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A B S T R A C T   

Background: Immunosuppressive treatment in heart transplant (HTx) recipient causes osteopo-
rosis. The urinary proteomic profile (UPP) includes peptide fragments derived from the bone 
extracellular matrix. Study aims were to develop and validate a multidimensional UPP biomarker 
for osteoporosis in HTx patients from single sequenced urinary peptides identifying the parent 
proteins. 
Methods: A single-center HTx cohort was analyzed. Urine samples were measured by capillary 
electrophoresis coupled with mass spectrometry. Cases with osteoporosis and matching controls 
were randomly selected from all available 389 patients. In derivation case-control dataset, 1576 
sequenced peptides detectable in ≥30 % of patients. Applying statistical analysis on these, an 18- 
peptide multidimensional osteoporosis UPP biomarker (OSTEO18) was generated by support 
vector modeling. The 2 replication datasets included 118 and 94 patients. For further validation, 
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the whole cohort was analyzed. Statistical methods included logistic regression and receiver 
operating characteristic curve (ROC) analysis. 
Results: In derivation dataset, the AUC, sensitivity and specificity of OSTEO18 were 0.83 (95 % CI: 
0.76–0.90), 74.3 % and 87.1 %, respectively. In replication datasets, results were confirmatory. In 
the whole cohort (154 osteoporotic patients [39.6 %]), the ORs for osteoporosis increased (p <
0.0001) across OSTEO18 quartiles from 0.39 (95 % CI: 0.25–0.61) to 3.14 (2.08–4.75). With full 
adjustment for known osteoporosis risk factors, OSTEO18 improved AUC from 0.708 to 0.786 (p 
= 0.0003) for OSTEO18 categorized (optimized threshold: 0.095) and to 0.784 (p = 0.0004) for 
OSTEO18 as continuously distributed classifier. 
Conclusion: OSTEO18 is a clinically meaningful novel biomarker indicative of osteoporosis in HTx 
recipients and is being certified as in-vitro diagnostic.   

1. Introduction 

Osteoporosis is a common age-related disease caused by imbalance between osteoblast-mediated bone formation and osteoclast- 
mediated bone resorption, resulting in a decline of bone mineral density (BMD) and an enhanced risk of osteoporotic fractures [1, 
2]. In recipients of a heart transplant (HTx), immunosuppressants and glucocorticosteroids are routinely prescribed to prevent 

Fig. 1. Flow chart. HTx indicates heart transplantation and FU follow up.  
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allograft rejection, thereby increasing the risk of post-transplant osteoporosis due to trabecular bone loss, reduced bone formation and 
increased bone destruction [3]. 

Urine contains more than 20,000 peptides, mainly collagen fragments, which are generated in nephron or pass from circulation to 
tubular fluid through the glomerular barrier [4,5]. Single sequenced urinary peptides allow identifying the parental proteins [6], 
thereby providing bodywide information on the molecular mechanisms underlying pathophysiological processes. Collagen type I is the 
most abundant constituent of the organic extracellular matrix in bones [7]. Accelerated biological aging, as captured by urinary 
proteomic profiling (UPP), is associated with osteoporosis and osteoporotic fractures in the general population [8]. Disease-specific 
multidimensional urinary classifiers have diagnostic and prognostic value in HTx patients at risk of graft failure [9] or renal 
dysfunction [10]. However, no previous study investigated whether there is a specific UPP signature indicative of osteoporosis in HTx 
patients. Using the database of the urinary PROteomics in Predicting HEart Transplantation outcomes study (uPROPHET) [11], the 
objective of this study was therefore to develop and validate a multidimensional UPP marker from single sequenced urinary peptides 
with different levels in HTx recipients with and without osteoporosis. 

2. Material and methods 

2.1. Study population and study endpoint 

uPROPHET (registration number, NCT03152422) is a single-center study with as objective to identify and validate UPP signatures 
for clinical use in HTx patients [11]. uPROPHET complies with the Declaration of Helsinki for research in humans [12]. The Ethics 
Committee of the University Hospitals Leuven [numbers B322201421186 (S56384) and B322201421045 (S56472)] and the European 
Research Council Executive Agency approved the protocol. HTx recipients provided written informed consents. Recruitment of HTx 
patients took place at the University Hospital Gasthuisberg in Leuven in collaboration with the transplantation team. All HTx recipients 
in regular follow-up at the University Hospitals Leuven were invited to provide a 5-mL mid-morning urine sample for UPP analysis. 

Of 392 HTx patients enrolled in uPROPHET, 3 were excluded because they had no serum creatinine measurement at baseline (n =
1) or because they were younger than 20 years, an age group for which BMD reference values are unavailable (n = 2). Therefore, 389 
uPROPHET participants were statistically analyzed (Fig. 1). The osteoporotic endpoint included: (i) a T-score of ≤ -2.5 in the hip or 
lumbar BMD measurements (Data Supplement p 2) as determined by dual energy X-ray absorptiometry (XRA) [13,14] (ii) a history of 
osteoporotic fracture or the necessity of spine stabilizing surgery; and (iii) clinical, biochemical, hormonal or radiographic signs to 
start anti-osteoporotic treatment with calcium supplements, vitamin D and/or bisphosphonates. Measurements monitored at the HTx 
day hospital include loss of body height, complaints compatible with spinal nerve root compression, the development of thoracal 
kyphosis, lumbar lordosis or scoliosis, serum parathyroid hormone [15] and osteocalcin [16], alkaline phosphatase and bone-specific 
alkaline phosphatase [17], sex hormone levels (follicle stimulating hormone, estrogens progestogens and testosterone), 25-hydroxy--
vitamin D (calcidiol) or 1,25-dihydroxy-vitamin D (calcitriol) [18], 24-h urinary calcium excretion balanced against estimates of 
dietary calcium intake, and radiographic evidence of vertebral compression fractures [13,14,19]. 

To generate a multidimensional urinary classifier indicative of osteoporosis, analyses started with a case-control study, in which 
129 patients with incident osteoporosis were matched with 129 controls for sex, age (±10 years), eGFR (±15 mL/min/1.73 m2) and 
intake of methylprednisolone (Fig. 1). Cases and controls were randomly subdivided into a derivation dataset (70 cases vs 70 controls) 
and a replication dataset (59 cases vs 59 controls). Of the patients in the derivation dataset, 67 cases and 67 controls underwent a 
second UPP assessment after a median interval of 0.75 years (range: 0.25–6.26 years). These patients constituted the time-shifted 
replication dataset. For final validation, the urinary classifier was tested in the whole cohort, which included 154 patients with 
osteoporosis (Fig. 1). 

2.2. Assessment of clinical variables 

A detailed description of the construction and contents of uPROPHET database is available in the published protocol [11] and the 
Data Supplement (page 2). All potentially relevant clinical information, including anthropometrics, medical antecedents, biochemical 
measurements and use of immunosuppressive, antihypertensive, lipid-lowering and antidiabetic drugs, was retrieved from the 
computerized information system of the University Hospitals Leuven. The urine samples was collected within 6 months of the study 
osteoporotic outcome. The treatments of calcium supplement, vitamin D supplement, bisphosphonates and immunosuppression drugs 
were administered at the time of urine sampling. 

2.3. Urinary proteomic profiling 

The methods for urine sample preparation, capillary electrophoresis coupled with mass spectrometry (CE-MS), peptide sequencing, 
calibration, and quality control of the mass spectrometric data have been published [6,20,21] and are described in the Data Sup-
plement (page 3–5). The 1576 sequenced urinary peptides with a detectable signal in ≥30 % of study participants (Fig. S1), a common 
approach in UPP analysis [22,23], were selected to generate the classifier differentiating cases from controls. 

2.4. Statistical analysis 

For database management and statistical analysis, we used the SAS system, version 9.4 (SAS Institute Inc., Cary, NC). Means were 

Y.-L. Yu et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e24867

4

compared using the large-sample z-test or ANOVA and proportions by Fisher’s exact test. The 95 % confidence intervals (CIs) of rates 
were computed as R ± 1.96 × √ (R × (100 – R)/T), where R is the rate and T is the total number of patients. Derivation, replication and 
validation of the osteoporosis classifier were done according to predefined steps (Fig. S1). First, the 1576 selected urinary peptides 
were compared between cases and controls in the derivation dataset, using the Mann-Whitney U test (Fig. S2). The significance of the 
between-group differences was adjusted for multiple comparisons by the Benjamini-Hochberg approach [24] Next, searching a balance 
between computational complexity and the minimum number of peptides to construct a UPP classifier, the urinary peptides in the top 
tail of significance distribution were combined to generate the classifier [25]. The 30 most significant peptides with higher urinary 
levels in cases and the 30 most significant peptides with higher levels in controls (Fig. S2) were selected and combined using support 
vector modeling (SVM) with 94 support vectors and the radial basis kernel function. Models were optimized using a take-one-out 
procedure until no further optimization was possible by reducing the numbers of support vectors. The so-obtained classifier, 
OSTEO18 (Table S1), included 18 of the original 60 urinary peptides. Reference signals of 29 abundant peptides were used as internal 
standards for calibration using local linear regression [20], therefore OSTEO18 scores are the dimensionless ratio with the calibration 
signal in the denominator. 

The risk of osteoporosis in the derivation and replication case-control studies and in the whole uPROHPET cohort (Fig. S1) was 
related to the OSTEO18 level by logistic regression models, first unadjusted, next partially adjusted for sex, age, the glomerular 
filtration rate estimated from serum creatinine (eGFR) [26], diabetes (yes vs no) and treatment with methylprednisolone (yes vs no), 
and finally additionally adjusted for the time interval since HTx, ionized calcium, treatment with thiazides (yes vs no) [27], tacrolimus 

Table 1 
Patient characteristics in the derivation, replication and time-shifted case-control studies (starts).  

Characteristic Derivation dataset Replication dataset Time-shifted replication dataset 

Controls (n =
70) 

Cases (n =
70) 

p- 
value 

Controls (n =
59) 

Cases (n =
59) 

p- 
value 

Controls (n =
67) 

Cases (n =
67) 

p- 
value 

Time after HTx (years) 9.91 (4.53, 
14.3) 

11.1 (5.28, 
18.3) 

0.17 3.28 (0.41, 
9.29) 

5.75 (0.76, 
12.9) 

0.20 11.3 (5.26, 
15.0) 

12.0 (5.74, 
19.8) 

0.18 

Age (years) 61.3 (12.1) 60.2 (13.5) 0.61 56.59 (12.6) 59.44 (13.0) 0.23 62.2 (12.4) 60.9 (13.2) 0.58 
BMI (kg/m2) 25.4 (3.36) 25.3 (4.26) 0.99 24.81 (4.28) 24.83 (4.53) 0.98 27.0 (11.5) 25.5 (4.53) 0.31 
SBP (mm Hg) 145.6 (19.1) 143.5 (22.3) 0.55 140.0 (19.9) 143.1 (21.3) 0.43 143.8 (19.3) 143.0 (21.4) 0.83 
DBP (mm Hg) 86.2 (12.6) 86.0 (13.1) 0.94 87.2 (11.2) 88.0 (10.6) 0.71 85.0 (11.1) 85.0 (13.3) 0.99 
Serum creatinine 

(μmol/L) 
136.5 (45.1) 130.2 (40.6) 0.38 124.75 (41.6) 129.81 

(42.0) 
0.51 140.3 (48.0) 133.8 (40.4) 0.40 

eGFR (ml/min/1.73 m 
[2]) 

52.3 (21.1) 54.1 (19.6) 0.59 58.99 (21.4) 56.00 (22.2) 0.46 51.2 (21.8) 52.2 (19.6) 0.77 

Serum albumin (g/L) 44.1 (2.97) 43.9 (3.48) 0.71 43.3 (3.78) 44.1 (2.90) 0.17 44.7 (2.77) 43.9 (3.24) 0.14 
Total serum calcium 

(mmol/L) 
2.39 (0.09) 2.40 (0.12) 0.58 2.40 (0.13) 2.40 (0.12) 0.78 2.40 (0.10) 2.39 (0.13) 0.65 

Ionized calcium (mmol/ 
L) 

2.47 (0.14) 2.48 (0.16) 0.82 2.46 (0.19) 2.48 (0.16) 0.46 2.49 (0.14) 2.47 (0.17) 0.37 

Sex 
Men, n (%) 57 (81.4 %) 55 (78.6 %) 0.67 46 (78.0 %) 48 (81.4 %) 0.65 56 (83.6 %) 53 (79.1 %) 0.51 
Women, n (%) 13 (18.6 %) 15 (21.4 %) 13 (22.0 %) 11 (18.6 %) 12 (16.7 %) 14 (20.9 %) 
indication for HTx 
Ischemic CMP, n (%) 33 (47.1 %) 25 (35.7 %) 0.17 19 (32.2 %) 29 (49.2 %) 0.061 31 (46.3 %) 24 (35.8 %) 0.22 
Dilated CMP, n (%) 27 (38.6 %) 27 (38.6 %) … 29 (49.2 %) 21 (35.6 %) 0.14 26 (38.8 %) 26 (38.8 %) … 
Other, n (%) 10 (14.3 %) 18 (25.7 %) 0.091 8 (13.6 %) 6 (10.2 %) 0.57 10 (14.9 %) 17 (25.4 %) 0.13 
Past smoker, n (%) 47 (67.1 %) 43 (61.4 %) 0.48 37 (62.7 %) 36 (62.1 %) 0.94 44 (65.7 %) 43 (64.2 %) 0.86 
Hypertension, n (%) 66 (94.3 %) 65 (92.9 %) 0.73 50 (84.7 %) 55 (93.2 %) 0.14 65 (97.0 %) 60 (89.6 %) 0.084 
Diabetes, n (%) 15 (21.4 %) 10 (14.3 %) 0.27 6 (10.2 %) 11 (18.6 %) 0.19 15 (22.4 %) 9 (13.4 %) 0.18  

Osteoporotic fracture, n (%) … 7 (10.0 %) … … 4 (6.8 %) … … 6 (9.0 %) … 
BMD T-score ≤ -2.5, n (%) … 23 (32.9 %) … … 20 (33.9 %) … … 22 (32.8 %) … 
Calcium supplements, n (%) … 53 (75.7 %) … … 47 (79.7 %) … … 51 (76.1 %) … 
Vitamin D, n (%) … 52 (74.3 %) … … 47 (79.7 %) … … 50 (74.6 %) … 
Bisphosphonates, n (%) … 14 (20.0 %) … … 5 (8.5 %) … … 13 (19.4 %) … 
Thiazides, n (%) 15 (21.4 %) 5 (7.1 %) 0.016 4 (11.8 %) 3 (9.1 %) 0.72 11 (16.4 %) 4 (6.0 %) 0.055 
Immunosuppression 
Tacrolimus, n (%) 53 (75.7 %) 41 (58.6 %) 0.031 36 (62.1 %) 27 (47.4 %) 0.15 49 (73.1 %) 37 (55.2 %) 0.031 
Cyclosporine, n (%) 14 (20.0 %) 27 (38.6 %) 0.016 5 (8.5 %) 12 (20.3 %) 0.067 14 (20.9 %) 26 (38.8 %) 0.024 
Everolimus, n (%) 4 (5.7 %) 3 (4.3 %) 0.70 4 (9.3 %) 3 (6.0 %) 0.56 0 (0 %) 1 (1.5 %) 0.32 
Mycophenolic acid, n (%) 55 (78.6 %) 51 (72.9 %) 0.43 32 (57.1 %) 33 (61.1 %) 0.42 49 (73.1 %) 48 (71.6 %) 0.85 
Azathioprine, n (%) 6 (8.6 %) 6 (8.6 %) … 3 (7.0 %) 1 (2.1 %) 0.26 0 (0 %) 0 (0 %) … 
Methylprednisolone, n (%) 25 (35.7 %) 23 (32.9 %) 0.72 12 (20.3 %) 13 (22.0 %) 0.82 0 (0 %) 0 (0 %) … 

Values are mean (SD), median (IQR) or number of patients (%). Abbreviations: HTx, heart transplantation; BMI, body mass index; SBP/DBP, systolic/ 
diastolic blood pressure; eGFR, estimated glomerular filtration rate; CMP, cardiomyopathy; BMD, bone mineral density. To convert serum creatinine 
from μmol/L to mg/dL, multiply by 0.0113. To convert serum albumin from g/L to g/dL, multiply by 0.1. To convert serum total and ionized calcium 
from mmol/L to mg/dL, multiply by 4. p-values refer to the difference between cases and controls in the derivation, replication and time-shifted case- 
control studies. An ellipsis indicates that the variable was not measured or that the p-value was not calculated. 
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[28] (yes vs no) and cyclosporine (yes vs no) [29]. Ionized calcium was calculated from serum total calcium and serum albumin, using 
the following formula: ionized calcium (mmol/l) = serum total calcium (mmol/l) + 0.02 × (40 - serum albumin (g/l)) [30]. These 
covariables were selected because their clinical relevance to osteoporosis in HTx patients [27–29,31–33]. In these models, the 
OSTEO18 score was introduced as categorized variable approximating the quartiles of the OSTEO18 distribution (<-1, -1-0, 0–1 and 
≥1) and as a continuously distributed variable. For the analysis of OSTEO18 as categorized variable the deviation from mean coding 
was applied, a method which does not require the definition of a reference group, provides 95 % confidence intervals for all categories 
and expresses the risk relative to the average risk in the whole study population [34]. The performance of the OSTEO18 was further 
assessed by the receiver operating curve (ROC) and the area under curve (AUC) approach. The OSTEO18 threshold optimized by the 
Youden index was 0.095. The 95 % CI of the AUC was calculated by the DeLong method [35]. Significance was a 2-sided p-value of 
≤0.05. 

3. Results 

3.1. Case-control studies 

Table 1 lists the baseline characteristics of the patients included in the case-control studies. In the derivation dataset, 80.0 % of the 
participants were men (n = 112) and 34.3 % were on treatment with methylprednisolone (n = 48), 67.7 % tacrolimus (n = 94) and 
29.3 % cyclosporine (n = 41). In the derivation (70 cases vs 70 controls), replication (59 vs 59) and time-shifted replication (67 vs 67) 
datasets, cases and controls (Table 1) were well matched. Table S2 shows that patients included in the 3 case-control studies had 
largely similar characteristics with some differences in the treatment with immunosuppressant drugs associated with the time interval 
since HTx and over-time changing treatment policies. 

The OSTEO18 scores were significantly and consistently higher in patients with osteoporosis compared with controls in the 
derivation (p < 0.0001, Fig. 2A), replication (p < 0.0001, Fig. 2B) and time-shifted (p = 0.014, Fig. 2C) case-control studies. In the 
derivation dataset, the AUC was 0.83 (95 % CI: 0.76–0.90; p < 0.0001) and sensitivity and specificity were 74.3 % and 87.1 %, 
respectively (Table S3). Analysis of the replication and time-shifted replication datasets confirmed the discriminatory performance of 
OSTEO18 (Table S3). In the replication case-control study, the AUC, sensitivity and specificity were 0.71 (95 % CI: 0.62–0.80; p <
0.0001), 69.5 % and 62.7 %, and in the time-shifted replication dataset 0.62 (0.53–0.72; p < 0.011), 73.1 % and 53.7 %, respectively. 

3.2. Performance of OSTEO18 in all uPROPHET patients 

Table 2 and Table S4 list the characteristics of all 389 uPROPHET patients as well as the characteristics of 154 patients (39.6 %) 
with osteoporosis and 235 patients (60.4 %) without any sign of osteoporosis. Of 389 patients, 78 (20.1 %) were examined within the 
first year after HTx. Of 154 patients with osteoporosis (Table S4), only 8 (5.19 %) were diagnosed before HTx. As shown in Fig. S3, the 
distribution of OSTEO18 was close to normally distributed (p = 0.034). 

In exploratory analyses without any adjustment, the 389 uPROPHET patients were stratified by their OSTEO18 score: low (<-1), 
medium-low (− 1 to 0), medium-high (0–1) and high (≥1). Across increasing OSREO18 categories (Table 2), age (low vs high: 54.0 vs 
62.5 years; trend p-value: <0.0001), the time interval since HTx (4.33 vs 10.2 years; p = 0.0024), serum creatinine (118.4 vs 135.0 
μmol/L; p = 0.0062) and the use of cyclosporine (12.9 % vs 34.8 %; p < 0.0001) increased, whereas eGFR (63.7 vs 51.6 mL/min/1.73 

Fig. 2. Distribution of the multidimensional classifier OSTEO18 in cases (red) and controls (blue) in the derivation (A), replication (B) and time- 
shifted (C) case-control studies. OSTEO18 was developed by support vector modelling and optimized by take-one-out cross validation procedure. 
The central line, the upper and lower lines, and the upper and lower whiskers represent the median, interquartile range, and the 10th to 90th 
percentile interval, respectively. The arithmetic means and extreme measurements are represented by circles inside the box and outside the 
whiskers, respectively. Arithmetic means and standard deviations are presented along the horizontal axis. n denotes the number of patients in each 
group. p values denote the significance in the OSTEO18 score between cases and controls in each dataset. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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m2; p = 0.002) and tacrolimus treatment (82.8 % vs 54.3 %; p = 0.0001) decreased. The components of the osteoporotic endpoint were 
positively associated with higher OSTEO18 strata (Table 2). The osteoporosis rates expressed in cases per 100 patients were 17/93 
(18.3 % [95 % CI: 10.4–26.1 %]) in the low OSTEO18 category, 27/107 (25.2 % [17.0–33.5]) and 48/97 (49.5 % [39.5–59.4]) in the 
medium-low and medium-high categories, and 62/92 (67.4 % [57.8–77.0 %]) in the high category (trend p-value: 0.019). 

Using unadjusted, partially adjusted and fully adjusted logistic regression, there was a significantly positive association between 

Table 2 
Characteristics of 389 uPROPHET patients by OSTEO18 categories (starts).  

Characteristic OSTEO18 score p-value 

< − 1 -1–0 0–1 ≥1 

Number in group, n (%) 93 (23.9) 107 (27.5) 97 (24.9) 92 (23.7)  
Time after HTx (years) 4.33 (1.26, 13.2) 6.26 (1.52, 11.2) 7.53 (1.74, 15.6) 10.2 (3.87, 16.1) 0.0024 
Age (years) 54.0 (13.5) 55.3 (15.4) 57.1 (14.2) 62.5 (12.2) <0.0001 
BMI (kg/m2) 25.7 (4.12) 25.3 (4.50) 24.4 (4.24) 25.8 (4.04) 0.78 
SBP (mm Hg) 142.3 (18.8) 141.2 (20.7) 141.7 (21.8) 144.3 (21.6) 0.50 
DBP (mm Hg) 86.4 (11.2) 85.0 (12.1) 84.4 (11.5) 86.6 (10.9) >0.99 
Serum creatinine (μmol/L) 118.4 (35.9) 121.0 (45.8) 126.7 (45.0) 135.0 (47.6) 0.0062 
eGFR (ml/min/1.73 m [2]) 63.7 (24.2) 63.6 (26.2) 58.3 (25.3) 51.6 (20.1) 0.0002 
Serum albumin (g/L) 43.9 (3.06) 44.2 (3.36) 44.0 (3.03) 43.0 (3.47) 0.084 
Total serum calcium (mmol/L) 2.38 (0.11) 2.38 (0.12) 2.40 (0.11) 2.40 (0.12) 0.16 
Ionized serum calcium (mmol/L) 2.46 (0.15) 2.46 (0.17) 2.48 (0.14) 2.46 (0.17) 0.76 
Sex 
Men, n (%) 73 (78.5) 81 (75.7) 70 (72.2) 70 (76.1) 0.58 
Women, n (%) 20 (21.5) 26 (24.3) 27 (27.8) 22 (23.9) 
Indication for HTx 
Ischemic cardiomyopathy, n (%) 34 (36.6) 38 (35.5) 34 (35.1) 44 (47.8) 0.14 
Dilated cardiomyopathy, n (%) 38 (40.9) 45 (42.1) 40 (41.2) 34 (37.0) 0.58 
Other, n (%) 21 (22.6) 23 (21.5) 23 (23.7) 14 (15.2) 0.30 
Past smoker, n (%) 58 (63.0) 61 (57.0) 61 (63.5) 59 (64.8) 0.58 
Hypertension, n (%) 79 (84.9) 95 (88.8) 88 (90.7) 86 (93.5) 0.056 
Diabetes, n (%) 22 (23.7) 23 (21.5) 22 (22.7) 23 (25.0) 0.78 
Osteoporotic fracture, n (%) 1 (1.1) 2 (1.9) 2 (2.1) 7 (7.6) 0.021 
BMD T-score ≤ -2.5, n (%) 10 (10.8) 11 (10.3) 17 (17.5) 18 (19.6) 0.037 
Anti-osteoporotic treatment, n (%) 11 (11.8) 21 (19.6) 39 (40.2) 52 (56.5) <0.0001 
Thiazides, n (%) 10 (10.8) 6 (5.6) 14 (14.4) 12 (13.0) 0.25  

Immunosuppression 
Tacrolimus, n (%) 77 (82.8) 86 (80.4) 66 (68.0) 50 (54.3) <0.0001 
Cyclosporine, n (%) 12 (12.9) 10 (9.3) 22 (22.7) 32 (34.8) <0.0001 
Everolimus, n (%) 5 (5.4) 8 (7.5) 4 (4.1) 4 (4.3) 0.52 
Mycophenolic acid, n (%) 65 (69.9) 82 (76.6) 70 (72.2) 64 (69.6) 0.77 
Azathioprine, n (%) 9 (9.7) 4 (3.7) 9 (9.3) 4 (4.3) 0.40 
Methylprednisolone, n (%) e 28 (30.1) 36 (33.6) 33 (34.0) 37 (40.2) 0.17 

Values are mean (SD), median (IQR) or number of patients (%). Abbreviations: HTx, heart transplantation; BMI, body mass index; SBP/DBP, systolic/ 
diastolic blood pressure; eGFR, estimated glomerular filtration rate; BMD, bone mineral density. Anti-osteoporotic treatment refers to calcium 
supplementation, vitamin D supplements and/or bisphosphonates. To convert serum creatinine from μmol/L to mg/dL, multiply by 0.0113. To 
convert serum albumin from g/L to g/dL, multiply by 0.1. To convert serum total and ionized calcium from mmol/L to mg/dL, multiply by 4. p-values 
refer to the difference between cases and controls in the derivation, replication and time-shifted replication datasets. 

Table 3 
Association of osteoporosis with OSTEO18 in 389 uPROPHET patients.  

Variable n/N (%) Unadjusted Adjusted Fully adjusted 

OR (95 % CI) p-value OR (95 % CI) p-value OR (95 % CI) p-value 

OSTEO18 score (categorized) 
<-1 17/93 (18.3) 0.36 (0.23, 0.55) <0.0001 0.37 (0.24, 0.58) <0.0001 0.39 (0.25, 0.61) <0.0001 
-1–0 27/107 (25.2) 0.54 (0.37, 0.79) 0.0016 0.54 (0.36, 0.79) 0.0017 0.53 (0.35, 0.79) 0.0017 
0–1 48/97 (49.5) 1.57 (1.09, 2.24) 0.015 1.57 (1.09, 2.27) 0.016 1.57 (1.07, 2.29) 0.020 
≥1 62/92 (67.4) 3.31 (2.26, 4.84) <0.0001 3.18 (2.14, 4.73) <0.0001 3.14 (2.08, 4.75) <0.0001 
p for linear trend   <0.0001  <0.0001  <0.0001 
OSTEO18 score (continuous, +1) 154/389 (39.6) 2.07 (1.70, 2.50) <0.0001 2.02 (1.67, 2.46) <0.0001 2.03 (1.65, 2.49) <0.0001 

Abbreviations: OR, odds ratio; CI, confidence interval. n/N indicates the number of participants with osteoporosis, the number of participants at risk 
in each category, and the corresponding percentages. In logistic regression, OSTEO18 was introduced as categorical and as continuously distributed 
variable. The categorized OSTEO18 score (<-1, -1-0, 0–1 and ≥1) was modeled by the deviation from mean coding, so that ORs express the relative 
risk compared with the average risk in the whole study population. Adjusted logistic models accounted for sex, age, eGFR, diabetes (yes vs no) and 
treatment with methylprednisolone (yes vs no). Fully adjusted logistic models additionally accounted for the time interval since HTx, ionized calcium, 
treatment with thiazides (yes vs no), tacrolimus (yes vs no) and cyclosporine (yes vs no). 
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the risk of osteoporosis and the OSTEO18 level, irrespective of adjustment (Table 3) and irrespective of whether OSTEO18 was 
analyzed as a categorical or continuously distributed variable with an optimized threshold of 0.095 (Table 4). From the low to high 
OSTEO18 category (Table 3), the ORs increased from 0.39 (95 % CI: 0.25–0.61) to 3.14 (2.08–4.75), resulting in a trend p-value of 
<0.0001. With full adjustments applied (model 2), OSTEO18 significantly improved the AUC from 0.708 to 0.786 (p = 0.0003) for the 
continuously distributed classifier (Fig. 3A and B) and to 0.784 (p = 0.0004) for the categorized classifier (Fig. 3A and C). To place the 
discriminatory performance into context, Table S5 lists the ORs associated with single risk factors for osteoporosis for which the model 
2 (Fig. 3A, B and 3C) was adjusted. The AUC of OSTEO18 was 0.74 (95%CI: 0.69–0.79), which achieved good discriminative per-
formance compared with other single risk factors (Table S5). 

4. Discussion 

The key finding of the current study was the development, replication and validation of a novel 18-peptide multidimensional 
urinary biomarker indicative of osteoporosis in HTx patients. On top of relevant osteoporosis risk factors, OSTEO18 improved the AUC 
as categorized variable with optimized threshold of 0.095 as well as continuously distributed biomarker. Collagens type I, III, and V are 
the most abundant constituents of the organic extracellular matrix in bones [36,37]. The main function of collagens is mechanical 
support and to act as a scaffold for bone cells. Type-I collagen accounts for 90 % of total collagen in bone tissue [36]. Only breakdown 
products of mature collagen appear in urine [38]. In the first step of type-I collagen degradation small fragments are released by 
collagenases, while larger fragments are further degraded by gelatinases with the resulting smaller fragments being further cleaved by 
gelatinases [38]. The OSTEO18 urinary biomarker includes 8 fragments (44.4 %) derived from type-I collagen and 2 (11.1 %) from 
type-III collagen and plausibly reflects the turnover of the extracellular bone matrix. Furthermore, calcium is absorbed in the 
mammalian small intestine by two general mechanisms: a transcellular active transport process, located largely in the duodenum and 
upper jejunum; and a paracellular, passive process that functions throughout the length of the intestine [39]. The polymeric immu-
noglobulin receptor (PIGR) has the dual role of transporting locally produced dimeric IgA across mucosal epithelia, and serving as the 
precursor of secretory component and plays a key role in mucosal immunity [40]. The presence of a PIGR-derived urinary peptide in 
OSTEO18 might be explained by dysregulation of its role by immunosuppression. 

In addition to aging, menopause and renal dysfunction compromising calcium homeostasis and the activation of calcidiol to active 
calcitriol, the root causes of osteoporosis in HTx patients are the use of glucocorticosteroids and immunosuppressive drugs, such as 
cyclosporin and tacrolimus, to prevent allograft rejection. Glucocorticosteroids reduce bone formation mainly at the trabecular core of 
the vertebrae [41]. The calcineurin blockers cyclosporine and tacrolimus stimulate the secretion of parathyroid hormone [3] and are 
nephrotoxic [42,43]. Cyclosporine induces tubular renal cell apoptosis and increases the calcium levels of renal tubular cells [29]. 
Furthermore, cyclosporine stimulates both osteoblasts and osteoclasts. However, the osteoclastic activity dominates and induces 
elevated bone turnover and delayed repair of renal osteodystrophy [3,42]. In experimental rat studies [28], tacrolimus decreased bone 
mineral density in the tibia and femur without influence on bone formation. Keeping in mind that over half of the peptide fragments 
included in OSTEO18 are derived from type-I and type-III collagens, the predominant collagens in bone tissue, the novel biomarker 
might be applied to monitor the osteotoxic effects of glucocorticosteroids, cyclosporine and tacrolimus. 

Osteoporosis is a silent disease until it is complicated by fractures—fractures that occur following minimal trauma or, in some cases, 
with no trauma. Therefore, osteoporosis represents a major public health issue [44], in terms of the quality of life of the patients and 
social health cost. Several risk factors and circulating biomarkers reflecting osteoporosis in HTx patients can be monitored, although on 
their own they have an AUC not exceeding 60 % (Table S5), whereas a 1-unit increment in OSTEO18 was associated with a doubling of 
the osteoporosis risk with an AUC of 0.74 (95 % CI: 0.69–0.79). More importantly, on top of sex, age, the time interval since HTx, eGFR, 
diabetes, and treatment with methylprednisolone, tacrolimus, cyclosporin and thiazide diuretics, OSTEO18 maintained its 

Table 4 
Discriminative performance of OSTEO18 in 389 uPROPHET patients.  

Performance Estimate (95%CI) 

n/N 154/389 
Continuously distributed OSTEO18 
AUC 0.74 (0.69, 0.79) 
Categorized OSTEO18 
Youden cut-off threshold 0.095 
Sensitivity, % 71.4 (63.6, 78.4) 
Specificity, % 69.8 (63.5, 75.6) 
PLR 2.36 (1.90, 2.94) 
NLR 0.41 (0.31, 0.53) 
Accuracy 70.4 (65.6, 74.9) 

Abbreviations: CI, confidence interval; AUC, area under curve; PLR, 
positive likelihood ratio (true positive rate/false positive rate); NLR, 
negative likelihood ratio (false negative rate/true negative rate). n/N 
indicates the number of participants with osteoporosis and the 
number of participants at risk. Accuracy is the overall probability that 
a patient is correctly classified. All estimates in this table were un-
adjusted for other osteoporosis risk factors. 
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discriminatory performance, irrespective of whether the optimized 0.095 threshold was applied or OSTEO18 was analyzed as 
continuously distributed variable. BMD testing by dual energy XRA is consensually the gold standard in the diagnosis and management 
of osteoporosis, because the so-determined BMD at the lumbar spine and hip closely correlates with bone strength and is an excellent 
predictor of future fracture risk [13,14]. Nevertheless, XRA also has limitation due to the confounding effects on the BMD measure-
ment of surrounding soft tissue, bone artefacts caused by osteoarthritis, degenerated discs, aortic calcification and vertebral 
compression fractures [14]. Other limitations in the administration of XRA scans are imposed by the applicable health insurance. In 
Belgium (nomenclatuurart17ter_20230401_01.pdf available at www.riziv.be), a dual energy XRA (code: N72) is reimbursed at a rate of 
€40.25. In the context of HTx, it should be noted that the examination is only reimbursed if the patient has a low-impact vertebral 
fracture or has been on therapy with glucocorticosteroids for ≥3 months at a daily dose equivalent to 7.5 mg prednisolone. However, in 
2012, legislation changed making dual energy XRA only reimbursable at 5-year instead of annual intervals. These rules do not support 
efficient prevention of osteoporotic complications in HTx patients, because a vertebral fracture already indicates the presence of the 
disease and because the nomenclature disregards the osteotoxic side-effects of cyclosporine and tacrolimus. Given reimbursement 
rules, which differ from country to country, the low diagnostic and prognostic value of single osteoporosis risk factors and some pitfalls 
potentially associated with dual energy XRA, OSTEO18 might be added testing armamentarium provided that cost-effectiveness can be 
demonstrated, as discussed in the next paragraph. 

Cost-effectiveness balances health-care costs against non-monetary units, such as quality-adjusted life-years (QALYs) [45]. The 
QALY-based value proposition is well established in the UK, Sweden, Belgium, the Netherlands, Luxembourg, and some eastern Eu-
ropean countries, but health-care insurers in Germany and France prefer assessing changes in clinical outcomes instead [45]. Bone loss 
progresses rapidly after HTx. Osteoporosis causes a high economic and social burden, predominantly due to severe fractures. In the 
United States, among 885,676 Medicare beneficiaries, the per-patient annual health insurance costs from January 2010 until 
September 2014 were substantially higher in patients (mean age: 80.5 years; 94 % female) with an osteoporosis-related fracture than in 
the matched nonfracture population ($47163.25 vs $16034.61) [46]. In 12 Belgian hospitals, the in-patient costs Belgium associated 
with total hip replacement, which is the feasible treatment for severe fracture, averaged €8013 [47]. In addition, the estimated total 
costs were €465 million for anti-osteoporotic medication, preventive supplement and the treatment of osteoporosis-related fracture, 
according the Achmea Health Database (108,013 individuals) in 2010 in the Nederland [48]. Along similar lines, in France, the annual 
per-person osteoporosis-related costs amounted to €18,040 per person, of which €17,905 was directly related to the fracture and €135 
to the management of osteoporosis [49]. The timely institution of anti-osteoporotic is therefore of paramount clinical importance to 
avoid bone fractures and associated debilitating complications and risky and costly orthopedic surgery [2]. OSTEO18 is being certified 
as an in-vitro diagnostic and is therefore ready to enter the clinical management of HTx patients. However, the aforementioned costs 
have to be balanced against those of an OSTEO18 test (€850), which requires further clinical validation in HTx patients. 

4.1. Strong points and limitations 

Strong points of current study are the derivation and replication of the multidimensional urinary classifier OSTEO18 in the case- 
control studies, as well as the validation in the whole uPROPHET cohort. The UPP is unbiased in the sense that it does not depend on 
predefined markers, but is only determined by peptides passing the glomerular barrier or generated along the nephron, and because it 
is platform independent [6]. Notwithstanding the consistency of the findings, the current study must also be interpreted within the 
context of its limitations. First, the current study had a cross-sectional design, albeit that the time-shifted case-control study added 
some longitudinal dimension in the replication of the results from the discovery dataset. Second, cases and controls in the discovery 
and two replication datasets were well matched for the use of methylprednisolone, but it was impossible to achieve complete matching 

Fig. 3. Performance of the OSTEO18 classifier on top of other osteoporosis risk factors in 389 uPROPHET patients. n/N indicates the number of 
patients with osteoporosis and the number of participants at risk (panel A). Base model 1 includes sex, age, the estimated glomerular filtration rate, 
diabetes (yes vs no) and treatment with methylprednisolone (yes vs no). Base model 2 additionally accounted for the time interval since HTx, ionized 
calcium, treatment with thiazides (yes vs no), tacrolimus (yes vs no) and cyclosporine (yes vs no). In subsequent steps, OSTEO18 was added to the 
previous model as a continuously distributed variable (panel B) or as a categorized variable (panel C) based on the 0.095 optimized threshold. At 
each step, p-values are for the comparison with the preceding model. AUC is the area under curve given with 95 % confidence interval. 
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for immunosuppressive drugs, because treatment strategies changed over time. Third, there was a preponderance of short amino-acid 
chains among the sequenced peptides, which may be due to the reduced success of sequencing longer-chain peptides. Unknown 
posttranslational modifications are the most likely cause for the failure to identify a peptide sequence with confidence. Peptide 
abundance also impacts on the quality of the MS/MS spectra. However, while only 17 % of the detected urinary peptides were 
sequenced, those currently sequenced represented 63 % of the total peptide mass [50]. Fourth, the current results were generated in a 
single-center study of HTx recipients, with specific immunosuppressant treatments and vulnerability inducing higher risks of osteo-
porosis [3] and other aging-related diseases [51]. The OSTEO18 findings cannot be extrapolated to other patients, such as for instance 
postmenopausal women. Finally, because our proof-of-concept study is retrospective, osteoporotic biomarkers other than bone specific 
alkaline phosphatase were not measured. 

5. Conclusion 

OSTEO18 is a clinically meaningful novel biomarker indicative of osteoporosis in HTx recipients. Given that OSTEO18 is being 
certified as in-vitro diagnostic, the test is ready to enter the clinical management of HTx patients. However, to be endorsed by HTx 
transplantation guidelines, OSTEO18 required further evidence from prospective studies and demonstration of its cost-effectiveness. 
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