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Abstract

Background

Biomarkers and Dual-energy X-ray Absorptiometry (DXA) are thought to be poor predictors
of bone mineral density (BMD). KDIGO guidelines suggest using DXA if it will affect patient
management, but this has not been studied in children or young adults in whom bone mineral
accretion continues to 30 years of age. We studied the clinical utility of DXA and serum
biomarkers against tibial cortical BMD measured by peripheral Quantitative CT (pQCT),

expressed as Z-score (CortBMD), which predicts fracture risk.

Methods

Cross-sectional multicentre study in 26 patients with CKD 4-5 and 77 on dialysis.
Results

Significant bone pain that hindered activities of daily living was present in 58%, and 10% had
at least one low-trauma fracture. CortBMD and cortical mineral content Z-scores were lower
in dialysis compared to CKD patients (p=0.004 and p=0.02). DXA BMD hip and lumbar spine Z-
scores did not correlate with CortBMD or biomarkers. CortBMD was negatively associated
with parathyroid hormone (PTH; r=-0.44, p<0.0001) and alkaline phosphatase (ALP; r=-0.22,
p=0.03) and positively with calcium (r=0.33, p=0.001). At PTH <3xULN (Upper Limit of Normal),
none of the patients had a CortBMD below -2SD (OR 95%Cl 7.331 to infinity).

On multivariable linear regression PTH ($-0.43, p<0.0001), ALP (B-0.36, p<0.0001) and calcium
(B 0.21, p=0.005) together predicted 57% of variability in CortBMD. DXA measures did not

improve this model.
Conclusions

Taken together, routinely used biomarkers, PTH, ALP and calcium, but not DXA, are moderate
predictors of cortical BMD. DXA is not clinically useful and should not be routinely performed

in children and young adults with CKD4-5D.
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What is already known about this subject:

The 2017 KDIGO CKD-MBD guidelines suggest using DXA imaging if it will affect patient
management, but no specific recommendation is made for children and young adults.
Dual Energy X-ray Absorptiometry has been shown to have a role in fracture prediction in
the older CKD population.

Peripheral Quantitative Computed Tomography accurately distinguishes between cortical
and trabecular bone, and has shown that in children with CKD2-5D, a lower cortical bone
mineral density is associated with an increased fracture risk.

What this study adds:

CKD-MBBD still leads to significant morbidity in the young CKD population (5 to 30 years
old) including a high pain prevalence and atraumatic fractures.

Routinely used serum biomarkers (calcium, parathyroid hormone, alkaline phosphatase)
are only moderate independent predictors of cortical bone mineral density, and DXA
imaging is not a useful adjunct.

PTH levels under 3 times the upper limit of normal are associated with normal cortical
bone mineral density.

What impact this may have on practice or policy:

DXA imaging does not correlate with cortical bone mineral density and should not be
routinely recommended as an adjunct in assessing bone health in the context of CKD-
MBD in the young CKD population.

The recommended PTH target range of 2 to 9 times the upper limit of normal may be too
wide; a lower target range for the young CKD population may be more appropriate

A prospective study is required in the pediatric CKD population to assess the ability of
DXA to predict fractures.
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Introduction

Mineral bone disorder (MBD) is commonly seen in children and adults with chronic
kidney disease (CKD). The biochemical abnormalities [of calcium (Ca), phosphate (P),
parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D], bone abnormalities (short
stature, bone pain, deformities and increased risk of fractures) and extra-skeletal
calcification [1, 2] together form the spectrum of CKD-MBD. This process starts early in CKD,
with rising concentrations of bone derived phosphaturic hormone, Fibroblast Growth Factor
23 (FGF23), and progresses as renal function declines [3-5]. Mineral dysregulation leads to
bone demineralization that, if untreated, leads to deformities and an increased fracture risk

even in young CKD patients [6-8].

Assessing bone health is a key element in the management of CKD. This relies on
monitoring the trend in key serum biomarkers such as PTH, Ca, P and alkaline phosphatase
(ALP). The 2017 KDIGO (Kidney Disease Improving Global Outcomes) guidelines suggest that
in adults with CKD3-5D, dual energy x-ray absorptiometry (DXA) may be used if results are
likely to impact patient management [9]. This recommendation relies on evidence gathered
from older people with CKD [8, 10-12]. However, in children and young adults calcium
accrual in the skeleton continues until the third decade of life when peak bone mass (PBM)
is achieved [13]. It has been shown that if bone mineral accretion is impaired by CKD or its
treatment, this younger population is at a high risk of bone demineralization and associated
fracture risk. In a longitudinal follow up study of 89 patients (aged 5-21 years), a low serum
Ca level was associated with a reduction in tibial cortical bone mineral density (BMD) on
peripheral quantitative computed tomography (pQCT), and 1 SD decrease in BMD Z-score

was associated with a 2-fold increase in fracture risk [14].

A detailed assessment of bone turnover and mineralization can only be achieved
through bone biopsy [15]. This gold-standard method however is invasive and seldom
performed in routine clinical practice. In lieu of biopsies, serum biomarkers and radiological
imaging are used as surrogate markers in assessing BMD, but have some limitations that
need to be taken into account. Biomarkers may not reflect the true state of bone turnover
or mineralization [16, 17], and no biomarker individually or in combination can reliably
identify mineralization or turnover defects [18]. DXA produces a two dimensional image of a

three dimensional bone structure, so that cortical and trabecular bones are superimposed.
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DXA measurements are affected by bone and body size, and thus underestimates
volumetric BMD (g/cm3) in children with short stature [19]. This makes its use challenging in

the context of young people with CKD, who do not achieve their height potential [20].

The imaging technique pQCT allows for measurement of volumetric BMD (g/cm3),
and clearly distinguishes trabecular and cortical bone but is currently in use as a research
tool only [21]. In CKD, it has been used to show progressive demineralization with CKD stage
[22]. In a longitudinal follow up study decreasing cortical BMD was associated with a higher

fracture risk in children with CKD2-5D [14].

This study is part of larger, prospective, longitudinal, multicentre study examining
bone and cardiovascular health in children and young adults with CKD. The baseline cross-
sectional data relating to bone health are presented in this manuscript. Our hypothesis was
that hip or lumbar spine DXA areal BMD (aBMD) was a significant predictor of volumetric
BMD as measured by tibial cortical pQCT expressed as Z-score (referred to as CortBMD

throughout) as determined by pQCT.
Methods
Study Participants

This cross-sectional study included children and young adults with CKD and healthy
volunteers recruited from 5 pediatric hospitals and 4 adult renal units. Our inclusion criteria
were: age from 5 to 30 years and CKD stages 4-5 (estimated glomerular filtration rate (eGFR;
by Schwartz formula [23]) <30ml/min/1.73m?) or on dialysis. This age group was selected
because children under 5 years are too small for the pQCT scanner and no reference data is
available. Young adults up to 30 years were included because bone mineral accretion is
shown to continue up to the third decade. We excluded any patient with malignancy,
genetic or metabolic bone disease and those who would not have tolerated the scanning

procedures.

A total of 145 patients were identified and 135 agreed to participate. 12 were
excluded after consenting due to unwillingness to undergo some or all investigations. One-
hundred and twenty three children and young adults with CKD were included. Twenty were

excluded prior to analysis due to poor quality scans (see supplemental material).
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A detailed medical history, with particular relevance to bone health, was taken for all
participants using a set proforma (included in supplemental material). Fracture history was
self-reported and details checked in the medical records. Participants were asked to record
the severity of bone pain on a numeric rating scale (where 0 indicates no pain, 5 is pain

affecting activities of daily living and 10 is disabling pain causing immobility) [24].

Investigations Performed
Serum Biomarkers

Routine serum biomarkers were measured on non-fasting blood samples collected at
the study visit or prior to a mid-week hemodialysis session. These included serum ionized
calcium (iCa), total Ca, P, magnesium (Mg), bicarbonate, intact PTH (iPTH), 25-
hydroxyvitamin D [25(OH)D], and ALP. Due to different iPTH assays used at different
centres, results have been expressed in multiples of upper limits of normal (ULN) (See
supplemental material). As these biomarkers are measured as a part of routine clinical care,

they were analysed in the patients’ respective hospitals.

Dual Energy X-ray Absorptiometry

All DXA scans were undertaken by trained radiographers at the respective research
centres according to the manufacturer’s protocol. The lumbar spine (LS) and hips imaging
were obtained according to the International Society for Clinical Densitometry (ISCD)
guidelines using General Electric scanners (iDXA or Lunar) [25]. Z-scores produced by either

machine have been shown to be comparable [26].

To correct the LS aBMD measurements obtained in g/cm? for height, they were
converted to bone mineral apparent density (BMAD) Z-scores for participants under 20
years old. This provided age-, sex-, height- and race-specific Z-scores [26], and avoids
overestimating BMD in shorter individuals, or underestimating it in taller individuals. BMAD
scoring is used routinely in the UK to correct DXA measurements for poor growth or height
attainment in childhood and adolescence. BMAD Z-scores for young adult LS DXA aBMD

measurements were calculated assuming a maximum age of 20 years, for the purposes of
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this analysis, and referred to as DXA Z-scores throughout this document. There was no
significant difference between reported aBMD Z-scores and BMAD Z-scores for the young

adults.

Peripheral Quantitative Computed Tomography

A scan of the non-dominant tibia was obtained by pQCT as per manufacturer’s
instructions and ISCD guidelines using measurement points recommended by Leonard et al
[22, 25, 27]. A detailed protocol is described in the supplementary material. The 3%
metaphyseal and 38% diaphyseal sites were used for image acquisition of trabecular and
cortical bone respectively. The pQCT measures obtained and expressed as Z-scores were
the cortical volumetric BMD (mg/cm3), trabecular volumetric BMD (mg/cm?3), periosteal
circumference (mm), endosteal circumference (mm), cortical cross-sectional area (mm?) and
cross-sectional moment of inertia (CSMI). The CSMI is a mathematical calculation that tests
the efficiency of a cross-sectional shape to resist bending caused by loading stress. All
results were expressed in age-, sex-, race- and height adjusted Z scores derived from a

reference dataset of 665 healthy children and young adults ages 5-35 years [27].

Anthropometry

Height was determined using a fixed wall stadiometer, and weight with a digital
scale. Height, weight and body mass index (BMI) measurements were expressed as Z-scores.
Young adults’ Z-scores were calculated assuming a maximum age of 20 years. Pubertal
staging was determined by the children or their caregivers with a self-reported Tanner

staging questionnaire [28, 29].

Statistics

All results are presented as the median with interquartile range (IQR) as appropriate. SPSS
25 (IBM) and Prism (Graphpad) were used for all statistical analyses. A p-value of <0.05 was

considered statistically significant, and two-sided testing of the hypothesis was used.
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Spearman rank testing was used for correlations. Kruskal-Wallis ANOVA test for non-
normally distributed data with appropriate corrections for unequal variance, or Mann-
Whitney U tests were used as required. Bland-Altman analysis was used to plot hip and LS
DXA measurements and linear regression using the difference between measurements as
the dependant variable, and the average of the measurements as the independent variable
to analyse the correlation [30]. Fischer’s exact test was used to determine the cut-off value
at which PTH levels (as a continuous variable expressed in ULN values) best predicted
CortBMD below -2SD. All variable with univariate correlations of p<0.15 were entered into a
stepwise multivariable linear regression analysis where CortBMD was the dependent

variable and serum biomarkers and DXA Z-scores were independent variables.

Results
Demographics of study population

The characteristics of the participants are shown in Table 1.

Patient-level outcomes: bone pain and fractures

Bone pain was reported by 58% of patients with a median pain score of 4 (IQR 0 to
5.75). The commonest sites were the lower limbs (38%), back (25%), knees (14.7%) and hips
(10.3%). Most pain was reported to follow activities of daily living such as walking to school
or doing housework, and required the use of analgesics. Bone pain score correlated with hip
DXA Z-scores (p=0.04) only. It was not associated with a longer dialysis or CKD duration,

serum biomarkers or other radiological measurements.

Ten (10%) participants reported at least one low-trauma fracture (details in
Supplemental Table A). Patients who had suffered a previous fracture had a longer dialysis
vintage [4.5 (3.6 t0 8.2) vs 2.1 (0.71 to 5.06) years respectively, p=0.04] and longer duration
with a low eGFR [10.8 (6.5 to 13.3) vs 4.6 (1.9 to 9.6) years respectively, p=0.008] compared

to patients with no fractures.
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Patients who had a history of previous fractures had lower total mineral content
[p=0.02, -2.15 (-3.17 to -0.54) vs -0.38 (-1.46 to 0.69)] and CSMI [p=0.048, -1.59 (-2.31 to -
0.91) vs -0.83 (-1.65 to 0.13)] compared to patients without a previous fracture; this was
despite the fact that the fractures preceded the study imaging by months or years. On
multivariable linear regression, DXA and pQCT measures did not associate with a history of

past fractures.

Bone Imaging

Bland-Altman analysis [30] showed that there was very weak agreement between
the Z-scores provided by hip and LS DXA [R?=0.06, B 0.25 (95% CI 0.05, 0.41), p=0.013].
(Figure 1) Both DXA site Z-scores were associated with weight SDS (LS r=0.23, p<0.05 and
Hip r=0.49, p<0.0001).

Comparing the pQCT BMD Z-scores with the DXA Z-scores, we found that TrabBMD
correlated with both hip and LS DXA (r=0.66, p<0.0001 and r=0.51, p<0.0001). CortBMD was

not associated with hip or LS DXA Z-scores.

The dialysis group had significantly lower BMD Z-scores by DXA compared to the CKD
group, both for LS and hips (Figure 2 & Supplemental Table B). The dialysis group also had
lower cortical and trabecular BMD as well as cortical mineral content compared to the CKD

group (Figure 3) as measured by pQCT.

Serum biomarkers

We examined the correlations of serum biomarkers with imaging modalities
(Supplemental Tables C and D). Total calcium showed a positive association both bone
compartments separately by pQCT; CortBMD (r=0.33, p=0.001; Figure 4a) and trabBMD
(r=0.32, p=0.001). lonised calcium correlated with cortical measures: CortBMD (r=0.37,
p<0.001), cortical area (r=0.21, p=0.04) and cortical mineral content (r=0.26, p=0.01) . Both
PTH and ALP showed inverse correlations with cortical measures: CortBMD (r=-0.44,
p<0.0001 and r=-0.22, p<0.03 respectively) and cortical mineral content (r=-0.25, p=0.01 and

r=-0.26, p=0.009 respectively); Figures 4b and 4c. In addition, serum bicarbonate was
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significantly associated with trabBMD (r=-0.23, p=0.02) and hip DXA Z-scores (r=-0.23,
p=0.04).

Given that different PTH levels are recommended by KDIGO [9] and the European
Pediatric Dialysis Working Group (EPDWG) [31], we examined the different target PTH levels
against CortBMD in our cohort. CortBMD was significantly lower in participants with
PTH>9xULN (-1.92, -3.01 to -0.64), compared to 2-9xULN (-0.29, -1.56 to 0.52, p=0.03)
(Figure 5a). However, there was no difference between PTH levels of <2xULN (-0.12, -0.56 to
0.69) and 2-9xULN (p=0.42) groups. When applying the EPDWG recommendations, PTH
values less than 3xULN were associated with significantly higher cortical BMD compared to
PTH values >3xULN (-0.11 [ -0.56 to 0.79], vs -1.35 [-2.98 to 0.01], p<0.0001) (Figure 5b).
When PTH values were less than 3xULN none of the patients had a CortBMD below -2SD (OR
95%Cl 7.33 to infinity) [sensitivity 100% (95% CI 93.1% to 100%) and specificity 36.9%
(95%Cl 24.5% to 51.4%)]. Further analysis confirmed that with increasing PTH levels the
odds of having a CortBMD below -2SD increased, such that with PTH >4xULN, the odds of a
CortBMD below -2SD was 11-fold higher [OR 11.08 (95% CI 3.12 to 37.90), sensitivity 95%
(95% Cl 86.3% to 98.6%), specificity 36.8% (95%CI 23.4% to 52.7%)].

Medication and Supplements

More patients in the CKD cohort were on Ca-based phosphate binders compared to
the dialysis group (73.1% vs 36.8%). Consequently, the elemental Ca intake from the binders
was significantly higher in CKD compared to dialysis patients [p=0.03, 1.06 (0to 2.13) vs 0 (O
to 1.46) mmol/kg/day]. There was no significant difference in alfacalcidol (1a
hydroxyvitamin D3) treatment (p=0.08). On univariable analysis alfacalcidol was associated
with TrabBMD (r=0.27, p=0.02), but was no longer significant on multivariable analysis.
None of the medications were associated with CortBMD, or DXA Z-scores (Supplemental

Table E).

Multivariable regression analysis
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We explored the ability of serum biomarkers and imaging tools used in routine
clinical practice to predict CortBMD. We constructed stepwise multivariable linear
regression models, including only those parameters with p<0.15 on univariable analysis into
the models(Table 2). Notably dialysis vintage, number of years with a low eGFR and
dialysis/pre-dialysis status were not significant on univariable analysis. Model 1 included all
serum biomarkers with p<0.15 on univariable analysis. Model 2 included KDIGO
recommended measures (Ca, ALP, and PTH) for monitoring MBD; phosphate and 250HD did
not reach the pre-defined threshold on univariable analysis. Model 3 replaced total calcium

with its co-dependent variable ionised calcium. Model 4 included lumbar spine DXA.

In the most robust model (model 2), independent predictors of CortBMD were total
Ca (B 0.21, p=0.005), ALP (B -0.36, p<0.0001) and PTH ([3-0.43, p<0.0001), accounting for
57% of the variability in CortBMD (R? 0.57). When all significant variables from univariable
analysis were included, bicarbonate was also a significant independent predictor of
CortBMD (B 0.16, p=0.03; model 1). Including LS DXA did not improve the predictive value of

the model (model 4).

Discussion

Mineral and bone disorders of CKD account for a significant burden of pain and
atraumatic fractures even in children and young adults with CKD and on dialysis. Our data
show that routinely measured serum biomarkers Ca, PTH and ALP taken together are
moderate predictors of BMD, whereas DXA is not a useful measure, and should not be

routinely performed in children and young adults with CKD4-5 or on dialysis.

In this cohort of young people under 30 years of age morbidity from CKD-MBD is
significant and prevalent. The pain affects daily activities, and requires analgesia. This is
consistent with previous studies, showing that clinical symptoms of bone disease are
present in children and adolescents on dialysis [32]. In a study reported almost 2 decades
ago, young adults with childhood CKD had a heavy burden of bone disease ranging from
bone pain to deformities, atraumatic fractures and impaired mobility from bone disease
[33]. With improved management, both prevalence and severity of MBD symptoms have

reduced over the years, but remain a major concern for our patients [34]. The CKiD study
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(CKD in Children) reported fracture rates of 2.4 and 3-fold higher in males and females
respectively compared to their healthy peers [7]. 16% reported a prior fracture and over 3.9
years of follow up, 12.5% had a fracture [7]. 10% of our cohort had at least one previous low
trauma fracture, consistent with the higher fracture risk in the young CKD population. In a
study of 89 children with CKD stages 2-5D, 6.5% suffered a fracture during the one year
follow-up, and fracture risk doubled for every 1 SD decrease in CortBMD[14]. We showed
that patients with a previous fracture have lower LS BMD. However, the fractures preceded
the bone imaging by months or years, and this association should be viewed with some
caution. A long-term longitudinal study is required to establish the ability of BMD

assessment by DXA or pQCT to predict fractures in the young CKD population.

In our cohort Ca, PTH and ALP, taken together, accounted for only 57% of variability
in CortBMD. Our data are consistent with previous studies showing serum biomarkers are
poor surrogate markers in assessing BMD, but as suggested by KDIGO, trends in Ca, P, PTH
and ALP, taken together, are the best available measure for clinical management of MBD
[2]. Serum biomarkers do not reflect the true state of bone turnover or mineralization [16,
17], and no biomarker individually or in combination can reliably identify mineralization or
turnover defects [18, 35]. Some markers vary significantly with age and stage of growth such
as ALP [36]. Studies using bone histology have shown a mineralization defect in over 80% of
the dialysis population; this was associated with higher PTH and lower calcium levels [16,
37]. In fact, mineralization defects can begin early in children, with up to a third in CKD stage
2 having abnormal mineralization [37], even though serum Ca, P and PTH levels may be
normal. This is in sharp contrast with bone histology in older adults on dialysis wherein
abnormal mineralization is present in 3% of patients [38]. Other studies report higher ALP
levels are associated with higher bone turnover rates by bone biopsy [16], but also lower
CortBMD Z-scores by pQCT [22], suggesting an uncoupling of osteoid formation and its
mineralization in CKD, as also shown by an inverse correlation of CortBMD and ALP in our

cohort.

Alfacalcidol was associated with trabecular BMD on univariable analysis. Previous
animal [39, 40] and clinical studies [41, 42] have shown that 1a hydroxyvitamin D3 reduces

bone resorption but maintains and/or stimulates bone formation by increasing osteoblast
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activity. None of the medication or supplements were independent predictors of cortical or

trabecular BMD in our cohort.

The assessment of BMD remains challenging and fraught with technical difficulties.
Bone biopsy, although considered the gold standard in assessing mineralization changes, is
highly invasive, requires skilled interpretation, and is rarely performed in children or adults
with CKD. DXA is widely available, observer independent, and provides aBMD data as well-
validated age, sex and race matched Z-scores [43]. As a two-dimensional image, DXA
superimposes cortical and trabecular bone. PTH has an anabolic effect on trabecular bone
and a catabolic effect on cortical bone [44], so effects of hyperparathyroidism cannot be
studied with DXA [45]. Trabecular thickness, spacing, connectivity and the ratio of plate- and
rod-like structures all contribute to bone strength and quality [46], and DXA provides no
information on bone microarchitecture. Given that DXA measures areal BMD (g/cm?) it can
underestimate volumetric BMD (g/cm3) in children with short stature [19] and overestimate
BMD in a tall child [47], and make serial DXA scanning in growing children particularly
challenging. There have been a few studies exploring the use of DXA in the young CKD
population, and its association with biochemical markers, but none have examined the

association of BMD with fractures [48-50].

Some of the limitations of DXA can be overcome by pQCT which distinguishes
between cortical and trabecular bone, and is not affected by patient size. However, pQCT
imaging is largely operator dependant, different protocols are used around the world, and
the reference data to calculate age, height and sex adjusted Z-scores for healthy people is
limited [27, 51, 52]. These drawbacks have limited its use to research. pQCT has been used
in the young CKD population to show bone demineralization [22] and correlated a reduction
in cortical BMD Z-score with a higher fracture risk in children with CKD 2-5D [14]. It has also
shown that cortical BMD is inversely linked to higher PTH and ALP levels [53] as reported in

our study.

Our data suggests that serum bicarbonate levels were significantly positively
associated with CortBMD. There is evidence that acidosis impairs bone mineralization [54].
Treatment with potassium citrate for 12 months improves cortical parameters on bone
biopsy in post-transplant patients (n=19) [55]. In vitro studies show that bone resorption

increases with acidosis, through upregulation of osteoclast activity [56] and buffering of the
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acidosis with calcium carbonate released from the bone leads to further demineralization
[57]. Thus, it may be important to consider serum bicarbonate alongside routinely measured

biomarkers of MBD.

The appropriate target range of PTH levels required for bone mineralization remains
heavily debated, and often extrapolated from adult data [9] or historic and highly
confounded bone histology data [18, 58-60]. We examined the predictive value of the
KDIGO recommended target range of 2-9xULN (although based on studies in adult CKD
cohorts alone) and the significantly lower target of <3xULN suggested by the EPDWG. We
found that there was a strong non-linear association between PTH and CortBMD such that
when PTH was <3xULN none of the patients had CortBMD below -2SD. On the other hand,
PTH target levels of <2xULN and between 2-9xULN were unable to differentiate normal
CortBMD, implying a lack of sensitivity of such a wide PTH target. A review of bone biopsy
studies in children with CKD suggests that high PTH levels are associated with high bone
turnover, but the ability of serum PTH levels to distinguish between low and normal
turnover bone disease is less clear [61]. Of note, several bone biopsy studies were either
small, in older adults, on patients with long-standing hyperparathyroidism or those who had
undergone parathyroidectomy, or patients on aluminium containing phosphate binders,
making them less relevant to current practice. In untreated CKD, PTH levels increase early in
the course of CKD and skeletal resistance develops requiring even higher PTH levels to

maintain normal turnover [58, 61].

Registry data [32], prospective cohort studies examining fracture risk [7],
longitudinal studies examining cortical BMD using pQCT, growth data as well as vascular
imaging studies suggest keeping PTH closer to the normal range. A study from the IPPN
registry in over 900 children on peritoneal dialysis found that time-averaged PTH
concentrations above 500 pg/ml were associated with impaired longitudinal growth, PTH
levels exceeding 300 pg/ml increased clinical and radiological symptoms, but the risk of
hypercalcemia increased with levels below 100 pg/ml, suggesting a PTH target range of 100—
300 pg/ml in the pediatric age group [32]. Recently, the chronic kidney disease in childhood
(CKiD) study has shown a lower fracture risk in children with lower PTH levels [7]. A
prospective longitudinal follow-up study in children with CKD2-5D has shown that a greater

increase in PTH was associated with greater declines in CortBMD Z-scores over the 1-year
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follow-up period [14]. A concern with a low PTH or suppression below the target range is
the development of adynamic bone disease, as reported even in children [62]. Indeed, in the
presence of adynamic bone disease, a normal cortical or trabecular BMD does not
necessarily imply normal structure and mechanical properties of the bone [63]. However,
others have challenged the concept of ‘adynamic bone’ as children with CKD in whom PTH
was kept within normal limits had an above average rate of growth [64], suggesting that
normal PTH levels do not cause a low turnover bone state. Importantly, a pediatric dialysis
cohort with PTH levels within 2-3xULN had normal carotid intima-media thickness, pulse
wave velocity and lower coronary artery calcification scores compared to those with PTH
>3xULN [65]. Taken together, these data suggest that PTH within 3xULN is associated with

CortBMD above -2SD. Longitudinal studies are required to confirm this association.

In this paper we report the initial cross-sectional data from a larger multicentre
longitudinal study examining changes in BMD and vascular calcification in children and
young adults with CKD4-5D. We continue to gather serial data on serum biomarkers to
determine if trends in biomarkers will improve their predictive value in determining BMD.
We are also repeating DXA imaging to establish the predictive ability of DXA in identifying
patients at risk of fractures. As bone biopsy is highly invasive, we used pQCT as the method
of establishing CortBMD. pQCT has remained a research tool due to technical procedural
constraints in obtaining the imaging as well as a lack of standardization of the measurement
technique [21] and lack of published reference data. We sought to alleviate these by having
2 observers (ADL, NJC) independently score and evaluate the pQCT scans images as per Bleu

et al [66].

Conclusion

In summary, we have shown that CKD-MBD leads to significant morbidity in young
patients with a high prevalence of bone pain and atraumatic fractures. Assessment of
CortBMD in the absence of bone biopsy is challenging, with routinely measured serum
biomarkers Ca, PTH, ALP and bicarbonate being only moderate independent predictors of

cortical BMD. DXA imaging does not correlate with CortBMD and should not be routinely
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performed in children and young adults with CKD4-5D. In this young cohort, PTH levels

below 3xULN were associated with a normal cortical BMD.
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Tables
Table 1. Participant descriptive data
CKD participants Dialysis participants Between
group
comparison
Total, n= (%) n=26 (25%) n=77 (75%)
Ages, years median (IQR?) 11.9 (6.9-13.8) 14.2 (10.9-18.2) p=0.008
5-19 years, n=(%) 26 (100%) 59 (76.6%) NS
20-30 years, n=(%) 0 (0%) 18 (23.4%) N/A
Sex, Female n=(%) 18 (69.2%) 38 (49.4%) NS
Race, n= 20/2/4/0 35/24/17/1 p=0.01

Caucasian/ Asian/ Black/ Other



Page

Height Z-score?

Weight Z-score?

BMI2 Z-score3

Renal disease aetiology, n=

| 21
CAKUT#/ Nephrotic Syndromes/

Cystic Kidney Diseases/
Vasculitides/ Other

eGFR®, ml/min/1.73m?

Dialysis modality, n=
HD/HDF/Home HD/PD

Years with eGFR<30, median (IQR)
Dialysis vintage years, median
(1aRr)

Routine clinical serum biomarkers
Calcium (mmol/L)

Phosphate (mmol/L)

25-hydroxyvitamin D [25(0OH)D],
(nmol/L)

Parathyroid Hormone (pmol/L)
Phosphate binder therapy,
Calcium based/ Non-calcium

based/ Both/ None (n=)

Calcium intake from binders
(mmol/kg/day)

Other Medication

Vitamin D3 (Units/kg/day)

Alfacalcidol®

(1a hydroxyvitamin D3) (mcg/day)

-0.75 (-1.64 t0 0.23)
-0.21 (-1.01 to 0.86)

0.53 (-0.35t0 1.10)

20/0/5/1/0

13.3 (8.8 to 17.9)

N/A

3.8 (1.4-9.0)

N/A

2.47 (2.41 to0 2.52)
1.46 (1.29 to 1.62)

94 (71 to 141)

6.90 (3.90 to 17.05)

19/1/0/6

1.06 (0 to 2.13)

0 (0 to 3.54)

0.50 (0.34 to 0.75)

-1.50 (-2.1 to -0.55)
-0.95 (-1.96 to -0.04)

0.01 (-0.95 to 0.85)

34/13/5/7/18

N/A

44 /12 /4 /17

6.1 (2.5 to 10.6)

2.5(0.79- 5.09)

2.45 (2.33 to 2.58)
1.57 (1.29 to 1.90)

63 (37 to 109)

21.60 (8.00 to 69.80)

23/22/5/27

0(0to 1.46)

0 (0 to 25.88)

0.75 (0.50 to 1.26)

p=0.02
p=0.008

p=0.048

p=0.003

NS

NS
NS

0.02

0.0005

0.03

0.33

0.08



YInterquartile range, 2Body Mass Index (kg/m?), 3Height/Weight/BMI Z-scores calculated for
participants aged 5-20 years. Any participants >20 years old, Z-scores calculated assuming maximum
age of 20 years, “Congenital abnormalities of the kidneys and urinary tract, >estimated Glomerular
filtration rate, ® Most participants were on alfacalcidol. Three participants in the dialysis group were

Page | 22 on paricalcitol and were not included in the medication analysis, NS Not Significant

Table 2. Multivariable linear regression models

Regression B 95.0% Std. | Standardized  p-value = Model Model
Model Confidence Error B R? Adjusted
Interval for B R?
1 (Constant) -7.75  -12.67,-2.82 2.48 0.002 0.53 0.51
Total Ca 2.55 0.76,4.35 0.90 0.22 0.006
Mg -0.14 -2.04,1.76 0.96 -0.01 0.884
ALP -0.004 -0.01, -0.002 0.001 -0.37  <0.0001
PTH -0.015 -0.02, -0.01 0.003 -0.38 <0.0001
Bicarbonate 0.09 0.01,0.17 0.04 0.16 0.03
2 (Constant) -5.66  -10.11,-1.20 2.25 0.01 0.58  0.57
Total Ca 2.57 0.79,4.35 0.90 0.21 0.005
ALP -0.004 -0.01, -0.002 0.001 -0.36  <0.0001
PTH -0.02 -0.21,-0.10 0.003 -0.43 <0.0001
3 (Constant) 0.58 -0.89,2.04 0.74 0.44 0.57 0.56
lonized Ca 0.15 -1.03,1.32 0.59 0.02 0.81
ALP -0.003  -0.01, -0.002 0.001 -0.34 <0.0001
PTH -0.02 -0.02,-0.01 0.003 -0.53  <0.0001
4 (Constant) -5.25 -9.68,-0.81 2.23 0.02 0.59 0.58
Total Ca 2.36 0.59,4.13 0.89 0.19 0.01
ALP -0.003 | -0.005,-0.002 | 0.001 -0.34  <0.0001
PTH -0.02 -0.02,-0.01 0.003 -0.42 <0.0001
Lumbar 0.14  -0.06,0.34 0.10 0.09 0.18
spine DXA

Stepwise multivariable linear regression models used to find the best serum biomarkers
and/or DXA imaging to predict cortical BMD. All variable with univariate correlations of p<0.15 were
entered into the analysis. Model 1 included all serum biomarkers meeting the univariate correlation
threshold. Model 2 included KDIGO recommended measures (Ca, ALP, and PTH) for monitoring
MBD. Model 3 replaced total calcium with its co-dependent variable ionised calcium. Model 4

included lumbar spine DXA.



Legends to Figures

Figure 1. Bland-Altman plot of the mean and difference of agreement between hip and lumbar spine
DXA Z-score for the CKD and dialysis participants. +/- 1 standard deviation (SD) lines shown to

illustrate the significant difference clinically between the two measures
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Figure 2. Violin plot of the lumbar spine and hip Z-scores of the CKD and dialysis groups of
participants. Lines show the median and the interquartile range. p-value between group significance

shown.

Figure 3. Violin plot of the cortical bone mineral density (CortBMD ), trabecular BMD (TrabBMD), and
cortical mineral content (CortCNT) as measured by pQCT in the CKD and dialysis groups. Lines show

the median and the interquartile range. p-value between group significance shown.

Figures 4a&4b. Plot of cortical bone mineral density Z-scores according to PTH, total calcium (Ca)
and alkaline phosphatase (ALP) values. PTH plotted on a logarithmic scale- log2 (pmol/L). Solid line is
linear regression best fit for all participants, with dotted lines showing the 95% CI. The Y axis of
CortBMD Z-scores has been curtailed at -6 for consistency. This leaves 3 value points outside the
plotted areas as the participants had CortBMD Z-scores lower than -6. These 3 dialysis participants
although outliers, had consistently lower bone imaging Z-scores across all modalities. [Multivariable
regression associations for CKD participants only: R? 0.24, Ca f=0.12, p=0.55; ALP B=-0.38, p=0.06;
PTH B=-0.32, p=0.14; For dialysis participants only: R 0.58, Ca f=0.22, p=0.01; ALP B=-0.37,
p<0.0001; PTH B=-0.41, p<0.0001]

Figures 5a, 5b, 5c. Scatter plots of the cortical BMD Z-scores, separated into columns according to
the PTH upper limit of normal (ULN) target in different guidelines. Lines show the median and the

interquartile range for all participants. p-value between group significance shown.
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Figure 3
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Figures 5a & 5b
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