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Tertiary hyperparathyroidism (THPT) is characterized by elevated parathyroid hormone and serum calcium levels after kidney transplantation (KTx). To ascertain whether pre-transplant calcimimetic use and dose information would improve THPT prediction accuracy, this retrospective cohort study evaluated patients who underwent KTx between 2010 and 2022. The primary outcome was the development of clinically relevant THPT. Logistic regression analysis was used to evaluate pre-transplant calcimimetic use as a determinant of THPT development. Participants were categorized into four groups according to calcimimetic dose, developing two THPT prediction models (with or without calcimimetic information). Continuous net reclassification improvement (CNRI) and integrated discrimination improvement (IDI) were calculated to assess ability to reclassify the degree of THPT risk by adding pre-transplant calcimimetic information. Of the 554 patients, 87 (15.7%) developed THPT, whereas 139 (25.1%) received pre-transplant calcimimetic treatment. Multivariate logistic regression analysis revealed that pre-transplant calcimimetic use was significantly associated with THPT development. Pre-transplant calcimimetic information significantly improved the predicted probability accuracy of THPT (CNRI and IDI were 0.91 [p < 0.001], and 0.09 [p < 0.001], respectively). The THPT prediction model including pre-transplant calcimimetic information as a predictive factor can contribute to the prevention and early treatment of THPT in the era of calcimimetics.
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INTRODUCTION
Persistent hyperparathyroidism after kidney transplantation (KTx) is associated with unfavorable kidney graft and patient outcomes [1–3]. Tertiary hyperparathyroidism (THPT) is characterized by high parathyroid hormone (PTH) and serum calcium (Ca) levels, even in functioning kidney grafts [4], and often requires therapeutic intervention [5–8]. Common treatment options for THPT include parathyroidectomy (PTx) and calcimimetics [9–11]. However, in KTx patients, PTx can increase serum creatinine levels [12, 13], and the disadvantages of calcimimetics include being off-label in some regions, high medical costs [14], and an increased risk of urinary stones [15, 16]. For patients at high risk of THPT, pre-transplant PTx is appropriate [17, 18].
The predictive factors for THPT include pre-transplant serum Ca and PTH levels, dialysis duration, and parathyroid gland size [19, 20]. Prediction models using only three variables (serum Ca, PTH levels, and dialysis duration) have been shown to accurately predict the risk of THPT [21]. However, recently, pre-transplant calcimimetic administration has also been reported as an additional predictive factor for THPT [22, 23].
The effectiveness of calcimimetics in the treatment of secondary hyperparathyroidism (SHPT) is widely recognized. In vitamin D-resistant SHPT, cinacalcet effectively reduces PTH levels [24, 25]. Several studies have demonstrated that cinacalcet prevents cardiovascular events and patient mortality [26–28]. Following cinacalcet, new calcimimetics have been developed [29, 30], and with an increase in treatment options, the proportion of dialysis patients receiving calcimimetic treatment is likely to increase. In this era of calcimimetics, pre-transplant calcimimetic use and dose information may predict THPT progression after KTx.
THPT risk assessment is complicated by several factors. In patients treated with calcimimetics, the assessment of THPT risk can be challenging because of the drastic decrease in serum Ca and PTH levels [31, 32]. Cianciolo et al. [33] proposed evaluating the need for PTx in KTx candidates receiving calcimimetic treatment after ceasing treatment for 2–4 weeks. However, discontinuation of calcimimetic treatment leads to a rapid increase in PTH levels, which may cause hyperparathyroidism-related adverse events and complicate the optimal timing of KTx. Therefore, assessment of THPT risk without discontinuing calcimimetic treatment is safer. A need for highly accurate prediction of THPT risk arises; this can contribute to the prevention and early treatment of THPT in patients undergoing KTx. Accurate THPT prediction models that include calcimimetic dose information are therefore required.
Hence, in this retrospective study, we aimed to investigate whether the inclusion of calcimimetic use and dose information as predictive factors in a prediction model could improve THPT prediction accuracy.
MATERIALS AND METHODS
Data Source
Consecutive patients who underwent KTx between May 2010 and June 2022 were included. The data were collected on 30 June 2023.
Participants
The exclusion criteria were as follows: 1) PTx before KTx, 2) end-stage kidney disease with an estimated glomerular filtration rate (eGFR) of less than 15 mL/min/1.73 m2 within a year after KTx, 3) denosumab treatment within a year after KTx, 4) missing data, and 5) preemptive KTx. Data on patient age, sex, body mass index, original disease, dialysis duration, serum Ca and intact PTH levels, kidney graft function, parathyroid gland size (the size of the parathyroid glands of recipients were routinely measured by ultrasound before KTx), ABO blood type incompatibility, positivity for donor-specific human leukocyte antigen antibodies, and PTx and calcimimetic treatment histories, were collected.
All procedures involving participants were approved by the Institutional Review Board (IRB) and performed in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The IRB waived the requirement to obtain informed consent because of the retrospective nature of the study. Details of the study and its outcomes are available on our institutional website. This study was conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology guidelines.
Outcome
The primary outcome was the development of clinically relevant THPT, defined as the presence of both hypercalcemia (total serum Ca ≥10.5 mg/dL) and high PTH level (intact PTH >80 pg/mL) 1 year after KTx, based on the guidelines of the Japanese Society for Dialysis Therapy [6, 34]. In addition, post-transplant PTx or calcimimetic therapy to control severe hyperparathyroidism was included in the definition of THPT.
Measurements
Pre-transplant blood sample analyses were performed in all patients within 3 months before KTx. Serum Ca levels were measured using standard methods. Intact PTH levels were measured using the following second-generation immunoassays: an electrochemical luminescence immunoassay (SRL, Tokyo, Japan1, reference range 10–65 pg/mL) and an enzyme immunoassay (Tosoh, Tokyo, Japan2, reference range 9–80 pg/mL). For serum albumin levels <4.0 g/dL, all serum Ca levels were corrected [35]. The eGFR was evaluated using the creatinine equation provided by the Japanese Society of Nephrology and the Japanese Society for Pediatric Nephrology [36, 37].
Immunosuppression
Immunosuppressive regimens included calcineurin inhibitors (cyclosporine or tacrolimus), mycophenolic acids, mizoribine, everolimus, and glucocorticoids. Basiliximab was used as induction therapy. In addition, rituximab administration or splenectomy was used as induction therapy in anti-donor antibody-positive patients before KTx, except in those with low antibody titers.
Statistical Analysis
Pearson’s chi-squared test was used to analyze nominal variables, and the Mann–Whitney U test or Student’s t-test was used for continuous variables. The normality of the distribution of the data was assessed using the Shapiro–Wilk normality test and histogram (Supplementary Table S1; Supplementary Figure S1). Statistical significance was set at p < 0.05.
First, logistic regression analysis was performed to confirm that known predictive factors were associated with the development of THPT, even after adjusting for the patient background between the THPT and non-THPT groups. Then, two THPT prediction models were constructed using logistic regression, one with and one without pretransplant calcimimetic use and dose information (Model 1 and Model 2). Owing to the non-linear relationship between serum Ca, intact PTH, dialysis duration, parathyroid gland size, and THPT risk (Supplementary Figure S1), these variables were transformed into categorical variables by dividing them into four categories based on the number of cases. The information on pre-transplant calcimimetic treatment was also used to categorize participants into four groups according to the tertile of cinacalcet dose per unit of body weight (mg/kg). Based on previous studies, evocalcet (2.0 mg/day) and etelcalcetide (7.5 mg/week) dosages were considered equivalent to a cinacalcet dosage of 25.0 mg/day [38, 39].
To evaluate the effect of the inclusion of pre-transplant calcimimetic information as a predictive factor for THPT, the accuracy of Models 1 and 2 were compared. First, scatter plots of the predicted probabilities of Models 1 and 2 were created, then continuous net reclassification improvement (CNRI) and integrated discrimination improvement (IDI) were calculated to assess the ability to reclassify the degree of THPT risk by adding pretransplant calcimimetic information [40–42]. To identify the characteristics of THPT patients for whom the addition of the pre-transplant calcimimetic information significantly improved the predictive probability, we stratified THPT cases by a change in predictive probability of 0.1 and compared the characteristics. In addition, receiver operating characteristic (ROC) curves for the predicted THPT probabilities of each model were obtained, and the areas under the curve (AUCs) were compared for the two models using Delong’s test [43].
Internal Validation
Internal validation of the prediction models was performed using the bootstrap method [44]. By resampling with replacement, 1,000 pseudo-external datasets were created, and the ROC AUC was obtained. Overfitting was assessed using slope optimism, and calibration was performed.
Easy R (EZR) version 1.61 (The R Foundation for Statistical Computing) was used for the statistical analyses [45]. The calculations of CNRI and IDI, as well as the internal validation by the bootstrap method, were performed using the R package “rms” (version 6.7–0). Statistical significance was set at p < 0.05.
RESULTS
Participant Characteristics
A total of 554 patients met the inclusion criteria (median observation period, 81 months [interquartile range {IQR}: 47–122 months]; Figure 1). Of the 554 patients, 87 (15.7%) developed THPT after KTx, whereas 139 (25.1%) received calcimimetic treatment before KTx (Table 1, Supplementary Table S2). More than 70% of patients had pre-transplant hyperparathyroidism (i-PTH >80 pg/mL) with or without pre-transplant calcimimetic treatment (Supplementary Table S3). Significant differences were observed between the THPT and non-THPT groups in terms of dialysis duration, living donor, parathyroid gland size, pre-transplant calcimimetic use, and serum Ca and intact PTH levels (Table 1). In addition, serum Ca and intact PTH levels 1 year after KTx also significantly differed between the two groups (Table 2). In the THPT group (n = 87), 43 (49.4%) received PTx, and 36 (41.4%) received calcimimetic treatment after KTx (Table 2). Most PTx were done within 2 years after KTx (the median interval from KTx to PTx was 10.0 months [IQR: 7–17 months]), and post-transplant calcimimetic treatment was initiated within 1 year after KTx in all cases (Table 2).
[image: Figure 1]FIGURE 1 | Participant selection flowchart. eGFR, estimated glomerular filtration rate; KTx, kidney transplantation; PTx, parathyroidectomy; THPT, tertiary hyperparathyroidism.
TABLE 1 | Patient characteristics before KTx.
[image: Table 1]TABLE 2 | Clinical data after KTx.
[image: Table 2]THPT Predictive Factors
Multivariate logistic regression analysis of predictive factors for THPT development revealed that dialysis duration, pre-transplant serum Ca levels, intact PTH levels, parathyroid gland size, and pre-transplant calcimimetic use were significantly associated with THPT (Table 3).
TABLE 3 | Logistic regression for THPT development.
[image: Table 3]THPT Prediction Models
Two THPT prediction models were created based on the logistic regression analysis. Model 1 was created from four predictors: dialysis duration, serum Ca level, intact PTH level, and parathyroid gland size, whereas Model 2 was created by adding the calcimimetic dose per unit of body weight to the predictors used in Model 1 (Table 4).
TABLE 4 | Logistic regression THPT prediction models.
[image: Table 4]Effect of the Pre-Transplant Calcimimetic Information on THPT Prediction
Figure 2 shows scatter plots of the predicted probabilities of Models 1 and 2. When comparing the predicted probabilities of the two THPT prediction models, the addition of the pre-transplant calcimimetic information improved the predicted probabilities in 65.5% (57/87) of the THPT group and 80.1% (374/467) of the non-THPT group, respectively (Figure 2; Table 5). The CNRI calculated from the sum of the proportion of improvement/worsening of the predicted probabilities was 0.91 (95% CI: 0.70–1.13, p < 0.001) (Figure 2; Table 5). In contrast, the mean changes in predicted probabilities were 0.08 in the THPT group and 0.01 in the non-THPT group, resulting in an IDI of 0.09 (95% CI: 0.05–0.13, p < 0.001) (Figure 2; Table 5). In the subgroup of THPT with an improvement of 0.1 or more in predictive probabilities by adding the pre-transplant calcimimetic information, both the proportion of patients receiving pretransplant calcimimetics and the doses of pre-transplant calcimimetics were significantly higher (Table 6).
[image: Figure 2]FIGURE 2 | Scatter plots of the predicted probabilities of Model 1 and Model 2. The circles represent non-THPT cases, and the triangles represent THPT cases. The black dashed line represents the coordinates where the predictions of Model 1 and Model 2 match. The circles below the black dashed line or the triangles above it indicate that the THPT predictions have improved in Model 2 compared with Model 1. THPT, tertiary hyperparathyroidism.
TABLE 5 | Summary of the calculation for CNRI and IDI for Model 2 compared to Model 1.
[image: Table 5]TABLE 6 | Characteristics of THPT patients classified by degree of improvement in predicted probability.
[image: Table 6]When comparing the ROC AUCs of the two THPT prediction models, the inclusion of the pretransplant calcimimetic information significantly improved the AUC from 0.92 (95% CI: 0.90–0.95, cut-off value: 0.20, specificity: 0.89, sensitivity: 0.79) to 0.95 (95% CI: 0.93–0.97, cut off value: 0.15, specificity: 0.89, sensitivity: 0.89) (p < 0.001) (Figure 3; Supplementary Table S4).
[image: Figure 3]FIGURE 3 | ROC curves for the prediction of THPT from Model 1 and Model 2. The gray curve is the ROC curve for Model 1, and the black dashed curve is the ROC curve for Model 2. The ROC AUCs and 95% CIs are shown. AUC, area under the curve; 95% CI, 95% confidence interval; ROC, receiver operating characteristic; THPT, tertiary hyperparathyroidism.
Internal Validation of THPT Prediction Models
The bootstrapped ROC AUCs for Models 1 and 2 were 0.91 and 0.94, respectively (Table 7). The slope optimism values of the two models were 0.11 and 0.16, respectively (Table 7). From the calibration diagrams based on the bootstrap validation results, although Model 1 outperformed Model 2 in the 0.3–0.5 probability range, Model 2 outperformed Model 1 in the 0.5–0.8 probability range. Both prediction models slightly underestimated THPT risk at low-risk levels and slightly overestimated it at high-risk levels (Figure 4).
TABLE 7 | Internal validation using the bootstrap method for the THPT prediction models.
[image: Table 7][image: Figure 4]FIGURE 4 | Calibration diagrams for THPT prediction models using the bootstrap method. The blue and red dashed lines represent the calibration diagrams for Model 1 and Model 2, respectively. THPT, tertiary hyperparathyroidism.
DISCUSSION
THPT is a complication often observed after KTx, and post-transplant PTx or calcimimetic induction is often necessary [10, 11]. In this study, including the pre-transplant calcimimetic use and dose information as a predictive factor improved the accuracy of THPT prediction. From the scatter plot of the predicted probabilities of Model 1 and Model 2, the addition of pre-transplant calcimimetic information enhanced the accuracy of prediction of THPT risk in most cases in both the THPT and non-THPT groups, leading to high CNRI values. However, although the ROC AUC of Model 2 was significantly better than that of Model 1, the degree of improvement was relatively modest, contrary to the high CNRI value. In other words, Model 1 was able to predict THPT reasonably well even without pre-transplant calcimimetic information. This is probably because the proportion of patients who had received pre-transplant calcimimetic treatment was not as high, at 25% of the entire cohort. However, the subgroup analysis showed that patients treated with pre-transplant calcimimetics and at higher doses had greatly improved predictive probability. Thus, the larger the proportion of patients receiving pre-transplant calcimimetics and the calcimimetic dose in a cohort, the greater the contribution of calcimimetic information to THPT prediction improvement.
From the kidney graft function and prognosis perspective, pre-transplant PTx may be considered for cases with high THPT risk. For pre-transplant PTx to be properly performed, accurate THPT prediction is indispensable; however, research on THPT prediction models remains limited. Hong et al. [21] developed an excellent predictive model for THPT based on Ca, PTH, and dialysis duration. That study was a pioneering one on THPT prediction and holds significant importance for the prevention and early treatment of THPT. Yet, in that report, there was no mention of a relationship between calcimimetic use and THPT risk. In Japan, since the introduction of cinacalcet in 2008, the number of PTx in dialysis patients has drastically decreased [46]; however, the proportion of post-transplant hyperparathyroidism has not seen a corresponding decrease [3]. Calcimimetics are highly effective against SHPT; however, significant reductions in both PTH and calcium levels may lead to consequent underestimation of THPT risk for patients who should ideally undergo pre-transplant PTx. Therefore, in regions where calcimimetics are widely used, there is a potential risk of misestimating THPT risk.
To the best of our knowledge, this study represents the first report to validate a THPT prediction model that includes pre-transplant use and dose information of calcimimetics. By incorporating pre-transplant calcimimetic information into the predictive model, it becomes possible to properly assign high-THPT risk cases with suppressed PTH and Ca levels under calcimimetic treatment to the high-risk group. This contributes to pre-transplant PTx decision-making without discontinuing calcimimetics. In the context of widespread calcimimetic treatment, information on calcimimetic use and dose would be important for accurate THPT risk prediction.
As THPT prediction advances, candidates for pre-transplant PTx may be identified more frequently. However, the validity of postponing already scheduled KTx for the purpose of pre-transplant PTx remains uncertain. This is because the extension of dialysis duration is associated with poor patient and graft outcomes [47, 48]. The lack of evidence on whether the benefits of pre-transplant PTx outweigh those of shorter dialysis duration is a factor in this uncertainty. Therefore, the timing of PTx should be carefully considered on a case-by-case basis.
This study had some limitations. First, this was a single-center, retrospective study. Second, serum phosphorus data were lacking to evaluate its clinical relevance as a key factor influencing PTH levels [49]. Third, assessment of parathyroid gland size is another challenge as noted in a previous study [50]. There is a certain concern in reproducibility of ultrasound-guided parathyroid gland size measurement. Fourth, the prediction models were not externally validated. Fifth, our cohort was predominantly composed of patients receiving KTx from living donors, a scenario unique to Japan and distinct from Western countries. In addition, the prevalence of calcimimetic use and dialysis practices may differ between countries. Therefore, the prediction models used in this study may not be effective in predicting THPT in KTx candidates from other countries. However, the strengths of this study include the simplicity of the development methods for the prediction models and the use of analytical techniques with free statistical software. Thus, replicating the methods of this study in various cohorts from different regions using patient data would enable the convenient and cost-effective creation of an accurate predictive model.
In conclusion, information on pre-transplant calcimimetic use and dose improved the accuracy of post-KTx THPT prediction. The THPT prediction model that included pre-transplant calcimimetic use and dose information as a predictive factor can contribute to the prevention and early treatment of THPT in the era of calcimimetics. Future studies should perform external validations using new cohorts or cohorts from other institutions.
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Recipient age (years, IQR)
Recipient sex (male, %)
Body mass index (kg/m?, SD)
Dialysis vintage (months, IQR)
Previous KTx (%)
Living donor (%)
Original disease (%)
Glomerular disease
Diabetic kidney disease
Polycystic kidney disease
Hypertensive kidney disease
Others
Unknown
Preformed DSA (%)
ABO blood type incompatible kidney transplantation (%)
Parathyroid gland size (mm, IQR)
VDRA before KTx (%)
Alfacalcidol
Calcitriol
Maxacalcitol
Calcimimetics before KT (%)
Ginacalcet
Evocalcet
Etelcaloetide
Calcimimetic dose per unit of body weight (mgrkg, IQR)
Lab data before KTx
Corrected calcium (mg/dL, IQR)
Intact PTH (pg/mL, IQR)

Total N = 554
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352 (63.5)
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139 25.1)
89 (16.1)
36 65)
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9.3 (8.9-9.8)

157.5 (85.0-248.0)

Non-THPT N = 467
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9(4.1)
36(7.7)
39(8.4)
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38(8.1)
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63 (4.7-8.4)
288 (61.7)
164 (35.1)
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77 (16.5)
84 (18.0)
50 (10.7)
25(5.4)
9(1.9)
04 (0.3-05)

9.2 (8.9-9.7)
145.0 (78.0-240.0)

THPTN =87

53 (46-62)
48 (55.2)
220(33)

112 (48-167)

4(46)
68 (78.2)

33(37.9)
19 (21.8)
9(10.3)
2(23)
10 (11.5)
14 (16.1)
2(23)
32 (36.8)
9.4 (7.1-116)
64 (735)
20 (23.0)
17 (19.5)
27 (31.0)
55 (63.2)
39 (44.8)
11(126)
5(27)
0.6 (0.4-1.0)

9.8 (9.3-10.3

203 (154.5-317.5)

p-value

0.060
0.089
0.807
<0.001*
0.764
<0.001*
0.058

0.068
0.093
<0.001*
0.039*

<0.001*

<0.001*

<0.001*
<0.001*

DSA, donor-specific HLA antibody; €GFR, estimated glomerular filtration rate; IQR, interquartie range; KT, kidney transplantation; PTH, parathyroid hormone; SD, standard deviation;

THPT, tertiary hyperparathyroidism; VDRA, vitamin D receptor activator.

The results of parathyroid gland size excluded patients in whom parathyroid gland was not detected by echography.

Calcimimetic dose was converted into cinacalcet dose and calculated by per unit of body weight, excluding patients who had not received pre-KTx calcimimetic treatment,

o-value <0.05.
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Variable Model 1

Model 2

RC (SE) OR (95% Cl)
(Intercept) -6.26 (0.79)
Dialysis duration (months, reference to < 6)
6-20 -0.07 (0.62) 094 (0.28-3.13)
21-53 0.11(0.57) 1.1 0.36-3.41)
54— 2.40 (0.50) 11.0 (4.12-29.60)
Serum Ca (mg/dL, reference to < 8.9)
89-92 -0.42 (0.58) 066 (0.21-2.06)
93-97 1.07 (0.67) 291 (1.11-7.58)
9.8~ 1.82 (0.50) 6.20 (2.33-16.50)
Intact PTH (pg/mL, reference to < 85.0)
865.0-157.0 1.55 (0.58) 471 (1.51-14.70)
158.0-247.0 270 (0.58) 14.90 (4.80-46.50)
248.0- 263 (0.58) 13.8 (4.44-43.20)
Parathyroid gland size (mm, reference to 0)
0.1-57 083 (0.50) 229 (0.86-6.08)
58-8.8 1.45 (0.46) 427 (1.74-10.50)
89- 254 (0.44) 12,60 (5.31-30.00)
Calcimimetic dose per unit of body weight (mg/kg, reference to 0)
0.1-02 NA NA
03-04 NA NA
05~ NA NA

p-value

0913
0.852
<0.001

0470
0.029
<0.001

0.008
<0.001
<0.001

0.096
0.002
<0.001

NA
NA
NA

RC (SE)

~7.57 (0.94)

-0.19 (0.67)
-0.52 (0.65)
1.84 (0.56)

023 (0.68)
1.43 (0.56)
270 (0.59)

2.27 (0.66)
285 (0.63)
347 (0.64)

0.30 (0.55)
1.28 (0.49)
2.33(0.59)

1.88 (0.60)
223 (0.58)
295 (0.55)

OR (95% Cl)

0.83 (0.87-3.05)
0.59 (0.17-2.13)
6.27 (2.10-18.70)

1.26 (0.33-4.80)
4.18 (1.38-12.60)
15.00 (4.72-47.40)

9.6 (2.65-35.40)
17.40 (5.00-60.20)
23.80 (6.73-83.90)

1.35 (0.46-3.97)
3.61 (1.37-9.50)
10.20 (3.65-28.80)

6.54 (2.04-21.00)
932 (3.02-28.80)
19.10 (6.55-55.70)

Ca, calcium; 95% Cl, 95% confidence interval; NA, not applicable; OR, odds ratio; PTH, parathyroid hormone; RC, regression coefficient; SE, standard error.

The parathyroid glend size was defined as 0 when parathyroid glend was not detected by echography.

Calcimimeiic dose was converted info cinacaloet doss and calculated by per unit of body weight and is only adopled as a pradictive factor in Model 2.

p-value

0.775
0.423
0.001

0.736
0.011
<0.001

0.001
<0.001
<0.001

0.579
0.009
<0.001

0.002
<0.001
<0.001
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Lab data 1 year post-KTx
Corrected calcium (mg/dL, IQR)
Intact PTH (pg/mL, IQR)
Recipient €GFR (mlL/min/1.73 m?, IQR)
Parathyroidectomy after KTx (%)
Interval between KTx and PTx
<=12 months
13-24 months
>24 months
Calcimimetics after KTx (%)
Follow up after KTx (months, IQR)

Total N = 554

9.7 (0.4-10.0)

91.0 (65.0-130.0)

44.2 (36.9-51.8)
43 (4.0

NA
NA
NA
3631
81 (47-122)

Non-THPT N = 467

97 (9.4-9.9)
86.0 (64.2-115.0)
431 (36.4-51.2)
0(00)

NA
NA
NA
0(0.0)
81 (47-122)

THPT N = 87

106 (9.8-10.8)
137.0 (889-181.0)
44.2 (36.5-52.1)
43 (49.4)

25 (68.1%)
14 (32.6)
4003
36 (41.4)
89 (55-119)

p-value

<0.001*

<0.001*
0.695

<0.001*

<0.001*
0371

eGFR, estimated glomerular filtration rate; IR, interquartie range; KT, kidney transplantation; NA, not applicable; PTH, parathyroid hormone; PTx, parathyroidectomy; THPT, tertiary

hyperparathyroidism.
-value <0.05.
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Factors Univariate Multivariate
oR 95% Cl p-value OR 95% Cl p-value
Living donor 024 0.13-0.45 <0.001* 073 025-2.14 0568
Preformed DSA 027 006-1.12 0.071 0.12 001-1.48 0.008
Pretransplant VDRA use 1.73 1.04-2.88 0.036* 1.90 087-4.16 0.109
Dialysis duration (months, reference to <6)
6-20 075 024-2.28 0.609 088 0.24-3.22 0.841
21-53 150 056-3.99 0419 062 0.18-2.18 0457
54- 14.30 621-32.70 <0.001* 699 2.26-21.70 <0.001*
Serum Ca before KTx (mg/dL, reference to <8.9)
89-92 076 029-2.00 0581 1.39 037-5.21 0627
93-9.7 267 1.23-6.77 0.013" 4.58 151-13.90 0.007*
98- 535 2.56-11.20 <0.001* 16.90 5.16-55.20 <0001*
Intact PTH before KTx (pg/mL, reference to <85.0)
85.0-157.0 327 1.26-8.52 0015 11.50 2.96-44.70 <0.001*
158.0-247.0 6.29 252-15.70 <0.001* 19.30 5.38-69.30 <0001*
2480~ 6.66 269-16.50 <0.001* 2850 7.65-106.00 <0.001*
Parathyroid gland size before KTx (mm, reference to 0)
0167 210 090-4.86 0.085 1.34 0.45-3.99 0.602
58-88 479 240-9.57 <0.001* 353 1.32-0.44 0012*
89- 17.60 9.27-33.40 <0.001* 12.30 4.46-34.00 <0.001*
Pretransplant calcimimetics use 7.84 477-12.90 <0.001* 10.80 4.73-24.60 <0.001*

Ca, Calcium; 95% Cl, 95% confidence interval; DSA, donor-specific HLA antibody; KT, kidney transplantation; OR, odds ratio; PTH, parathyroid hormone; THPT, tertiary

hyperparathyroidism; VDRA, vitamin D receptor activator.

The parathyroid gland size was defined as 0 when parathyroid glend was not detected by echography.

»value <0.05.
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Model 1 Model 2

ROC AUC obtained through bootstrap resampling 091 0.94
Siope (BOC) 011 0.16
Mean absolute error 0.08 0.03
Mean squared error 0.00 0.00
0.9 Quantile of absolute error 0.06 0.08

BOG, bootstrap optimism corrected; ROC AUC, receiver operating characteristic area
under the curve.
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PP improvement <0.1

n=48
Dialysis duration (months, IQR) 95 (45-146)
Serum Ca before KTx (mg/dL, IQR) 9.9 (9.50-10.4)
Serum intact PTH before KTx (pg/mL, IQR) 2395 (177.3-341.8)
Parathyroid gland size (mm, IQR) 9.0 (0.0-11.0)
Pre-transplant calcimimetic treatment (%) 16(33.9)
Pre-transplant calcimimetic dose per unit of body weight (mg/kg, IQR) 00(0.0-03)

PP improvement >=0.1
n=39

123 (67-171)
9.6 (2.0-10.0)
190.0 (122.0-286.5)
5.5 (0.0-8.80)
39 (100.0)

0.7 (0.4-1.1)

Ca, calcium; IQR, interquartile range; KT, kidney transplantation; PTH, parathyroid hormone; PP, predicted probabilty; THPT, tertiary hyperparathyroidism.

Calcimimetic dose was converted into cinacalcet dose and calculated by per unit of body weight
»value <0.05.

p-value

0.294
0.059
0.067
0.06
<0.001*
<0.001*
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Proportions of positive and negative changes in predicted probabilties
(1) Increase of predicted probabiity for THPT group: 0.655 (57/87)

(2) Increase of prediicted probabilty for non-THPT group: 0.199 (93/467)
(3) Decrease of predicted probabilty for THPT group: 0.345 (30/87)

(4) Decrease of predicted probabilty for non-THPT group: 0.801 (374/467)

CNRI Index (SE)

CNRI for THPT group (1-3) 031 (0.10)
CNRI for non-THPT group (4-2) 0.60 (0.04)
CNRI for entire cohort (1-3+4-2) 091 (0.11)

Mean change in predicted probability
Increase for THPT group (sensitivity): 0.08
Decrease for non-THPT group (specificity): 0.01

IDI Index (SE)
0.09 (0.02)

Z value

3.05
16.28
8.4

Z value

4.35

p-value

0.002*
<0.001*
<0.001*

p-value

<0.001*

95% CI

0.11-0.51
0.53-0.67
0.70-1.13

95% CI

0.05-0.13

95% Cl, 95% confidlentialinterval; CNR, continuous net reclassification improvement; IDI, integrated discrimination improvement; THPT, tertiary hyperparathyroidism; SE, standard error.

“p-value <0.05.
The bold values represent the final results of the analysis.
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