacrolimus trough concentrations on the day of discharge than the non-PTDM
group (11.4+2.2 ng/mL vs. 9.8 £1.9 ng/mL, respectively; P=0.014), along with higher mean tacrolimus concen-
trations during the index admission (11.3+2.2 ng/mL vs. 9.6 + 1.7 ng/mL, respectively; P=0.003). Furthermore,
the 3-month CET was significantly greater in the PTDM group than in the non-PTDM group (898.3 +54.4 ng/
mL vs. 804.7 £90.0 ng/mL, respectively; P=0.001) (Table 1).

No significant difference was seen in the occurrence of transplant rejection demonstrated by indication
biopsy and postoperative 10-days protocol biopsy between the non-PTDM (37.0%) and PTDM (21.4%) groups
(P=0.281). No graft failure occurred during follow-up in either group. The estimated glomerular filtration rate
levels at discharge and 1, 2, 3, and 6 months postoperatively showed no significant differences between the two
groups (Table 2).

Changes in perioperative glucose profile

Figure 1 illustrates the preoperative and postoperative changes in glucose variation relative to PTDM develop-
ment. More increase in daily glucose levels and variation were observed in the postoperative period compared
with values in the preoperative period in the PTDM group. The mean standard deviation was 15.8 in the PTDM
group and 10.6 in the non-PTDM group. A Wilcoxon rank test revealed a statistically significant difference
(P=0.02). Figure 2 presents a visualized graph of changes in glucose levels before and after KT for the entire
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Characteristics Total (n=60) | Non-PTDM (n=46) | PTDM (n=14) | P-value
Baseline characteristics

Age (years) 48.6+12.5 46.2+13.0 56.4+9.8 0.009
Male sex 33 (55.0%) 21 (45.7%) 12 (85.7%) 0.008
BMI (kg/m?) 23.0+3.5 22.7+3.6 24229 0.150
Waist-to-hip ratio 0.9+0.1 0.9+0.1 0.9+0.1 0.460
Fat ratio (%) 29.8+10.4 31.2+10.3 25.7+£9.9 0.098
Muscle ratio (%) 359+8.8 33.7+10.6 39.6+8.0 0.070
Donor characteristics

Preoperative desensitization 16 (26.7%) 13 (28.3%) 3(21.4%) 0.740
Donor age 49.6+12.3 51.2+11.7 44.5+13.2 0.073
Donor male sex 27 (45.0%) 21 (45.7%) 6 (42.9%) 0.854
Donor BMI 23.3+4.1 23.3+4.2 23.2+3.8 0.959
Related donor 35 (58.3%) 26 (56.5%) 9 (64.3%) 0.606
Underlying disease

Hypertension 42 (70.0%) 31 (67.4%) 11 (78.6%) 0.520
Dyslipidemia 6 (10.0%) 5(10.9%) 1(7.1%) 1.000
Liver disease 5(8.3%) 4(9.3%) 1(7.1%) 1.000
Coronary artery disease 7 (11.7%) 5(10.9%) 2 (14.3%) 0.660
Family history of DM 3(5%) 3(6.5%) 0(0%) 1.000
ESRD cause

Glomerulonephritis 27 (45.0%) 21(45.7%) 6 (42.9%) 1.000
Unknown 11 (18.3%) 9 (19.6%) 2 (14.3%) 1.000
Polycystic disease 9 (15.0%) 6 (13.0%) 3(21.4%) 0.423
Hypertension 6 (10.0%) 4 (8.7%) 2 (14.3%) 0.617
Other 1(1.7%) 1(2.2%) 0 (0%) 1.000
Dialysis state

Preemptive 26 (43.3%) 18 (39.1%) 8(57.1%) 0.234
Baseline laboratory results

Fasting plasma glucose (mg/dL) 83.6+12.5 83.4+13.5 84.5+8.8 0.767
HbAlc (%) 52+0.5 52+05 55+0.4 0.023
Fasting insulin (u[U/mL) 11.1+4.8 10.8+4.7 12.0+£5.0 0.428
C-peptide (ng/mL) 59+3.5 57+29 6.4+49 0.558
HOMA-IR 23+1.1 22+1.1 25+1.0 0.445
HOMA-B 226.8+£251.8 218.9+£269.5 251.5+192.2 0.678
Total cholesterol (mg/dL) 150.0+33.4 153.2+33.4 139.7+32.6 0.190
Triglyceride (mg/dL) 99.0+44.8 98.22+47.5 101.5+36.0 0.813
High-density lipids (mg/dL) 48.1+£16.4 51.3+16.3 37.7+11.8 0.006
Low-density lipids (mg/dL) 79.5+26.8 81.6+26.4 72.8+28.0 0.284
Immunosuppression

Mean tacrolimus CO level during hospitalization (ng/mL) | 10.0+1.9 9.6+1.7 11.3£2.2 0.003
Tacrolimus CO level at discharge (ng/mL) 10.2+2.1 9.8+1.9 11.4£2.2 0.014
3-Month cumulative exposure of tacrolimus (ng/mL) 826.5+91.8 804.7+90.0 898.3+54.4 0.001
Anti-thymoglobulin induction 5(8.3%) 4 (8.7%) 1(7.1%) 1.000
Steroid pulse during admission 4(6.7%) 3(6.5%) 1(7.1%) 1.000
Mean steroids dose during hospitalization 143.1+56.6 144.1+60.5 139.9+42.7 0.811
Renal function

Baseline eGFR (CKD-EPI) (mL/min/1.73 m?) 7.3+3.0 7.3+3.1 7.4+2.7 0.876
Cold ischemia time (min) 59.06+20.5 60.23+21.6 55.0+16.8 0.317
Total hospital stays (days) 17.0£9.1 17.9+£10.0 142+4.1 0.051

Table 1. Patient and transplantation characteristics of the non-PTDM and PTDM groups. Values are

presented as means + standard deviations or numbers (%). Liver disease is defined as chronic hepatitis B virus
or hepatitis C virus infection or liver cirrhosis. BMI body mass index, DM diabetes mellitus, CKD-EPI Chronic
Kidney Disease Epidemiology Collaboration, eGFR estimated glomerular filtration rate, ESRD end-stage renal
disease, HbA 1c hemoglobin Alc, HOMA-B homeostasis model assessment of beta-cell function, HOMA-IR
homeostasis model assessment of insulin resistance, PTDM post-transplantation diabetes mellitus.
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Outcomes Non-PTDM (n=46) PTDM (n=14) P-value
Rejection 17 (37.0) 3(21.4) 0.281
Graft failure 0 0
eGFR (CKD-EPI)

Discharge 68.3+21.4 54.5+15.0 0.544

1 Month 63.4+18.4 61.3+16.2 0.682

2 Months 64.3+17.3 63.8+£16.6 0.919

3 Months 61.1+16.8 60.8+12.8 0.957

6 Months 60.3+18.3 61.7+£12.2 0.746

Table 2. Transplantation outcomes. Values are presented as means + standard deviations or numbers (%).
Rejection is defined by evidence of either an indication biopsy or a postoperative 10-day protocol biopsy,
with pathologic evaluation according to the Banff score 2022 criteria. CKD-EPI Chronic Kidney Disease
Epidemiology Collaboration, eGFR estimated glomerular filtration rate, PTDM post-transplantation diabetes
mellitus.
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Fig. 1. Daily glucose variation in the preoperative and postoperative non-PTDM and PTDM groups was
assessed using CGM. (A) Preoperative daily glucose variation in the non-PTDM group. (B) Postoperative daily
glucose variation in the non-PTDM group. (C) Preoperative daily glucose variation in the PTDM group. (D)
Postoperative daily glucose variation in the PTDM group. CGM continuous glucose monitoring, PTDM post-
transplantation diabetes mellitus.

cohort, and Fig. 3 further shows significant increases in average, peak, and nadir glucose levels that occurred
postoperatively in both groups.

In the preoperative period, CGM showed that the PTDM group had significantly higher preoperative
mean glucose levels (107.4 £13.2 mg/dL vs. 95.5 + 13.4 mg/dL, respectively; P=0.006), GMI (5.8 +0.3% vs.
5.6£0.3%, respectively; P=0.016), and mean peak glucose levels (175.5+19.6 mg/dL vs. 150.0 £ 31.5 mg/dL,
respectively; P=0.006) than the non-PTDM group. In the postoperative period, the CGM values of the mean
glucose levels (141.6 +21.4 mg/dL vs. 120.2 +18.0 mg/dL, respectively; P<0.001), TAR of 180 mg/dL during
the day (21.1£12.3% vs. 9.0 £ 8.8%, respectively; P<0.001), and mean daily peak glucose levels (221.5+22.3
vs. 189.1+31.2 mg/dL, respectively; P=0.002) were significantly higher in the PTDM group than those in the
non-PTDM group (Table 3).

Similarly, CBGM also showed that the PTDM group exhibited higher average glucose levels postoperatively
(164.6+25.3 mg/dL vs. 151.9+ 18.9 mg/dL, respectively; P=0.027) and daily peak glucose values (208.7 +31.7 mg/
dL vs. 189.6 £26.2 mg/dL, respectively; P=0.048) than the non-PTDM group.

Postoperative changes in metabolic indices during the follow-up period

There were no significant differences in body weight and BMI changes between the two groups at 1, 2, 3, and
6 months postoperatively. However, the PTDM group consistently demonstrated significantly higher of HbAlc
levels than the non-PTDM group at all follow-up periods. There were no significant differences in total cholesterol
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Fig. 3. Comparison of preoperative and postoperative glucose levels in the PTDM and non-PTDM groups as
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mellitus.
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Profiles Total (n=60) | Non-PTDM (n=46) | PTDM (n=14) | P-value
Postoperative CBGM

Mean glucose (mg/dL) 154.9+21.0 151.9+18.9 164.6+25.3 0.027
Mean daily peak glucose (mg/dL) 194.0+28.5 189.6+26.2 208.7+31.7 0.048
Preoperative CGM

Mean glucose (mg/dL) 98.5+14.2 95.5+13.4 107.4+13.2 0.006
Glucose management index (%) 57+0.3 5.6+0.3 58+0.3 0.016
Coefficient of variation (%) 28.6+29.8 29.4+34.3 26.0+4.8 0.713
Time in the range of 70-180 mg/dL (%) 87.3+£14.5 86.0+£15.9 91.4+8.1 0.223
Time above the range of 180 mg/dL (%) 32495 3.3+10.8 3.0£3.5 0.976
Time below the range of 70 mg/dL (%) 9.3+13.0 10.6+14.1 5.6+8.5 0.214
Mean daily peak glucose (mg/dL) 156.4+30.9 150.0+31.5 175.5+19.6 0.006
Mean daily nadir glucose (mg/dL) 68.9+£10.9 67.7+£10.7 72.4+11.4 0.975
Postoperative CGM

Mean glucose (mg/dL) 125.3+£20.8 120.2+18.0 141.6+21.4 <0.001
Glucose management index (%) 6.6+2.3 6.6+2.6 6.7+0.5 0.962
Coefficient of variation (%) 31.2+7.8 30.9+8.5 32.3+4.8 0.549
Time in the range of 70-180 mg/dL (%) 82.1+15.2 84.2+15.7 75.6+11.5 0.066
Time above the range of 180 mg/dL (%) 11.9+10.9 9.0+838 21.1+12.3 <0.001
Time below the range of 70 mg/dL (%) 4.6+6.0 51+6.4 32444 0.314
Mean daily peak glucose (mg/dL) 196.5+32.3 189.1+£31.2 221.5+22.3 0.002
Mean daily nadir glucose (mg/dL) 88.0+15.3 85.8+15.1 95.3+14.5 0.185

Table 3. Perioperative glucose profiles of the non-PTDM and PTDM groups. Values are presented as
means * standard deviations. CBGM capillary blood glucose monitoring, CGM continuous glucose monitoring,
PTDM post-transplantation diabetes mellitus.

and LDL levels between the two groups during the 6-month follow-up period. However, the PTDM group showed
significantly lower HDL levels at 2 and 3 months postoperatively. The HOMA-IR values at 1, 2, and 3 months
after KT did not show any significant differences between the two groups. However, the PTDM group showed
an increasing trend of HOMA-IR after transplantation and exhibited a significantly higher value of HOMA-IR
(7.0£9.5) at 6 months, whereas patients in the non-PTDM group had a lower value (3.1+1.5, P=0.001). Regard-
ing the triglycerides to HDL ratio, a surrogate marker for insulin resistance, the PTDM group consistently showed
higher values than non-PTDM group from baseline to 6 months post-operation, although this difference did not
reach statistical significance. There were no significant differences between the two groups in terms of HOMA-B
during the follow-up period (Fig. 4).

Risk factors and prediction models for PTDM

In the univariate analysis, baseline characteristics such as age, male sex, and preoperative HbAlc and HDL
levels were associated with the development of PTDM. The 3-month CET was identified as an immunosuppres-
sion-related factor for PTDM development. Among postoperative glucose profiles, mean daily peak glucose by
CBGM, mean glucose level, TAR of 180 mg/dL, and mean daily peak glucose levels by CGM were statistically
significant. A multicollinearity assessment was conducted on factors exhibiting statistical significance in the
univariate analysis (Table 4). Confirming no evidence of multicollinearity, we performed the multivariate logistic
regression analysis using baseline characteristics and postoperative indices. Male sex (odds ratio [OR] 17.45;
95% confidence interval [CI] 1.79-70.01; P=0.014) and a CGM-detected postoperative TAR of 180 mg/dL (OR
1.17; 95% CI 1.06-1.29; P=0.002) were found to be independent risk factors associated with the occurrence of
PTDM (Table 5).

To compare the predictive abilities of the CBGM and CGM models for PTDM, we plotted the ROC curves
for the CBGM model and the postoperative CGM model. Each model was constructed by combining variables
with a P-value of less than 0.05, identified through univariate regression analysis. The AUCs of CBGM and
postoperative CGM were 0.865 and 0.916, respectively (Fig. 5). In DeLongs test, the difference in AUCs between
the CBGM model and the postoperative CGM model resulted in a P-value of 0.12.

Discussion
Previous studies have demonstrated the accuracy, reliability, and feasibility of CGM in patients with type 1 DM,
simultaneous pancreas-KT, and critical care settings'*~'¢. Furthermore, some transplant centers have adopted
CGM as part of their standard protocol. However, only a limited number of studies have analyzed postoperative
glucose dynamics through CGM in KT recipients, specifically examining its association with the onset of PTDM.
Additionally, monitoring in previous studies was limited to the short stress period within 5 days immediately
postoperatively, making it difficult to secure accurate predictive power'”!5.

We conducted a comprehensive analysis to investigate factors influencing the incidence of PTDM using CGM.
Blood glucose levels were monitored using CGM for 14 days, before and after surgery, in addition to CBGM
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Fig. 4. Postoperative changes in the metabolic indices HbAlc, HDL, HOMA-IR, HOMA-B, Triglyceride/HDL
ratio, and body weight during the follow-up period. *P<0.05, **P <0.01. CGM continuous glucose monitoring,
HOMA-B homeostasis model assessment of beta-cell function, HOMA-IR homeostasis model assessment of
insulin resistance, HbA1c hemoglobin Alc, HDL high-density lipoprotein, PTDM post-transplantation diabetes
mellitus.

Variable combinations ‘ VIF value
Baseline characteristics

Age 1.281
Male sex 1.363
HbAlc 1312
High-density lipids 1.576
3-Month tacrolimus AUC (ng/mL) 1.517
Postoperative CBGM

Mean daily peak glucose (mg/dL) 2.117
Postoperative CGM

Mean glucose (mg/dL) 5.476
Time above the range of 180 mg/dL (%) | 6.145
Mean daily peak glucose (mg/dL) 3.833

Table 4. Multicollinearity analysis results for different combinations of variables associated with PTDM.
AUC area under the receiver operating characteristic curve, CBGM capillary blood glucose monitoring, CGM
continuous glucose monitoring, HbA Ic hemoglobin Alc, OR odds ratio, PTDM post-transplantation diabetes
mellitus, VIF variance inflation factor.

during hospitalization. KT recipients showed elevated mean glucose levels, GMI, TAR of 180 mg/dL, and mean
daily peak glucose levels post-KT compared with pre-KT values. Among the patients included in the study,
23.3% developed PTDM. Our findings identified major risk factors associated with PTDM, including male sex
and elevated postoperative TAR of 180 mg/dL, detected using CGM.
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Univariate analysis Multivariate analysis
OR (95% CI) P-value | OR (95% CI) P-value
Baseline characteristics
Age 1.08 (1.02-1.16) 0.016
Male sex 7.14 (1.43-35.57) | 0.016 17.45 (1.79-70.01) | 0.014
Baseline laboratory results
HbAlc 4.78 (1.17-19.52) | 0.030
High-density lipids 0.93 (0.89-0.98) | 0.010
Immunosuppression
3-Month tacrolimus AUC (ng/mL) | 1.01 (1.01-1.02) ‘ 0.003 ‘
Postoperative CBGM
Mean glucose (mg/dL) 1.03 (0.99-1.06) 0.056
Mean daily peak glucose(mg/dL) 1.03 (1.00-1.05) 0.034
Postoperative CGM
Mean glucose (mg/dL) 1.06 (1.02-1.11) 0.003
Time above range of 180 mg/dL (%) 1.11 (1.04-1.19) 0.002 1.17 (1.06-1.29) 0.002
Mean daily peak glucose (mg/dL) 1.04 (1.01-1.06) | 0.004

Table 5. Univariate and multivariate logistic regression analyses of risk factors associated with PTDM
occurrence. AUC area under the receiver operating characteristic curve, CBGM capillary blood glucose
monitoring, CGM continuous glucose monitoring, CI confidence interval, HbAIc hemoglobin Alc, OR odds
ratio, PTDM post-transplantation diabetes mellitus.
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Fig. 5. Receiver operating characteristics curve analysis for evaluation of the predictive performance of post-
transplantation diabetes mellitus occurrence using postoperative CBGM and CGM models. AUC area under the
curve, CBGM capillary blood glucose monitoring, CGM continuous glucose monitoring.

Preoperative impaired glucose tolerance (IGT) and impaired fasting glucose (IFG) represent significant risk
factors for developing PTDM?. Previous studies have indicated a 15% prevalence of pre-transplantation IGT or
IFG, with a subsequent 35% progression to PTDM?**2!. Although all values remained within the normal range,
preoperative CGM indicated that patients in the PTDM group had significantly higher mean glucose levels,
GMI, and mean daily peak glucose levels prior to transplantation than those in the non-PTDM group. Similar
to DM, IGT or IFG is characterized by significant glucose variability, which can be assessed through CGM.19
Without overt DM before transplantation, the preemptive use of antihyperglycemic agents or insulin may not
be warranted. However, lifestyle modifications and dietary adjustments alone have been reported to prevent
the progression to DM in patients with impaired glucose metabolism?*?’. Furthermore, unlike invasive CBGM,
CGM can be implemented in an outpatient setting before surgery and provide comprehensive 24-h data, offering
more sensitive glucose readings. It also allows patients to independently access their glucose data and initiate
management strategies prior to surgery. Therefore, CGM not only improves the accuracy of predicting PTDM,
but also has the potential to reduce its incidence through early detection and correction.

Regarding postoperative glycemic control, the multivariate logistic regression analysis identified a postop-
erative TAR of 180 mg/dL using CGM as a significant risk factor for PTDM. However, values obtained through
CBGM were not statistically significant. The CBGM follows a standard protocol that involves measuring glucose
levels upon waking up, before lunch and dinner, and before bedtime. Patients with KT experience various physi-
ological changes along with stress hormone secretion due to surgery immediately after transplantation, admin-
istration of high-dose immunosuppressants, and the dawn phenomenon. Administration of prednisolone after
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breakfast contributes to prolonged elevation of glucose levels or an extended period of prolonged elevation before
levels return to baseline. However, intermittent monitoring with CBGM leads to imprecision in average values
and precludes the capture of glucose dynamics®*?, including peak values or TAR of 180 mg/dL. Consequently,
CGM showed higher predictive power for PTDM occurrence compared with CBGM.

Among other factors related to blood glucose, male sex was identified as a significant predictive factor for
the occurrence of PTDM, consistent with previous findings**-**. The development of type 2 DM, attributed to
visceral adipose tissue, was due to the higher androgen receptors and lower estrogen receptors (ER) in this tissue.
Estrogen and ER signaling, which are protective against DM, also apply to the PTDM?¥. Although not considered
significant risk factors, differences between the two groups in CET for 3 months exhibited a trend aligning with
PTDM occurrence and are recognized as conventional risk factors. High cumulative dose tacrolimus has been
observed to decrease insulin mRNA transcription and insulin production in rat models*. According to Elias
et al,, in patients undergoing Tacrolimus-based treatment, the evaluation of insulin secretion using the HOMA-b
progressively declined with the occurrence of PTDM, whereas insulin resistance, assessed through HOMA-IR
showed no significant changes. This suggests Tacrolimus may impact PTDM development by inhibiting insulin
secretion®'. Conversely, Qing-Jie et al. suggest that the primary mechanism associated with Tacrolimus-induced
PTDM is the induction of insulin resistance. Although the mechanisms may vary, patients who exhibited high
CET may have a higher likelihood of PTDM occurrence®”.

This study had limitations. First, it was based on a single-center sample with a relatively small number of
patients. Therefore, our results may not be readily generalizable, and further validation is warranted through
extensive multicenter investigations. Second, an oral glucose tolerance test (OGTT) was not conducted in our
center. However, ADA guidelines emphasize the equivalency of FPG, 2-h plasma glucose OGTT, and HbAlc
for diagnostic screening. Furthermore, it is underscored that utilizing FPG and HbA1c tests in screening can
effectively reduce the overall requirement for OGTTs*. Third, the carbohydrate intake and physical activity of
the cohort were not controlled. Therefore, we cannot exclude the possibility that our findings could be explained
by variations in the patients’ diet or physical activity levels. Finally, in the ROC curve analysis comparing the
predictive abilities of the CBGM model and the postoperative CGM model for PTDM occurrence, the postop-
erative CGM model showed a higher AUC, indicating better predictive power; however, this difference was not
statistically significant. CBGM is a recognized protocol for managing patients with diabetes; thus, it should not
be regarded as significantly inferior to CGM, even when compared to clinical studies.

Conclusion

We found that male patients with a higher postoperative TAR of 180 mg/dL have an increased risk of PTDM.
Moreover, CGM provides a reliable method for glucose monitoring and offers superior predictive performance
for detecting the occurrence of PTDM compared with CBGM. The utilization of CGM facilitates the identi-
fication of individuals at risk of developing PTDM and could support the implementation of more rigorous
glycemic control in at-risk patients. Further investigation is warranted to substantiate these results, including
cost-effectiveness considerations.
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