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Introduction: Little is known about the consequences of deranged chronic kidney disease-mineral and
bone disorder (CKD-MBD) parameters on kidney allograft function in children. We examined a relationship
between these parameters over time and allograft outcome.

Methods: This registry study from the Cooperative European Paediatric Renal Transplant Initiative
(CERTAIN) collected data at baseline, months 1, 3, 6, 9, and 12 after transplant; and every 6 months
thereafter up to 5 years. Survival analysis for a composite end point of graft loss or estimated glomerular
filtration rate (eGFR) =30 ml/min per 1.73 m? or a =50% decline from eGFR at month 1 posttransplant was
performed. Associations of parathyroid hormone (PTH), calcium, phosphate, and 25-hydroxyvitamin D
(25(OH)D) with allograft outcome were investigated using conventional stratified Cox proportional hazards
models and further verified with marginal structural models with time-varying covariates.
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Results: We report on 1210 patients (61% boys) from 16 European countries. The composite end point was
reached in 250 grafts (21%), of which 11 (4%) were allograft losses. In the conventional Cox proportional
hazards models adjusted for potential confounders, only hyperparathyroidism (hazard ratio [HR], 2.94; 95%
confidence interval [Cl], 1.82-4.74) and hyperphosphatemia (HR, 1.94; 95% Cl, 1.28-2.92) were associated
with the composite end point. Marginal structural models showed similar results for hyperparathyroidism
(HR, 2.74; 95% ClI, 1.71-4.38), whereas hyperphosphatemia was no longer significant (HR, 1.35; 95% Cl, 0.87-
2.09), suggesting that its association with graft dysfunction can be ascribed to a decline in eGFR.

Conclusion: Hyperparathyroidism is a potential independent risk factor for allograft dysfunction in

children.

Kidney Int Rep (2023) 8, 81-90; https://doi.org/10.1016/j.ekir.2022.10.018
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See Commentary on Page 8

he main factors contributing to CKD-MBD after

kidney transplantation (KTx) are mineral meta-
bolism disturbances before transplant, side effects of
immunosuppressants, and graft dysfunction. Clinical
and laboratory manifestations of CKD-MBD may be
prevalent even in the presence of restored kidney
function.'” In a large European cohort study of 1237
pediatric KTx recipients, hypocalcemia and hypo-
phosphatemia were observed in 19% and 14% of pa-
tients, hypercalcemia and hyperphosphatemia in 11%
each, and hyperparathyroidism in 41%.’ Both early
hypocalcemia and hypercalcemia have been reported
in KTx recipients, whereby pretransplant plasma
PTH appears to be predictive of post-transplant cal-
cium levels.” Pretransplant, plasma PTH, fibroblast
growth factor 23, and phosphate increase as kidney
function declines. Post-transplant plasma fibroblast
growth factor 23 and PTH may remain elevated and
contribute to the development of early hypophospha-
temia by stimulation of phosphaturia.'” Long-term
mineral metabolism dysregulation is increasingly
driven by gradual graft function decline, resulting
in an increase in fibroblast growth factor 23, elevated
PTH, hypocalcemia, and hyperphosphatemia.’

Our understanding of the clinical consequences of
deranged CKD-MBD parameters in pediatric KTx re-
cipients is mainly based on data from pretransplant CKD.
Secondary hyperparathyroidism is associated with high
bone turnover and mineralization defects, risk of frac-
tures, ectopic calcifications, and vascular stiffness.””
Although hypocalcemia and hypophosphatemia can
result in impaired bone mineralization in children with
CKD, hypercalcemia and hyperphosphatemia may be
associated with vascular calcifications.”'® In turn,
vascular calcifications in adult KTx recipients are associ-
ated with an increased risk of cardiovascular events.''
Indeed, a recent study in adult KTx recipients reported
an association between hypercalcemia and mortality,
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independent of eGFR.'” Long-term data on the association
between deranged CKD-MBD parameters and graft
outcome in pediatric KTx recipients are scarce. It is
difficult to show whether these associations are merely a
consequence of declining kidney function, or whether
they independently contribute to allograft dysfunction.

As per recent recommendations, the assessment of
CKD-MBD should be based on serial measurements of
plasma markers rather than single time point values.”"’
Therefore, the primary objective of our study was to
analyze the relationship between time-varying PTH,
calcium, phosphate, and 25(0OH)D, and allograft outcome
in a large cohort of pediatric KTx recipients. In addition,
we aimed to estimate the effect of CKD-MBD disturbances
on allograft dysfunction by adjusting for time-varying
confounding due to eGFR.'" Furthermore, we aimed to
analyze the natural evolution of CKD-MBD markers after
KTx as well as the association between hyperparathy-
roidism and hypophosphatemia at month 1 posttrans-
plant and long-term allograft outcome.

METHODS

Patients and Follow-up

Pediatric KTx recipients younger than 19 years at time
of first KTx who were registered in the CERTAIN
Registry were considered for inclusion in this retro-
spective, multicenter, longitudinal cohort study. Pa-
tients with multiorgan transplants, and those who
experienced graft loss or died within 4 weeks after
transplant were excluded.

The CERTAIN Registry captures detailed clinical
and laboratory longitudinal data and applies rigorous
validity =~ check  procedures (http://www.certain-
registry.eu, see Supplementary Material for details on
the quality of data). Participation in the CERTAIN
Registry is approved by the ethics committee in each
center. Informed consent must be obtained from the
parents or legal caregivers before patient inclusion,
with assent from patients when appropriate for their
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age. For this study, data up to 5 years after transplant
were analyzed. The time points of data collection and
the corresponding time intervals were as follows:
baseline (before transplant), at 1, 3, 6, 9, and 12 months
after transplant, and every 6 months thereafter. All
procedures and immunosuppressive regimens were
applied as per local institutional protocols in each
center. Delayed graft function was defined as acute
kidney injury with the need for dialysis within the first
7 days after transplant.

The study was performed in accordance with the
Declaration of Helsinki and the Declaration of Istanbul
on Organ Trafficking and Transplant Tourism. The
study was designed, analyzed, and reported according
to the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines (https://www.
strobe-statement.org).

Laboratory Measurements

Plasma calcium and phosphate levels were adjusted for
age-specific reference values as per recent clinical
practice recommendations”'’ and categorized as hy-
pocalcemia or hypercalcemia and hypophosphatemia or
hyperphosphatemia, respectively. Plasma PTH was
determined by assays measuring either only the
bioactive PTH form or the “intact” PTH, which in-
cludes other carboxyl-terminal forms.'” Therefore, the
local PTH reference values were obtained from each
participating center (see Supplementary Material). The
input PTH levels were then converted accordingly and
expressed as a ratio of the upper limit of normal (ULN).
Hyperparathyroidism was defined as values above ULN
in each center, corresponding to 65 ng/l,"” and 25(OH)D
deficiency was defined as values below 30 ng/ml.8 eGFR
was calculated using the revised 2009 bedside Schwartz
formula.'®

Statistical Analysis
For descriptive purposes, continuous variables with
normal distribution were reported as mean =+ SD,
whereas median with first (quartile 1) and third (quartile
3) quartile was given for skewed variables. Categorical
variables were reported as number and percentage. To
explore the rank-based association between 2 skewed
continuous measures, Spearman r was reported.
Because graft loss is a rare event in pediatric KTx re-
cipients, the primary outcome measure we used was a
death-censored composite end point named allograft
dysfunction, which is defined as either graft loss, or
eGFR =30 ml/min per 1.73 m?, or a =50% decline from
baseline eGFR at month 1 after transplant. eGFR values
were above 120 ml/min per 1.73 m” at month 1 after
transplant in 125 patients (10.3%) with a median age of
4.6 years and a median weight of 15.9 kg. These eGFR
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values were set to 120 ml/min per 1.73 m*. We performed
a survival analysis, where the associations between cal-
cium, phosphate, PTH, 25(0OH)D, and time to composite
end point were investigated. Because data were available
in follow-up time intervals, the assumption was made that
time-dependent covariates change at the beginning,
whereas the event takes place at the end of an interval. In
case of missing data for calcium, phosphate levels, and
eGFR during follow-up, the last available observation was
carried forward. First, unadjusted cumulative probabili-
ties of allograft dysfunction for PTH, calcium, phosphate,
and 25(OH)D as categorical variables (hyperparathyroid-
ism or no hyperparathyroidism; hypocalcemia, normo-
calcemia or hypercalcemia; and hypophosphatemia,
normophosphatemia, or hyperphosphatemia; hypo-
vitaminosis D or no hypovitaminosis D, respectively) as
time-varying covariates and as time-fixed covariates at
month 1 after transplant for PTH only were visualized
using the classical and extended Kaplan-Meier methods
for time-fixed and time-varying factors, respectively.
Next, unadjusted Cox regression analyses stratified by
center were performed to assess the association of PTH,
calcium, and phosphate values and time to composite end
point. Finally, conventional center-stratified Cox pro-
portional hazards models were fitted to estimate the in-
dependent association of time-varying hyperpara
thyroidism, hypocalcemia, and hyperphosphatemia with
allograft dysfunction, after adjustments for potential
confounders, including the time-varying covariates allo-
graft rejection and systolic blood pressure Z scores. Before
inclusion in the model, the proportional hazards
assumption and linearity were assessed in each covariate.
In case of nonlinearity, a smoothing spline using a pspline
basis was fitted and stratified analyses were performed to
account for nonproportional hazards. Stratified propor-
tional hazard assumptions were subsequently checked by
applying the statistical test per stratum.

The association of time-varying hyperparathyroid-
ism, hypocalcemia, and hyperphosphatemia with allo-
graft dysfunction was further verified by marginal
structural models. eGFR varies over time and causes
disturbances in PTH, calcium, and phosphate levels.
Conversely, allograft function may be affected by de-
rangements in CKD-MBD parameters. In marginal
structural models, inverse probability weighting is
applied to construct a pseudopopulation in which the
exposure variable is not confounded by time-varying
eGFR and thereby provides a more accurate estima-
tion of the independent association between them.'*
We considered eGFR as a time-varying confounder,
whereas hyperparathyroidism, hypocalcemia, and
hyperphosphatemia were time-varying exposures of
interest. Time-varying acute rejection and systolic
blood pressure Z scores were included as time-varying
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covariates in the marginal structural Cox proportional
hazards model. The secondary analyses included asso-
time-fixed PTH and hypo-
phosphatemia at month 1 after transplant, and time to
composite end point.

All statistical analyses were performed using R
version 4.2.1 (Vienna, Austria) and R libraries survival
(version 3.3-1)""" and ipw (version 1.0-11) (http://
www.jstatsoft.org/v43/il3/).'39

RESULTS

Cohort Characteristics and Incidence of Death,
Graft Loss, and Allograft Dysfunction

Data on 1231 grafts in 1218 patients younger than 19 years
were reported to the CERTAIN Registry by 40 centers in
16 countries (see Supplementary Material). During the
first month after transplant, 3 children died and 5 expe-
rienced graft loss; they were therefore excluded from
analyses. We included 1210 patients (61% boys), first
graft available in the registry for each patient, who un-
derwent KTx between September 1993 and February
2019. Patient characteristics are shown in Table 1.

Five (0.4%) primary KTx recipients died during the
5-year follow-up, of whom 3 children had reached the
composite end point of the study before death. The
causes of death included infection (n = 3), respiratory

ciations between

Table 1. Patient and transplant characteristics
Patient cohort (n = 1210)

Baseline characteristics

Recipient age, yr 9.7 (5.1)
Male sex, n (%) 740 (61.2)
Weight, kg 30.2 (16.9)
Weight Z score -1.6 (1.6)
Height Z score -2.0(1.6)
BMI Z score -0.4 (1.3)
Primary kidney disease, n (%)
CAKUT 54 (45.2)
Glomerulopathies 251 (20.7)
Tubulo-interstifial nephritis and cystic kidney disease 225 (18.6)
(atypical) HUS 57 (4.7)
Other/unknown 130 (10.8)
First KTx, n (%) 1126 (93.1)
Second, 1 (%) 80 (6.6)
Third, n (%) 4 (0.3)
Donor source, n (%)
Deceased 853 (70.5)
Living-related 357 (29.5)
Delayed graft function, n (%) 92 (7.6)
Initial immunosuppressive therapy, n (%)
Glucocorticoids 1185 (97.9)
Calcineurin inhibitors 1204 (99.5)
Tacrolimus 759 (63.0)
Mycophenolate mofetil 948 (78.4)

BMI, body mass index; CAKUT, congenital anomalies of the kidney and urinary tract;
HUS, hemolytic uremic syndrome; KTx, kidney transplantation.

Data are presented as number (%) or mean (SD) for normally distributed variables or as
median as first (quartile 1) and third (quartile 3) quartile for skewed variables.
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failure (n = 1), and hyperkalemia (n = 1). Graft loss
during follow-up occurred in 11 patients (0.9%) who
were all primary KTx recipients. Further 18 grafts, of
which 5 were second transplants, were lost after the
composite end point of the study had been reached.
The causes of graft loss were as follows: allograft
rejection (n = 11), recurrence of primary kidney disease
(n = 8), loss of kidney perfusion because of vascular
complications (n = 3), and unknown (n = 7). After 1, 2,
3, 4, and 5 years of follow-up, data were available for
1069 (88%), 819 (68%), 622 (51%), 418 (34%), and 302
(25%) of allografts, respectively. Until the composite
end point, 400 patients (33%) experienced acute
rejection. The total number of patients who reached the
composite end point was 250 (20.7%) with the
following distribution: graft losses (n = 11), eGFR < 30
ml/min per 1.73 m? (n = 121), and =50% decline from
baseline eGFR at month 1 after transplant (n = 118).

Evolution of PTH, Calcium, Phosphate, and
25(0OH)D

The evolution of plasma PTH, calcium, and phosphate
over time is shown in Figure 1. Pretransplant PTH levels
were available in 411 grafts (33%) with 320 patients
(78%) having PTH levels higher than the ULN. The
percentage of patients with PTH below and above ULN at
different time points including baseline and 1 month is
depicted in Figure 1a. The median pretransplant PTH was
156 ng/l, whereas median PTH at 1 month was 80 ng/l. In
stable KTx recipients at =6 months after transplant with
an eGFR =60, 45 to 59, and 30 to 44 ml/min per 1.73 mz,
the respective median (interquartile range) PTH ratio of
ULN were as follows: 0.85 (0.58-1.25), 0.95 (0.62—1.38),
and 1.25 (0.8-1.87), respectively. These values corre-
spond to PTH plasma concentrations of 55.2 (37.7-81.3),
61.8(40.3-89.7), and 81.3(52-121.6) ng/l, respectively. At
months 1 and 3, and years 1, 3, and 5, posttransplant data
on 25(0OH)D concentrations were available in 139 (12%),
135 (12%), 328 (31%), 170 (27%), and 98 (33%) patients,
respectively. At these time points, 91%, 74%, 66%, 49%,
and 50% of patients, respectively, had hypovitaminosis
D. At 1 and 5 years after transplant, there was an inverse
correlation between 25(0OH)D and PTH levels (Spearman
r = —0.26, P < 0.001 and r = —0.21, P = 0.02,
respectively).

Association Between PTH, Calcium, Phosphate,
25(0OH)D, and Allograft Dysfunction

The unadjusted cumulative probabilities for allograft
dysfunction with time-varying covariates hyperpara-
thyroidism, hypocalcemia, and hyperphosphatemia were
associated with time to composite end point (Figure 2aand
Figure 3a and b). Hypercalcemia and hypophosphatemia
were not significant and therefore not investigated

Kidney International Reports (2023) 8, 81-90
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Figure 1. (a) Rate and number of patients with hyperparathyroidism, (b) hypocalcemia or hypercalcemia, and (c) hypophosphatemia or
hyperphosphatemia during the follow-up of up to 5 years after transplant. Yellow indicates no hyperparathyroidism, normocalcemia, and
normophosphatemia. Orange indicates hypocalcemia and hypophosphatemia. Green indicates hyperparathyroidism, hypercalcemia, and
hyperphosphatemia.

further. There was no association between 25(0OH)D and inverse correlation between hypophosphatemia and PTH
time to composite end point (Figure 3c). The significant at months 1 and 3 after transplant (Spearman r = —0.19,
difference in unadjusted cumulative probabilities for P < 0.001 and » = —0.20, P < 0.001, respectively).
allograft dysfunction between patients with and without Because of 67% to 88% of missing values, the as-
hyperparathyroidism at month 1 after transplant is sociation between 25(OH)D concentrations and allograft
shown in Figure 2b. The association between the degree of outcome was not analyzed further. The respective
time-varying hyperparathyroidism and time to composite number of composite end points, patients, and labo-
end point is shown in Figure 2c. There was a stepwise ratory values available for the survival analysis were as
increase of cumulative events with higher PTH plasma follows: 104, 1002, and 4375 for hyperparathyroidism;
values. Patients with both hypocalcemia and hyper- 234, 1132, and 9582 for hypocalcemia; and 233, 1131,
phosphatemia had the highest risk of allograft dysfunc- and 9583 for hyperphosphatemia. To verify the asso-
tion as shown in Figure 4. ciation of time-varying hyperparathyroidism, hypo-
There was no association between early posttransplant calcemia, and hyperphosphatemia with allograft
hypophosphatemia at month 1 and allograft dysfunction dysfunction in the presence of time-varying con-
(P = 0.95) (Supplementary Figure S1). There was an founding eGFR, marginal structural models were
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Figure 2. (a) Association between the cumulative incidence of time to composite end point and hyperparathyroidism versus no hyperpara-
thyroidism (HR, 3.4; 95% Cl, 2.1-5.2; P < 0.001), (b) the cumulative incidence of time to composite end point plotted for patients with and without
hyperparathyroidism using single PTH values at 30 days after transplant (HR, 1.85; 95% Cl, 1.13-3.08; P = 0.014), and (c) association between the
degree of time-varying hyperparathyroidism and time to composite end point (HR, 2.64; 95% Cl, 1.64—4.24; P < 0.001 for PTH ratio 1-3 times above
ULN; HR, 13.73; 95% Cl, 7.11-26.5; P < 0.001 for PTH ratio above 3 times ULN). Number at risk in time-varying analysis (a and c) corresponds to
the number of patients with available PTH levels at a given time point. Cl, confidence interval; HR, hazard ratio; PTH, parathyroid hormone; ULN,
upper limit of normal.
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Figure 3. (a) Association between the cumulative incidence of event and hypocalcemia versus normocalcemia or hypercalcemia: hypocal-
cemia versus normocalcemia HR, 1.7, 95% Cl, 1.2-2.3; P = 0.003; hypercalcemia-normocalcemia HR, 0.9; 95% Cl, 0.6-1.4; P = 0.79; (b)
hyperphosphatemia versus normophosphatemia or hypophosphatemia: hypophosphatemia-normophosphatemia HR, 1.0; 95% CI, 0.7-1.4; P =
0.97; hyperphosphatemia-normophosphatemia HR, 1.9; 95% Cl, 1.3-2.8; P < 0.001; (c) hypovitaminosis D versus no hypovitaminosis D HR, 1.4; 95%
Cl, 0.6-3.2; P = 0.42. Number at risk corresponds to the number of patients with available Ca, P, and 25-hydroxyvitamin D levels at a given time

point. Ca, calcium; D, vitamin D; P, phosphate.

applied and compared with conventional time-
dependent Cox proportional hazards models. When
adjusted for time-varying eGFR only in the marginal
structural model, both analyses showed that hyper-
parathyroidism and hypocalcemia were associated with
a higher risk of allograft dysfunction (Table 2). For
hyperphosphatemia, there was an association with
allograft dysfunction in the conventional Cox model
(HR 1.99; 95% CI, 1.36—2.91; P < 0.001), but not in the
marginal structural model (HR 1.32; 95% CI, 0.87-2.00;
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g 031
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Figure 4. Combined hypocalcemia and hyperphosphatemia and the

cumulative incidence of event: hypocalcemia HR, 1.6; 95% CI, 1.2-

2.3; P = 0.004; hyperphosphatemia HR, 1.9; 95% Cl, 1.3-2.8; P = 0.001;

no significant hypocalcemia and hyperphosphatemia interaction

(P = 0.49). Ca, calcium; P, phosphate.
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P = 0.193). The results of the marginal structural
models and the conventional time-dependent Cox
proportional hazards models after adjustment for po-
tential confounders for graft dysfunction are displayed
in Table 3. The association of hyperparathyroidism
with allograft dysfunction was shown on both ana-
lyses, whereas the association with hypocalcemia was
no longer significant or borderline significant. For
hyperphosphatemia, the association with allograft
dysfunction was shown only in the conventional Cox
model (HR 1.94; 95% CI 1.28-2.92; P = 0.002) but not
in the marginal structural model (HR 1.35; 95% CI
0.87-2.09; P = 0.177). The reciprocal relationship be-
tween eGFR and PTH is shown in Figure 5. The full
structural marginal model for the assessment of the
association of time-varying hyperparathyroidism with
allograft dysfunction, adjusted for other risk factors for
allograft dysfunction is given in Table 4.

Table 2. Comparison between the conventional Cox proportional
hazards models and the structural marginal models, the latter
adjusted only for time-varying estimated glomerular filtration rate,
for the assessment of the association of time-varying hyperpara-
thyroidism, hypocalcemia, and hyperphosphatemia with allograft
dysfunction

Cox proportional hazards model (unadjusted) HR 95% CI P value
Hyperparathyroidism 3.13 1.99-4.92 <0.001
Hypocalcemia 1.62 1.16-2.27 0.005
Hyperphosphatemia 1.99 1.36-2.91 <0.001
Marginal structural model (unadjusted)
Hyperparathyroidism 279 1.80-4.34 <0.001
Hypocalcemia 1.89 1.37-2.60 <0.001
Hyperphosphatemia 1.32 0.87-2.00 0.193

Cl, confidence interval; HR, hazard ratio.
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Table 3. Comparison between the conventional Cox proportional
hazards models and the structural marginal models for the
assessment of the association of time-varying hyperparathyroidism,
hypocalcemia, and hyperphosphatemia with allograft dysfunction

Cox proportional hazards model (adjusted) HR 95% Cl P value
Hyperparathyroidism 2.94 1.82-4.74 <0.001
Hypocalcemia 1.31 0.92-1.87 0.132
Hyperphosphatemia 1.94 1.28-2.92 0.002
Marginal sfructural model (adjusted)
Hyperparathyroidism 2.74 1.71-4.38 <0.001
Hypocalcemia 1.47 1.04-2.09 0.030
Hyperphosphatemia 1.35 0.87-2.09 0.177

Cl, confidence interval; HR, hazard ratio.

The models were adjusted for baseline and time-varying risk factors for allograft
dysfunction (baseline confounders: primary kidney disease, sex, recipient age, donor
source, year of transplantation, disease vintage, dialysis vintage, dialysis mode, graft
sequence, cold ischemia time, body mass index Z score, and delayed graft function
[stratified until and after 1 year posttransplant]); time-varying confounders: allograft
rejection, spline for systolic blood pressure Z score.

DISCUSSION

To our knowledge, this is the first study that identifies
time-varying hyperparathyroidism as an independent
risk factor for allograft dysfunction in a large cohort of
pediatric KTx recipients, after adjustment for cova-
riates known to affect graft survival such as allograft
rejection or systolic blood pressure Z score. The
distinctive feature of our analysis is the estimation of
the relationship between CKD-MBD parameters and
allograft dysfunction by using both the conventional
Cox proportional hazards and the marginal structural
models. In the latter, eGFR affecting both the outcome
and time-varying exposure was considered as time-
varying confounder. In case of a reciprocal relation-
ship between time-varying exposure (e.g., hyperpara-
thyroidism or hyperphosphatemia) and time-varying
confounder (eGFR), a conventional Cox proportional

CLINICAL RESEARCH

hazards models may yield biased estimates of the
exposure—outcome association.'”'®'” In this study, the
marginal structural models showed similar results for
hyperparathyroidism as the conventional Cox propor-
tional hazards models, whereas hyperphosphatemia
was no longer significant, suggesting that its associa-
tion with graft dysfunction can be ascribed to a decline
in eGFR.

The association between hyperparathyroidism,
CKD progression, vascular events, and death has
been reported in large observational studies of adult
CKD patients before transplantation.””*' Potential
explanations for a causative role of PTH for kidney
dysfunction include its promotion of osteoblastic
differentiation into endothelial cells leading to
vascular calcification’” and its role in the pathogen-
esis of interstitial calcification.”” For example, in a
study on 213 adult kidney transplant recipients, 56
(26.3%) had interstitial calcification in 1 or more
protocol biopsies.”" Calcification was not related to
donor or recipient characteristics or posttransplant
immunologic events, but patients with calcification
had significantly higher serum PTH levels. In pa-
tients with calcification, high PTH levels correlated
with an inferior outcome of graft function at year 1
posttransplant.”

Hyperparathyroidism can easily be detected by
routine laboratory assessment and is a modifiable risk
factor. The prevalence and clinical consequences of
hyperparathyroidism may be distinct in pediatric
versus adult KTx recipients given the increased cal-
cium requirements during statural growth, lower pe-
diatric target PTH levels in most European centers and
the proportion of patients in whom these targets are
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Figure 5. Relationship between eGFR, PTH, and other clinical and biochemical factors whereupon the structural marginal model was based.
The red arrows represent the reciprocal relationship between eGFR and PTH. eGFR, estimated glomerular filtration rate; KTx, kidney trans-

plantation; PTH, parathyroid hormone; X, not available for analysis.
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Table 4. Full structural marginal model for the assessment of the
association of time-varying hyperparathyroidism with allograft
dysfunction, adjusted for baseline and time-varying risk factors for
allograft dysfunction

Full marginal structural model® HR 95% ClI P value
Hyperparathyroidism (exposure) 2.74¢ 1.71-4.38° <0.001°
Acute rejection 6.53° 3.86-11.06° <0.001¢
Era of KTx 2001-2010 1.23 0.23-6.75 0.80
Era of KTx 2010-2019 0.47 0.08-2.71 0.39
Gender 0.92 0.568-1.45 0.71
Age at KTx 0.98 0.91-1.04 0.39
Donor source (living) 2.013 0.87-4.67 0.10
Disease vinfage 1.01¢ 1.00-1.01° 0.03¢
Dialysis vintage 1.00 0.98-1.01 0.32
Dialysis mode (peritoneal) 1.97¢ 1.04-3.72° 0.04¢
Dialysis mode (hemodialysis) 1.13 0.54-2.38 0.75
Transplant sequence > 1 1.50 0.68-3.87 0.40
Kidney disease (glomerular) 0.96 0.565-1.70 0.90
Kidney disease (fubulointerstitial) 0.93 0.55-1.56 0.78
Kidney disease (atypical HUS) 0.54 0.13-2.21 0.39
Kidney disease (other/unknown) 0.74 0.32-1.66 0.4621
Cold ischemia time 1.00 1.00-1.00 0.51
Body mass index 1.093 0.88-1.36 0.42
Systolic blood pressure Z score (spline)® NA® NA® 0.04°
Delayed graft function (first year affer KTx) 3.548°  1.61-7.84° 0.002¢

Delayed graft function (beyond 1 yr from KTx)  1.034 0.26-4.07 0.96

Cl, confidence interval; HR, hazard ratio; HUS, hemolytic uremic syndrome; KTX, kidney
transplantation; NA, not applicable.

Factors associated with allograft dysfunction.

Baseline confounders: primary kidney disease, sex, recipient age, donor source, year of
transplantation, disease vintage, dialysis vintage, dialysis mode, graft sequence, cold
ischemia time, body mass index Z score, and delayed graft function stratified until and
after 1 year KTx; time-varying confounders: allograft rejection and spline for systolic
blood pressure Z score.

attained. The Kidney Disease: Improving Global Out-
comes guidelines recommend measurement of PTH in
children with CKD stage 2 and above.'’ Moreover, in
our cohort, we observed higher posttransplant values
of PTH than in pretransplant children with comparable
eGFR.” This taken together with our observation that
the severity of hyperparathyroidism is related to allo-
graft outcome indicates a need for a PTH surveillance
even in patients with a good allograft function. This
might require a change of current practice, as PTH was
measured only in 33 of 40 centers contributing data to
the CERTAIN Registry (see Supplementary Table S1).
Factors associated with the persistence of hyperpara-
thyroidism after pediatric KTx include older age at
transplantation, longer dialysis vintage, deceased
donor KTx, high body mass index, pretransplant hy-
perparathyroidism, and 25(OH)D deficiency or insuffi-
ciency.”””® We report an association between time-
fixed PTH levels at month 1 posttransplant and long-
term allograft outcome. In this early postoperative
period, PTH is still closely related to pretransplant
values, suggesting that pretransplant PTH control
might contribute to posttransplant kidney function.
An association between pretransplant PTH and the risk
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of graft failure has previously been reported in
adults.”

Hypovitaminosis D is widely prevalent in pediatric
KTx recipients.””” In children with pretransplant CKD,
the progressive loss of eGFR is inversely associated
with 25(0H)D levels.’' Low levels of 25(0H)D have also
been linked with an accelerated decline in eGFR in
some studies of adult KTx recipients, 233 but a recent
randomized controlled trial showed that cholecalciferol
supplementation does not affect eGFR change compared
with placebo among incident KTx recipients.” In our
study, hypovitaminosis D was not associated with
allograft outcome, suggesting that the effect of PTH
may be independent of 25(OH)D levels. A previous
study in pediatric kidney transplant recipients also did
not observe an association of vitamin D levels with
lower kidney function.”

Hypophosphatemia was highly prevalent in our
cohort with the peak of 36% at month 1 posttrans-
plant, but it was not related to graft outcome. In
contrast, in adult KTx recipients the degree of
hypophosphatemia was associated with a lower risk
of death-censored graft failure and cardiovascular
mortality.”® Interestingly, hypophosphatemia was
more pronounced in the adult cohort with 47% of
kidney transplant recipients displaying values lower
than 0.5 mmol/l within the first 3 months after
transplantation. This may reflect the tendency to
low-threshold treatment of hypophosphatemia in
pediatric patients.’’

The strengths of our study include multicenter
design, which allowed a robust statistical analysis in
the largest cohort of pediatric KTx recipients to date
with 5-year follow-up. Data from the academic
CERTAIN Registry closely reflect European clinical
practice. Our study also has several limitations. Because
this is a retrospective registry analysis, we cannot state
causalities but only associations. We cannot exclude
residual confounding by factors not included in the
multivariable analysis. Furthermore, we cannot
exclude that a proportion of PTH measurements was
performed on indication, such as poor graft function,
rather than as routine follow-up. Finally, the available
data on 25(OH)D levels were limited.

In conclusion, in this observational cohort study of
pediatric KTx recipients, we identified hyperparathy-
roidism as factor of allograft dysfunction, whereas the
association between hyperphosphatemia and allograft
outcome was not confirmed in the structural marginal
model. Our findings emphasize the need for prospective
studies to analyze the potential causal relationship be-
tween hyperparathyroidism and allograft dysfunction,
to elucidate mechanisms underlying this relationship
and to define target PTH levels in pediatric KTx
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recipients. Interventions aimed at strict PTH control may
contribute to preserving allograft function.

APPENDIX
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Herrero Goni, Julien Hogan, Nattaphorn Hongsawong,
Nele Kanzelmeyer, Aysun Karabay Bayazit, Glilsah Kaya
Aksoy, Noel Knops, Linda Koster Kamphuis, Daniella Levy
Erez, Victor Lopez-Baez, Alvaro Madrid, Stephen Marks,
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